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Abstract 
 

As climate change expands mosquito habitats, the incidence of mosquito-borne 

virus infections is rising. Understanding of factors which underlie variability in 

susceptibility to arbovirus infections between individuals is limited. Identifying 

such factors would provide a better understanding of arbovirus pathogenesis to 

aid development of more effective vaccines and antivirals. This thesis identifies 

two factors which modulate host susceptibility to arbovirus infection in the skin: 

1) UV exposure 2) the presence of pre-existing inflammation due to 

inflammatory disease. A unique in vivo model of natural arbovirus transmission, 

combining UV exposure, mosquito biting and virus infection at the same site, 

was used to investigate susceptibility to a model arbovirus, Semliki Forest virus 

(SFV), in UV-exposed skin. Prior erythemal UV exposure of skin, equivalent to 

sunburn, or repeated, sub-erythemal UV exposure of skin, mimicking daily 

tanning exposures, enhance subsequent arbovirus infection in vivo, causing an 

increase in virus replication at the inoculation site, the skin, and dissemination 

of virus. Susceptibility to infection is highest at 24h and 1-week post-UV 

exposure, although distinct mechanisms drive this at each timepoint. Virus-

permissive leukocytes are recruited to UV-exposed skin by 24h post-UV 

exposure in response to elevated CCL2 expression. SFV utilises these 

infiltrating cells for replication. Contrastingly, by 1-week post-exposure, the 

damaged tissue is undergoing wound-healing, with an increase in actively 

proliferating cells, which SFV preferentially infects. Treatment of the UV burn 

with anti-inflammatory topical steroids offers partial protection against UV-

mediated enhancement, by limiting viremia early post-infection but, crucially, 

does not prevent spread of virus to the brain, the main site of arbovirus 

pathology. Furthermore, we have found that PBMCs from patients with 

inflammatory skin conditions, either psoriasis or systemic sclerosis, are resistant 

to ZIKV infection in vitro. In psoriatic PBMCs, this is likely at least partly due to 

better induction of type I IFN responses compared to healthy PBMCs. This work 

identifies two novel factors which can alter host susceptibility to arbovirus 

infection. 
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1.1 Arboviruses 
Arthropod-borne viruses (arboviruses) are transmitted through the bite of 

infected blood-feeding vectors, including mosquitos, ticks and flies1. As the 

arthropod takes a blood meal, saliva containing virus is injected into the host. 

This group of viruses consists of members of several virus taxa, notably the 

Alphavirus, Orthoflavivirus and Orthobunyavirus genera2. There are over 500 

arboviruses and more than 100 of these can infect humans3.  

 
1.1.1 Mosquito-borne arboviruses: an emerging global health problem 
Mosquitos are responsible for the spread of numerous arboviruses which cause 

significant disease in humans4. These include dengue virus (DENV), Zika virus 

(ZIKV) and chikungunya virus (CHIKV). The number of reported cases of 

mosquito-borne virus infections has risen dramatically over the last half 

century5. DENV has been a significant problem for humans for almost 60 years, 

but has seen a large uptick in the past few decades6,7. Other arboviruses, such 

as ZIKV and CHIKV, have emerged in populations more recently8. These 

emerging arboviruses have become more apparent in the public consciousness 

since the start of the 21st century due to the occurrence of several sporadic 

outbreaks in previously unaffected regions, which led to significant epidemics in 

the Americas in the 2010s.  

 
1.1.1.1 Dengue virus 

DENV is the most medically important mosquito-borne virus and has long been 

established in the human population9. However, case numbers have exploded 

in recent years, rising ten-fold between 2000 and 201910. Last year, 2023, was 

the worst year on record in terms of DENV cases, with over 6 million confirmed 

infections taking place11. South America faced a large brunt of these cases, with 

Brazil being hit particularly hard10. Furthermore, this is likely a drastic 

underrepresentation of the actual number of cases, as the majority of cases 

cause mild or asymptomatic infections, which leads to underreporting or 

misdiagnosis12. Models have estimated that DENV is likely to be responsible for 

390 million infections around the world each year6. The situation is only 

expected to get worse over the coming years; while it is estimated that over half 
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of the global population are currently at risk of DENV infection, this is expected 

to increase to 60% by 20807.  

 

1.1.1.2 Chikungunya virus 

In comparison to DENV, CHIKV was relatively unknown until recently. 

Outbreaks of CHIKV occurred sporadically until a major outbreak which started 

in 2004 in Kenya and subsequently spread to numerous other countries in 

Africa and Asia, before emerging for the first time in new regions, including 

Europe and the Americas in 201313. In total, CHIKV spread to more than 100 

countries during this outbreak, infecting over 10 million individuals globally. The 

number of cases did stabilise in the majority of areas for a few years after this. 

The exception to this was in South America, where cases continued to ebb and 

flow over time14,15. A serious resurgence took place on the continent in 2022-

2316,17. Similar to the spike in DENV cases in 2023, the majority of these CHIKV 

cases also took place in Brazil and this wave remains ongoing. These recent 

outbreaks have solidified CHIKV’s place as the second biggest arbovirus threat 

after DENV. 

 

1.1.1.3 Zika virus 

ZIKV is another emerging arbovirus infection. The virus was initially identified in 

Uganda in 1947, with the first case of human infection reported in Nigeria in 

1954 century18,19. Following its discovery, there were very few (<20) reported 

ZIKV infections in the remainder of the century20. However, there have been 

multiple large-scale outbreaks in the last two decades, the most significant of 

which originated in French Polynesia in 2013/1421. From here, the virus spread 

to the Americas in 2015, starting in Brazil, causing the largest known outbreak 

of ZIKV thus far, with 440,000-1,300,000 suspected cases occurring in 2015 

alone22,23. This outbreak led to the World Health Organisation (WHO) declaring 

ZIKV as a Public Health Emergency of International Concern24. The latest 

available figures from WHO state that, as of February 2022, ZIKV transmission 

had been identified in 89 countries worldwide25. 

 

1.1.2 The Aedes mosquito: a highly competent arbovirus vector 
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The Aedes genus of mosquito is a particularly important arbovirus vector1. 

Species within this large genus are the insects primarily responsible for the 

spread of a number of infections which cause significant disease in humans and 

animals, including DENV, CHIKV and ZIKV26. The Ae. aegypti species is the 

main vector for these infections, but they can also be transmitted by the Ae. 

albopictus and others27. The mosquito becomes infected after feeding on the 

blood of an infected individual28. The virus propagates in the midgut of the 

mosquito before spreading to other tissues, including the salivary glands, where 

it persists29. Following incubation, the vector can transmit virus through injection 

of its saliva when it bites a human.  

 

Ae. aegypti mosquitoes are particularly efficient as vectors of virus due to 

several factors. Female mosquitoes feed on blood from mammals as they 

require a protein found in blood, isoleucine, for reproduction30. Ae. aegypti 

mosquitos have a preference for human blood31. As a result, they tend to live in 

urban environments near people. Overcrowding of populations in urban areas 

also maximises the number of people exposed to Aedes bites and increases 

probability that they can transmit virus between individuals. Furthermore, Ae. 

aegypti are day biters and so are highly active at the same time as humans, 

presenting plenty of transmission opportunities. 

 

There are several methods used to try and control Aedes populations and limit 

spread of arbovirus infections32. However, traditional methods of mosquito 

control, such as the use of insecticide treated bed nets, have limited efficacy 

against Aedes spp., due to their limited activity during the night33. More recently 

though, an alternative approach, involving the bacteria Wolbachia, has been 

rolled out in some endemic regions. Mosquito eggs are purposely infected with 

this bacterium and this provides adult mosquitos with resistance to arbovirus 

infection, resulting in reduced arbovirus transmission rates34. Although the 

mechanism behind this is not fully understand, it has been suggested that the 

bacteria may outcompete the virus for resources during infection. This method 

has been used against Ae. aegypti so far in several regions, including parts of 

China, the USA, and Brazil. 
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1.1.3 The changing burden of arbovirus infection  
Arbovirus transmission zones are defined by the regions in which the Aedes 

vector is able to live35. Ae. aegypti is particularly vulnerable to cold climates as 

the optimal temperature for their egg development is between 25°C-30°C and 

so eggs will not survive through the winter season in areas where temperatures 

drop too low36. Ae. albopictus can better survive in colder temperatures and so 

can live in more temperate regions. However, it is a less competent vector27. 

The Aedes spp. lays eggs in stagnant water and so also prefers areas with high 

humidity or precipitation, rather than dry climates37. As a result of these 

confining factors, arboviruses are mostly transmitted in tropical and sub-tropical 

regions of the world (Figure 1.1). Because Aedes mosquitos are the vector for 

numerous arboviruses, the transmission zones of many of these overlap, 

leading to cocirculation of multiple arbovirus infections in populations38. This can 

result in regions being hit by outbreaks of multiple arboviruses at one time, as 

was the case in Brazil in 2023, with a surge in both CHIKV and DENV infections 

occurring simultaneously. 

 

 
Figure 1.1 | Map showing global distribution of Aedes aegypti 
Predicted distribution of the principal arbovirus vector Ae. aegypti. High occurrence (1) 

is represented in red, low occurrence is represented in blue (0). Figure taken from 

Kraemer et al. 201539. 

 

The regions in which arboviruses are transmitted is expected to change over 

the coming decades7,40,41. This will expose new, immunologically naïve 

populations to these viruses which could have serious implications for infection 

outcomes. Already, there are arbovirus cases being reported in regions where 
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there was previously no transmission, including in Europe.  There were 130 

autochthonous, vector-transmitted cases of DENV in Europe in 2023, resulting 

from small outbreaks across France, Italy and Spain42. Furthermore, the first 

case of ZIKV in Europe was reported in 201943,44. This is largely due to the 

Aedes spp. becoming established in new areas of the world7,39,41. Before 1970, 

Ae. aegypti was only found in 6 countries. Now, the vector is present in at least 

13645. Importantly, Ae. Aegypti was classified as an established population in a 

European country, Cyprus, for the first time in 202246. 

 

1.1.3.1 Climate change as a driver of arbovirus emergence  

The rise in arbovirus outbreaks in recent years has led to the realisation of the 

threat posed by arboviruses to global health8. Unfortunately, this danger is only 

expected to increase in the future; both in terms of increasing frequency of 

outbreaks but also exposure of new populations to arboviruses. The emergence 

and re-emergence of arboviruses is driven by a number of factors, including 

climate change, urbanisation, migration, changing countryside management 

practices and globalisation47.  

 

Importantly, the expansion in vector habitat, briefly discussed in the previous 

section, is primarily driven by climate change. Global warming is expanding the 

regions in which insect vectors, such as Ae. aegypti, can reside. This means 

they are no longer restricted to the tropics and subtropics. This threatens to 

bring arboviral competent vectors into contact with different human populations 

and thereby exposing these individuals to risk of viral infection48. This issue is 

only expected to worsen over time as climate change continues to warm 

regions of the world where insect vectors previously couldn’t inhabit. It is 

estimated that more than 3 billion individuals now inhabit regions in which 

Aedes mosquitoes are found8. In addition to this, there is evidence of ZIKV, 

CHIKV and DENV spread by another Aedes subtype, Ae. albopictus, which 

lives more readily in temperate climates41,49–51. However, transmission is also 

restricted by an upper temperature limit, as extreme temperatures negatively 

affect Aedes spp. survival36,52. Arbovirus transmission is already highly climate 

dependent, shown by variation in transmission rates year-on-year due to annual 

variations in temperature7. Therefore, it is predicted that some regions where 
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arboviruses currently circulate will eventually become too hot for transmission to 

occur as a result of climate change53. 

 
1.1.4 Arboviral disease  
Those arboviruses which have experienced recent global re-emergence, such 

as ZIKV, CHIKV and DENV, are responsible for significant human disease 

burden. Typically, infection with one of these viruses presents with similar 

clinical signs, including an acute, febrile illness. These symptoms usually 

resolve without the need for hospitalisation. Indeed, most arbovirus infections 

are asymptomatic or mild. However, each of these viruses either can cause 

more serious complications or lead to chronic conditions. The severe forms of 

each of these diseases present differently from each other. 

 

Although estimates vary, around 96 million of the total individuals infected with 

DENV annually experience symptomatic infections6. This most often presents 

as dengue fever (DF), with patients experiencing a fever, severe joint and 

muscle pain and sometimes a rash54. However, DENV infection can progress to 

more severe forms of the disease, dengue haemorrhagic fever (DHF) and 

dengue shock syndrome (DSS). This is characterised by leakage of plasma, 

which can lead to system-wide shock and organ failure. Although only ~1% of 

severe DENV cases are fatal, the large global burden of this virus means that 

the number of fatalities is significant55. There are 4 DENV serotypes, DENV-1, 

DENV-2, DENV-3 and DENV-4. Following an initial DENV infection, the 

individual develops immunity to that serotype. However, a subsequent infection 

with a different serotype results in an increased chance of developing severe 

disease56. 

 

Following ZIKV transmission, infected individuals often either display no 

symptoms or a mild illness, often characterised by a fever and a skin rash57. For 

a long time, it was thought that these were the only symptoms associated with 

ZIKV. It was only after the most recent explosive outbreak of the virus in South 

America that the clinical relevance of the disease was truly realised58.  

Observations from epidemiological studies made it clear that infection with ZIKV 

can cause severe neurological disease. Convincing evidence links ZIKV to the 

congenital condition microcephaly in babies infected in the womb, following 
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vertical transmission from an infected mother59. It is thought that this occurs as 

a result of ZIKV’s tropism for the placenta and foetal brain, a feature which is 

unique to ZIKV amongst arboviruses but is also observed in human 

cytomegalovirus (HCMV) and herpes simplex virus (HSV) infection60–62. In 

addition to this, ZIKV has been associated with serious neurological sequelae in 

adults, most notably Guillain-Barré syndrome, but also myelitis and 

meningoencephalitis63–68.  

 

CHIKV is one of the exceptions to the rule that arboviral disease is 

predominately asymptomatic or mild, as the majority of CHIKV infections cause 

symptoms69. This presents primarily as rheumatic disease with individuals 

experiencing acute fever, rash and joint pain, or arthralgia, which can be 

intense. The acute symptoms generally resolve within weeks. However, joint 

pain can turn chronic. In 43% of symptomatic cases, symptoms last 3 months or 

longer and 21% of cases still suffer from the disease 12 months after infection70. 

This chronic aspect differentiates CHIKV from many other arboviruses. 

However, there are other arthritogenic arboviruses, including the genetically 

related Old World Alphaviruses: o’nyong-nyong (ONNV), Mayaro (MAYV) and 

Sindbis virus (SINV). The chronic nature of these diseases presents another 

dynamic to the burden presented by arbovirus infection, in terms of causing 

long-term disability and the associated care needs that come with this. Indeed, 

it has been estimated that 106,000 disability-adjusted life years (DALYs) are lost 

each year around the world due to CHIKV71. 

 
1.1.5 Diagnosis and treatment of arboviruses 
The similarity in the symptoms caused by arboviral disease and cross-reactivity 

in diagnostic tests for some viruses, alongside the aforementioned overlapping 

transmission zones and shared vector, means it is often challenging for 

clinicians to accurately diagnose a patient with a specific arboviral infection72. 

Furthermore, infections often occur in regions with poor health provisions, 

meaning there is limited time and/or resources to make accurate laboratory 

diagnoses using ELISAs or RT-PCR. Therefore, it is recognised that arboviral 

infections, especially CHIKV and ZIKV, are likely underreported due to 

misdiagnosis21.  
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There are currently no licensed antivirals or therapeutics available to treat 

arboviruses. Although mortality from severe DENV can be reduced with basic 

healthcare interventions, such as administration of intravenous fluids, when 

administered early during the onset of disease73. While there are vaccines 

available for some arbovirus infections, the efficacy of these is variable. Some 

are highly effective, such as the vaccine against Yellow Fever virus (YFV) which 

confers life-long immunity74. Others, including Japanese encephalitis virus 

(JEV), suffer from waning protection75. Unfortunately, there is also uncertainty 

surrounding the safety of some arboviral vaccines. The first DENV vaccine, 

Dengvaxia, became available in 201576. However, since its rollout, there have 

been studies showing that it can increase the risk of severe DENV disease if 

given to individuals who had no pre-existing immunity to DENV at the time of 

vaccination77. Although the vaccine is still recommended for use in DENV 

immune recipients78. Nevertheless, the realisation of the threat posed by these 

infections has led to renewed efforts to develop safe, effective vaccines against 

them. Indeed, at the end of 2023 the first CHIKV vaccine was approved by the 

Food and Drug Administration (FDA)79. However, questions remain over its use 

also. A relatively large number of vaccine recipients report a CHIKV-like illness, 

with 2% of recipients experiencing ‘severe’ side effects80. Therefore, its value as 

an option for population-wide immunisation is limited. It is currently only 

recommended for individuals travelling to a region with an ongoing CHIKV 

outbreak. As well as these issues with existing arbovirus vaccines there are still 

no available vaccines for many major arboviruses, including ZIKV. Therefore, 

there is a clear unmet need for safe, effective vaccines to prevent arboviral 

disease.  

 

However, the co-circulation of multiple arboviruses within one area presents 

challenges for vaccination. Prior exposure or vaccination against one arbovirus 

can generate cross-reactivity against other viruses within the same family, 

particularly flaviviruses81,82. Rather than providing broad-spectrum protection 

against multiple arboviruses with one vaccine, instead this can be detrimental to 

the host, as generation of sub-neutralising antibodies against flaviviruses can 

lead to antibody-dependent enhancement (ADE) of infection83. This, together 
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with the challenges in diagnosing these infections, highlights the need for pan-

viral treatments or vaccines, which target multiple arboviruses.  

 

1.1.6 Flaviviruses  
The Flavivirus genus, in the Flaviviridae family, is of particular importance when 

considering arboviruses. The majority of flaviviruses are arboviruses and many 

cause significant human disease. Amongst these are DENV, ZIKV, YFV, and 

West Nile virus (WNV), all of which are mosquito-borne. There are also 

flaviviruses spread by other arthropods, including tick-borne encephalitis virus 

(TBEV). The following sections will focus on ZIKV, a flavivirus used in this 

thesis.  

 

1.1.6.1 Structure and genome organisation 

Elucidation of the ZIKV structure illustrated that Zika virions are structurally 

similar to other Flavivirus particles, particularly DENV, in that they are 

enveloped, spherical particles, with a diameter of ~70-100nm84,85. Each particle 

possesses a single stranded, positive-sense, RNA genome, 10,794 kb in length 

(Figure 1.2)86. All Flavivirus genomes possess a single open-reading frame 

(ORF) which codes for a polyprotein. This is flanked by 5’ and 3’ untranslated 

regions (UTRs). The viral polyprotein is processed into 3 structural proteins 

(capsid (C), premembrane/membrane (prM/M) and envelope (E)) and 7 non-

structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5) by host and 

viral proteases during the viral replication cycle60,87. 

 

 

Figure 1.2 | ZIKV genome organisation 

 

1.1.6.2 Mechanism of infection 

There is limited understanding of the mechanism of ZIKV infection and its 

replication cycle due to its recent emergence. However, due to the structural 

similarities between ZIKV particles and other flaviviruses, especially DENV, the 
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replication cycle of other flaviviruses is often looked to as a guide for how ZIKV 

may act (Figure 1.3)60. Flaviviruses initially bind to the surface of host cells 

through attachment to surface receptors88. In the case of ZIKV, this likely occurs 

through binding of adhesion receptors. While several host receptors have been 

linked to ZIKV entry, including dendritic cell-specific intracellular adhesion 

molecule-3-grabbing nonintegrin (DC-SIGN) and Tyro3, there is significant 

evidence that ZIKV entry to cells is often dependent on binding to the tyrosine 

kinase receptor AXL84. ZIKV is able to bind the AXL ligand, growth arrest-

specific 6 (Gas6), and it is thought that this enables the virus to interact with 

AXL on host cells89. This role is further supported by the presence of Gas6 in 

many of the tissues for which ZIKV has tropism for, including significant 

expression in the brain and male reproductive organs90. Following attachment, 

the virus gains access to the host cell through receptor-mediated endocytosis, a 

process which involves the ectodomain of the E viral glycoprotein91.  

 

The low pH environment within host cell endosomes triggers fusion of the virus 

with the endosomal membrane due to a conformational change of the E 

protein92. This allows the viral genome to be ejected into the cytosol to act as a 

messenger RNA (mRNA) template for the creation of the viral polyprotein at the 

endoplasmic reticulum (ER). Cleavage of this polyprotein leaves the 10 mature 

viral proteins. Following protein synthesis, production of new viral particles 

begins within pockets made from the ER membrane, known as spherules93. The 

replication process starts with the synthesis of negative-sense RNAs which are 

then used as a basis upon which new positive-sense RNAs are generated94. All 

of the NS viral proteins play a part in this process of RNA replication, with ZIKV 

NS5, which possesses RNA-dependent RNA polymerase activity, and NS3 

playing particularly critical roles95,96 From here, the new RNA associates with the 

viral C protein and together these bud into the lumen of the ER, incorporating 

both the ER membrane and the prM and E proteins as they go, to form new 

immature viral particles88. These non-infectious virions undergo further 

proteolytic processing in the Golgi network to cleave prM, leaving the mature M 

protein90. The newly-formed mature viral particles are released from the host 

cell by exocytosis at the cell surface97. 
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Figure 1.3 | Replication cycle of ZIKV 
(1) Flavivirus binds to the cell surface via receptors, including DC-SIGN and Tyro3 in 

the case of ZIKV. (2) Receptor-mediated endocytosis facilitates entry of the virus to the 

host cell. (3) The virus fuses with the endosomal membrane and the virus RNA is 

ejected into the cytosol. (4) The viral polyprotein is synthesised at the ER, using the 

virus genome as a template, and is cleaved into the 10 virus proteins. (5) New virus 

particles are created within ER-derived spherules. (6) Further proteolytic processing of 

the virion in the Golgi network produces the mature, infectious virus particle. (7) 
Infectious virions leave the cell via exocytosis. Diagram made using BioRender. 

 
1.1.7 Alphaviruses  
The Alphavirus genus, belonging to the Togaviridae family, contains a number 

of medically important arboviruses, including CHIKV, ONNV, MAYV, Ross River 

(RRV) and Venezuelan equine encephalitis virus (VEEV)98. There are around 30 

species of alphaviruses99. Interestingly, nearly all of the alphaviruses are 

mosquito-borne and are transmitted to vertebrate hosts, either human or 

animal, to cause disease100. Alphaviruses are broadly divided into Old World 

alphaviruses and New World alphaviruses, and can cause either arthralgia or 

encephalitis respectively. One of the exceptions to this rule are laboratory 

derived strains of Semliki Forest virus (SFV). Although this is classified as an 

Old World alphavirus, it is widely used as a model of neurotropic arbovirus 

infection, rather than arthritogenic infection101. Although mortality rates 

associated with alphaviruses are low, they cause significant morbidity due to the 

often chronic nature of symptoms associated infection98. The following sections 



 13 

will largely focus on CHIKV, due to its medical relevance, and SFV, which is 

closely related to CHIKV and will be used as a model arbovirus throughout this 

thesis. 

 

1.1.7.1 Structure and genome organisation 

CHIKV forms spherical virions with a diameter of 60-70nm102. All alphaviruses 

possess single-stranded, positive-sense RNA genomes. The CHIKV genome is 

approximately 12kb long and consists of 2 ORFs split by a non-coding region, 

and flanked by a lengthy 3’ untranslated region (UTR) and a 5’ UTR which is 

shorter in length (Figure 1.4)103. There are 4 NS proteins (NSP1, NSP2, NSP3 & 

NSP4) which are translated from genomic RNA. The remaining 5 structural 

proteins (C, E3, E2, 6K, E1) are produced during RNA synthesis, from 

subgenomic RNA104. 

 

 
Figure 1.4 | CHIKV genome organisation 

 

1.1.7.2 Mechanism of infection 

As discussed, CHIKV is the most medically relevant alphavirus and so it is 

important to understand its replication cycle in host cells. Following 

transmission, CHIKV uses the host cell adhesion molecule matrix remodelling-

associated 8 (Mxra8) to gain entry to a variety of cell types during infection105. 

Mxra8 is expressed by epithelial cells, myeloid and mesenchymal cells, 

including dermal and synovial fibroblasts. However, CHIKV infection was not 

entirely abated in mice lacking Mxra8, suggesting that there may be more than 

one host receptor used by CHIKV to enter cells. One such attachment factor 

which has been put forward are glycosaminoglycans (GAGs). It has been 

shown that strains of CHIKV, representing the 3 major CHIKV genotypes, bind 

sulphated GAGs and that these polysaccharides are expressed by CHIKV 

target cells, including epithelial and endothelial cells and macrophages, which 

may explain the wide-spread tropism of CHIKV106. Similar to ZIKV, CHIKV 

enters host cells through clathrin-mediated endocytosis. Once inside the cell, 
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the viral polyproteins P123 and P1234 are translated from the viral RNA 

template. The nsP2 region has protease activity which is used to cleave the 

polyproteins, leaving the four mature NS proteins which are necessary for RNA 

synthesis107. Following translation, the CHIKV genomic RNA is replicated to 

produce new infectious virions. 

 

Many of the details of CHIKV replication in the host cell are yet to be elucidated, 

however, it is likely that the CHIKV cycle is similar to that of other more widely-

studied alphaviruses, such as SFV and SINV, and so these can be used as an 

analogue. In a similar manner to flaviviruses, replication of alphaviruses take 

place in spherules, formed from folded plasma membrane structures induced by 

the virus108. The polyprotein P123 and nsP4, the RNA-dependent RNA 

polymerase protein, form a replicase complex to produce negative-sense RNA 

from the genomic RNA104. This RNA template is then used to synthesise more 

positive-sense, genomic RNA. Sub-genomic RNA is also produced during this 

process by way of a sub-genomic promoter present in the negative-sense RNA 

molecule109. This allows for the synthesis of the remaining viral structural 

proteins. To ensure only genomic RNA is packaged into newly produced virions, 

a packaging signal is included in the section of CHIKV genomic RNA which 

encodes nsP267. The CHIKV capsid structural protein possesses signal 

sequences allowing for import to and export from the nucleus during the 

replication cycle110.  

 

Once new CHIKV particles have been assembled at the cell membrane, they 

bud from the infected cell. Despite attempts by the host factor Tetherin to keep 

CHIKV attached to the membrane to prevent its release, viral nsP1 acts to 

downregulate Tetherin to allow budding to take place111. Interestingly, in 

polarised cells, such as endothelial cells lining blood-tissue barriers, budding 

occurs from the apical side of the cell guided by N-linked glycoproteins present 

in the viral envelope proteins. It is unclear which host factors are involved in this 

process. However, it is thought that this adaption to polarised cells could 

contribute to more severe CHIKV symptoms by facilitating entry to vulnerable 

tissues e.g. viral encephalitis caused by viral dissemination across the blood-

brain barrier112. 
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1.1.7.3 Semliki Forest virus: a model arbovirus 

SFV is one of the most closely genetically related alphaviruses to CHIKV, a 

virus of great medical importance100. Its name originates from the forest in 

Uganda in which it was discovered in 1942113. SFV is endemic in regions of 

Africa, mostly circulating in animals114. However, there was a notable human 

outbreak, affecting 22 people in 1987 in the Central African Republic115. The 

only reported lethal case was in a laboratory worker who died of encephalitis 

after handling the virus in the 70s116. 

 

Since its discovery, SFV has become a standard model for arbovirus infection in 

mice101. Its relevance to human infection coupled with its ability to replicate in 

immunocompetent mice, unlike many other human arboviruses like DENV and 

ZIKV, makes it highly useful in these types of studies. SFV can cause 

neurotropic infection and encephalitis as a result. There are several different 

strains of SFV, which vary in potential disease severity. SFV4 originates from 

the original infectious clone but only causes low titre viremia and is not able to 

reach the brain when injected alone117. SFV6 is a more virulent strain, based on 

SFV4, which can disseminate to the brain after being transmitted at a remote 

site and cross the blood-brain barrier, causing lethal encephalitis118. This 

characteristic makes SFV6 of particularly beneficial for studying arbovirus-

related pathology in the central nervous system. However, when the avirulent 

strain SFV4 is inoculated alongside an Aedes sp. mosquito bite, or with Aedes 

mosquito saliva, it can more efficiently reach the brain and cause mortality119,120. 

Its use in this way can be of great value in defining those key factors that define 

host susceptibility to infection when inoculated at mosquito bites.  

 

Notably, there are several genetically modified strains of SFV6 which can be 

used for experimental purposes. For example, SFV6-mCHERRY which encodes 

a fluorescent protein, meaning that infected cells that express this virus 

encoded protein can be identified using immunofluorescence or flow 

cytometry119,121. Genetic modification in this way comes with a fitness cost to the 

virus, however, because SFV6 is so virulent, modified strains can still replicate 

effectively in mice. Both SFV4 and SFV6 are used in this thesis, however, it is 

worth noting that there are other strains of SFV which can be used 
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experimentally as well, including the virulent L10 strain and avirulent A7(74) 

strain122.  

 

1.2 Immune response to arboviruses 
Infections by arboviruses are generally brought under control rapidly following 

transmission, evidenced by the relatively short course of illness experienced by 

most who have symptomatic infections9. This early curbing of infection suggests 

the virus is limited mainly by innate antiviral mechanisms and the expression of 

anti-viral IgM antibodies. Additionally, it appears that while the adaptive immune 

response does strengthen the overall response to arboviral infections during the 

acute infection phase, it is likely that they also contribute to immunopathology, 

including DHF and chronic arthralgia caused by DENV and CHIKV, 

respectively123,124. 

 

Before discussing the immune response in detail, it is important to note that 

there are a variety of limitations to current experimental models used to 

investigate host immunity to arboviruses. Much of the work done to elucidate 

the immune response to arboviral infection has been completed in cell lines 

rather than undertaken in vivo, which may mean that conclusions are drawn 

without a full understanding of the influence of other cell types and soluble 

mediators as part of the whole animal immune network. Additionally, when in 

vivo models are used, virus is most often administered in the absence of 

mosquito bites, which are known to shift cell tropism at the inoculation site to 

include infection of infiltrating leukocytes, enhance virus replication and 

increase efficiency of virus dissemination to blood and remote tissues125,126. 

Furthermore, many studies for important arboviruses, including DENV and 

ZIKV, have to be carried out in immunodeficient mice lacking the type I 

interferon (IFN) receptor, as these viruses do not replicate in wild type (WT) 

mice127,128. However, this is the most critical aspect of antiviral immune 

responses. Therefore, there are challenges in defining the relevance of some 

data published that do not incorporate these features.  
 

1.2.1 Innate immune response to arbovirus infection 
Prompt recognition of viral infection by host cell pattern-recognition receptors 

(PRRs) is vital for rapid initiation of the immune response and facilitates the 
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early control of infection by the innate system. These receptors generally 

recognise viral genetic material, including ssRNA, dsRNA and unmethylated 

CpG DNA, present intracellularly as the virus carries out its replication cycle129. 

There are a number of PRRs involved in the recognition of arboviral infection, 

namely the Toll-like receptor (TLR) family and the RNA helicases, retinoic acid-

inducible gene I (RIG-I) and melanoma differentiation-associated protein 5 

(Mda5)130,131. More recently, a role for the cyclic GMP-AMP synthase (cGAS)-

stimulator of interferon genes (STING) complex in arboviral recognition has also 

been elucidated132. Activation of the PRRs occurs as a result of pathogen 

derived ligand interactions, triggering signalling cascades that lead to the 

activation of the transcription factors nuclear factor kappa-light-chain-enhancer 

of activated B cells (NF-kB), interferon regulatory factor (IRF) 3 and IRF7. 

These transcription factors control the production of a number of pro-

inflammatory mediators which coordinate the antiviral immune response. 

Additionally, NF-kB brings about the expression of a number of pro-

inflammatory cytokines and chemokines, including interleukin (IL)-1β, tumour 

necrosis factor (TNF)-a and C-X-C motif ligand (CXCL) 10; IRF3 and IRF7 

induce the type I IFN expression133. 

 

Neutrophils are the first responders to mosquito-transmitted viral infection, 

attracted to the site early in the course of infection by high concentrations of 

neutrophil chemoattractants, including CXCL2120,134. It has been postulated that 

these chemokines are produced by local mast cells in response to the mosquito 

bite in vivo120,135. At the site of infection, neutrophils are known to deploy a range 

of tactics to try and control the infection including the expulsion of the contents 

of their toxic granules, phagocytosis of pathogens and the deployment of 

neutrophil extracellular traps (NETs) to catch microbes136. In the case of 

arboviral infection, recent evidence shows the use of NETs to neutralise CHIKV 

infection of mice in response to TLR7 signalling and reactive oxygen 

species136,137. A similar role has been ascribed to NETs in the control of DENV 

infection both in vivo and in vitro138.  

 

However, neutrophils also promote an inflammatory environment at the site of 

infection. This is likely done indirectly by releasing soluble mediators which act 
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to increase vascular permeability, which promotes leukocyte entry to the 

infection site126. However, their expression of chemokines, including CCL2, acts 

to attract other myelomonocytic cells, which express the cognate chemokine 

receptor C-C chemokine receptor (CCR) 2. The source of CCL2 at this early 

stage is unclear, however, levels at the arbovirus infection site in mice following 

a mosquito bite were ablated following neutrophil depletion120. Nevertheless, 

rather than this being of benefit to the host in its response to the virus, it 

appears that instead the arrival of these myelomonocytic cells may instead 

present the virus with new infection targets120.  

 

Further evidence for the role of neutrophils in the promotion of inflammation, 

which is beneficial to the virus, comes from the identification of mosquito 

salivary protein functions. A number of mosquito salivary factors have been 

shown to promote neutrophil recruitment and activation, Aedes aegypti bacteria-

responsive protein 1 (AgBr1) and neutrophil-stimulating factor 1 (NeSt1) 

respectively, during ZIKV infection. AgBr1 upregulates the production of 

chemokines which act as neutrophil-attractants during ZIKV infection, While 

NeSt1 induces the activation of neutrophils139,140. Additionally, blocking either of 

these salivary proteins leads to reduced viral load and improves the outcome of 

infection, suggesting that promoting neutrophil recruitment and activation is 

beneficial to virus infection. 

 

Monocytes are permissive to infection by a range of arboviral infections and 

often form the most significant leukocyte population at the infection site141,142. 

Additionally, the aforementioned mosquito salivary protein, NeSt1, acts to 

attract monocytes140. It was recently shown that the T cell chemoattractant 

CXCL10 drives the pathology of CHIKV infection in mice by promoting an 

infiltrate of immune cells, with mice deficient in the chemokine experiencing 

reduced viral loads and diminished leukocyte infiltrate compared to WT mice141. 

In addition to this, high levels of monocyte chemoattractants have been 

associated with arboviral disease pathology. For example, there was found to 

be an association between high levels of CXCL10 and CXCL9, both involved in 

the recruitment of monocytes/macrophages, in human patient serum and 

severe CHIKV arthritis143. As well as providing infection targets, it is thought that 

monocytes may act in a detrimental way by contributing to viral dissemination, 
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due to their ability to migrate to and enter other tissues142. However, there is 

conflicting evidence about the role of the monocyte-attractant CCR2-CCL2 axis 

in CHIKV pathogenesis. During CHIKV infection in Ccr2-/- mice, monocyte and 

macrophage recruitment to the joints, the site of CHIKV pathogenesis, is 

ablated144. However, rather than aid the host, this leads instead to neutrophil 

migration to the tissue, which drives joint destruction.  

 

The antiviral type I IFN system is critical to the control of arboviral infection. This 

system consists of IFN-α and IFN-β, produced by leukocytes/immune cells and 

fibroblasts, respectively145. Both IFN-α and IFN- β signal through the IFN-α/β 

receptor, known as the IFNAR receptor, in an autocrine or paracrine fashion. 

This triggers signal transduction through the JAK/STAT pathway, causing the 

expression of interferon stimulated genes (ISGs). ISG products facilitate the 

antiviral function of the type I IFN system by interfering with viral replication 

through a variety of mechanisms, to prevent further infection of cells.  

 

The innate response to arboviruses is dependent on type I IFN, indicated by the 

high susceptibility to a number of mosquito-borne alphavirus and flavivirus 

infections observed in IFN receptor deficient mice (Ifnar1-/-)128,145–147. As a result, 

Ifnar1-/- mice are regularly used as a mouse model to study arboviral infections, 

as most arboviruses struggle to replicate in mice with intact type I IFN 

signalling148. Also, many arboviral infections have type I IFN-targeted evasion 

strategies suggesting that avoiding this system is beneficial for supporting 

arbovirus infection149,150. Despite this, therapeutic induction of IFN pathways, in 

the skin, at an early time point following arboviral infection than occurs in the 

natural infection course significantly reduces viral dissemination, showing the 

power of the type I IFN system against a range of arboviruses119. 

 

There are two major subsets of dendritic cells (DCs) which contribute to the 

antiviral immune response in different ways. Plasmacytoid dendritic cells 

(pDCs) are the major producers of type I IFN in the blood and spleen, during 

arboviral infection and may be vital contributors to innate defence as a result151. 

A dampened pDC response has been associated with higher viral loads and 

more severe arboviral disease outcomes in infected human patients, suggesting 

that their induction of IFNs effectively limits viral replication to prevent spread152. 
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Additionally, IFN production by pDCs appears to be triggered via interactions 

with infected cells rather than as a result of arboviral infection of pDCs 

themselves153. This means that they can avoid many of the mechanisms 

deployed by arboviruses to evade the type I IFN system, allowing them to carry 

out their function uninhibited. 

 

Conversely, classical dendritic cells (cDCs) are primarily responsible for the 

priming, activation and differentiation of T cells in lymph nodes through antigen 

presentation on major histocompatibility complex (MHC) I or MHC II, provision 

of costimulatory signals and cytokines. Recent studies have shown that cDCs 

residing in the skin are early targets of DENV infection in mouse models and 

human skin samples154,155. Recognition of arboviral infection causes maturation 

of cDCs, evidenced by an increase in expression of MHC I and II and 

costimulatory molecules, including CD80, CD86 and CD40156. In addition to the 

direct antiviral effects of ISGs, their induction in DCs and macrophages also 

supports the induction of cellular and humoral immunity to arboviruses157. 

Following cDC activation and maturation, they migrate to the lymph node to 

carry out this function. 

 

1.2.2 Adaptive immune response to arbovirus infection 
While the innate immune response is critical for the control of acute arboviral 

infections, the adaptive immune system also contributes to clearance of cell-

associated virus, and long-term protection, but can also play an important role 

in the immunopathology that underlies severe/chronic disease pathologies. 

During an antiviral immune response, naïve CD4+ and CD8+ T cells are primed 

and activated by mature DCs in the lymph nodes. Dependent on DC cytokine 

production and environmental cues, T cells differentiate towards one of several 

phenotypes. These subsets are characterised by their effector functions and 

production of specific cytokines. T cell-associated cytokines, including IL-10, IL-

4 and IFN-γ, are produced during the immune response to arboviral infections 

and appear to be induced by mosquito bites and salivary factors120,158,159. 

 

CD8+ cytotoxic T cells are also a vital aspect of any antiviral immune response 

due to their ability to destroy virally infected cells, and thereby clear cell-

associated virus. However, the importance of these T cell responses appears to 
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differ between arboviral infections. For example, CD8+ T cells are important in 

response to flaviviruses, with mice deficient in CD8+ T cells experiencing higher 

viral titres following ZIKV and DENV infections160,161. It appears likely that CD8+ 

T cells offer protection from flavivirus infection through production of IFN-γ, as 

high levels of this cytokine are associated with positive disease outcomes in 

patients162. Conversely, the T cell response to CHIKV in humans appears to be 

defined by the activation of the CD8+ response early during disease onset, with 

levels peaking at day 1 after symptom onset, suggesting that cytotoxic T cells 

act rapidly following the launch of the adaptive response to clear infected 

cells123. Despite this, cytotoxic T cells did not appear to be necessary for the 

control of infection with the alphavirus CHIKV in mice, as serum quantities of 

viral RNA in CD8-/- mice was not different from that of WT mice163.  

 

CD4+ T cells promote the antiviral response primarily by interacting with other 

immune cells through the production of soluble mediators, including providing 

vital support to B cells to induce antibody production. Interestingly, CD4+ T cells 

do not appear to be necessary to control flavivirus infection, as depletion of 

CD4+ T cells had no effect on DENV infection in mice, with viral titres, CD8+ T 

cell and B cell responses remaining the same164. However, during SFV infection 

they are required to provide help to B cells to class switch to enable IgG 

production165. This is crucial for host protection as IgM cannot enter the brain, 

the main site of SFV pathology. 

 

However, T cells may also contribute to arboviral disease pathologies. High 

levels of activated T cells, both CD8+ and CD4+, have been linked to severe 

arthralgia following CHIKV infection166. In fact, a novel treatment for CHIKV 

infection was trialled in mice which included cytotoxic T-lymphocyte associated 

protein 4 (CTLA4)-Ig which blocks the activation of T cells. This successfully 

reduced swelling and ablated the monocyte and T cell infiltrate at joints167. 

Similarly, it has been shown in a mouse model of ZIKV infection, that in the 

case of insufficient control of the virus by the innate immune response, the 

recruitment of CD8+ T cells to the brain and their attempts to control infection in 

this sensitive organ contributes to severe neurological complications caused by 

ZIKV infection168. The association of DHF with secondary DENV infection alone 

provides evidence that the adaptive immune response is involved in disease 
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pathogenesis. However, this is further supported by the positive association 

between a large T cell response, characterised by high expression of the 

cytokines IFN-γ and TNF-α, and severe clinical symptoms in patients suffering 

from DHF169. Furthermore, CD8+ T cells are dispensable for controlling 

infectious virus during SFV infection in the central nervous system, however, 

they are required for inflammatory demyelination, which contributes to 

neurological pathology165. Therefore, it is likely that T cells contribute to 

immunity to arboviral infection during the acute response but that their long-term 

presence can contribute to severe arbovirus infection outcomes.  

 

B cells play an important role in the response against arboviral infection, mainly 

through their production of viral epitope-specific antibodies which are able to 

neutralise pathogens. Following early control of arboviruses by IFN, the virus is 

cleared by antibody responses. These are mainly aimed at the E2 and E1 

surface proteins of alphaviruses while they appear to be targeted at flavivirus E, 

prM and NS1 proteins170,171. CHIKV infection in vitro, antibodies block virion 

egress from host cells by causing the virus to aggregate at the cell surface172. 

Outside of antibody production, regulatory B cells, which act in an antibody-

independent way to dampen the immune response via IL-10 production, may 

provide protection against severe arboviral disease outcomes. An association 

was found between low levels of regulatory B cells during the acute phase of 

DENV infection and severe DENV disease173. 

 

The human antibody response during arboviral infection is characterised by 

early production of IgM during the acute phase of infection which play a role in 

early neutralisation of virus174–176. This is followed by the production of IgG within 

a week of symptom onset and from this point, IgG antibodies take on the main 

role of virus neutralisation. Long term, IgM titers persist for 3-4 months before 

waning while IgG titers are stable for much longer, <1 year175–177. Additionally, 

early IgG production appears to be linked to protection from chronic CHIKV 

disease symptoms178.  

 

However, the antibody response also contributes to the pathogenesis of severe 

flavivirus infection. Primary infection with DENV confers an individual with 

lifelong immunity to the viral serotype that they were infected with. However, 



 23 

secondary infection with heterotypic DENV is often much more severe and the 

antibody response contributes to this effect179. A certain number of antibodies 

must be attached to a viral particle in order for antibodies to neutralise 

flaviviruses. Therefore, the efficacy of antibody responses to flaviviruses is 

highly variable. A sub-neutralising antibody response can lead to ADE where 

DENV-antibody complexes are able to bind to FCγRs and use this interaction to 

entry cells, resulting in higher levels of viral replication which leads to increased 

viral loads and disease severity157. It has recently been shown that ADE can 

also occur during alphavirus infection in mice if the antibody response does not 

reach the neutralisation threshold180. 

 

Overall, the part played by the immune system in arboviral infection is nuanced 

and context specific. The type I IFN system induced by the innate immune 

response following viral recognition is necessary for infection control. However, 

some forms of inflammation appear to be beneficial for the virus, with 

neutrophil-driven recruitment of monocytes providing permissible targets of 

infection and perhaps a gateway to systemic spread. Likewise, it appears that 

the adaptive response acts as both friend and foe. T cell responses to arboviral 

infection appear in some contexts are required to e.g. aid clearance of virus, 

and provide lasting immune memory, but conversely can also contribute to 

immunopathology. In terms of the role of humoral immunity, while antibody 

responses are often key for neutralising virus and ‘mopping up’ any virus left 

over after initial clearance by the innate immune response, antibodies also have 

been shown to facilitate a number of arboviral infections, through ADE, by 

providing them with a docking point to gain entry to host cells.  

 
1.2.3 Modulation of host susceptibility to infection by mosquito bite 
In recent years, it has become widely accepted that the role played by the 

mosquito vector during arbovirus infection contributes more to infection 

outcomes than simply transmitting virus to the host; the mosquito bite itself 

enhances host susceptibility to infection. As discussed, an arbovirus is 

transmitted when an infected mosquito bites a host to take a blood-meal. 

However, as well as passing on virus, the mosquito also injects saliva and 

bacterial components into the skin during this process. Mosquito saliva is 

imbued with numerous bioactive molecules which facilitate the blood-feeding 
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process181. Some of these, such as sialokinin, have antihemostatic properties, 

which can prevent blood clotting and promote vasodilation, amongst other 

functions126,182. There are also proteins present in saliva, including the D7 

protein family, which scavenge host proteins, including histamine, which 

promote itching following injury, to prolong the length of time the mosquito can 

feed for before the host notices183.  

 

However, as well as helping the mosquito find a blood meal, these salivary 

proteins can also modulate the host response to arboviruses. Indeed, when 

mice are infected with an arbovirus alongside a mosquito bite, mosquito saliva 

or salivary gland extract (SGE), there is an increase in virus replication in the 

skin and blood, resulting in dissemination to remote tissues and increased 

mortality as a result120,134. This is not the result of the trauma of the bite itself or 

the microbial components which are injected during transmission126. Indeed, it is 

the mosquito-encoded salivary gene products that causes this enhancement of 

arbovirus infection. Mosquito salivary proteins, such as sialokinin, increase 

vascular permeability, driving oedema at the bite site126,182. This facilitates entry 

of myeloid cells to the site of infection, some of which are susceptible to virus 

infection, such as monocytes120,126. Therefore, the mosquito bite appears to 

make the host more susceptible to arbovirus infection through interference with 

the host inflammatory response. Identifying factors which alter susceptibility to 

infection and which are common to all infections, such as the mosquito bite, 

could identify potential targets for developing pan-arboviral vaccines or 

therapeutics119,184. Such factors may also be of use in terms of stratifying 

patients at-risk of serious infection outcomes. 

 

1.3 Skin biology 
There are a number of complex interactions that occur during transmission of 

an arbovirus, involving input from the virus, the vector and the host. As 

arboviruses are transmitted via a mosquito bite at the skin, this intricate 

interplay during acute infection takes place at both the cellular and molecular 

level in this major organ. This makes it essential to understand skin biology 

when considering host susceptibility to arbovirus infection.  
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1.3.1 Skin structure 
The skin is the main barrier site of the human body, protecting us from many 

external threats ranging from sterile injury to environmental agents, such as UV 

exposure, to skin-transmitted infections185. The two main layers of the skin are 

the epidermis and the dermis. The epidermis is the outermost layer of the skin 

and the dermis sits underneath this (Figure 1.5). Beneath the dermis, there is a 

subcutaneous fatty layer, the panniculus adiposus. 

 

 
Figure 1.5 | Structure of the skin 
The three main layers of the skin are the epidermis, dermis and the fatty layer, or 

panniculus adiposus. When a mosquito takes a blood meal, it probes the vascularised 

dermis looking for a blood vessel. As a result, arboviruses are transmitted in this layer. 

 

The epidermis is a stratified epithelium which is split into five layers186. The 

stratum corneum is the outward facing layer. This is followed by the granular 

layer, the spinous layer and the basal layer, with the basement membrane 

separating the epidermis from the dermis. It is mainly keratinocytes that make 

up the epidermis and these are key for the self-renewal of the skin187. These 

proliferate in the basal layer and move up through the layers to replenish the 

tissue, differentiating as they progress. Other cell populations in the epidermis 

include melanocytes, which produce pigment, and some skin-resident immune 

cells, including the antigen-presenting Langerhans cells185. 

 

The dermis largely functions as a supportive structure in the skin. The 

extracellular matrix (ECM) components collagen and elastin are littered 



 26 

throughout the dermis, facilitating the layer’s function188. The cellular component 

of the dermis consists mainly of fibroblasts, which provide the ECM 

components, mast cells and resident monocytes/macrophages. The dermis has 

a network of blood vessels, which provide the blood supply for not only the 

dermis, but also the epidermis, which does not possess its own blood 

vasculature. For this reason, the dermis is the site where a mosquito probes 

when trying to source a blood meal (Figure 1.5)189. Consequently, arboviruses 

are transmitted at and mainly replicate in the dermis154. Dermal fibroblasts are 

permissive to infection with multiple arboviruses145,190,191. Although keratinocytes 

and Langerhans cells have also been shown to be susceptible to infection by 

several different arboviruses, including DENV and WNV in vitro, it is unlikely 

that they contribute significantly to the virus burden in vivo, due to their 

positioning in the epidermis192–194. 

 

As this thesis uses in vivo mouse models of arbovirus infection, it is worth 

highlighting some differences between human skin and mouse skin. Broadly, 

human and murine skin is similar. However, the epidermis and dermis in the 

skin of mice are both thinner than in human skin195. Furthermore, in murine skin 

there is a striated muscle layer, the panniculus carnosus, which sits beneath the 

fatty layer and separates the skin from the rest of the body196. Exceptions to this 

include the skin on mouse ears and the dorsal (upper) side of the feet, that lack 

underlying muscle. Furthermore, mice have a dense layer of hair, or fur, 

covering most of their bodies, whereas hair on human skin is much more 

sparsely distributed. However, experiments used within this thesis have been 

designed in such a way to minimise differences between the two. For example, 

infections are inoculated at the skin on the upper foot of mice, an area which is 

naturally hairless and so better mimics human skin.  

 
1.3.2 Inflammation in the skin 
Inflammation is triggered in the skin during infection or in response to other 

external stimuli, including UV exposure, as a means of protecting the host. Skin-

resident immune cells kickstart inflammatory processes upon recognition of 

pathogen-associated molecular patterns (PAMPs) or damage-associated 

molecular patterns (DAMPs), which are present in the skin during infection 

and/or skin damage. In response, leukocytes, including Langerhans cells, and, 
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importantly, skin-specific keratinocytes and fibroblasts rapidly produce pro-

inflammatory cytokines, including IL-1, TNF-α and IL-16197. Importantly, 

keratinocytes act as key regulators of inflammation in the skin, producing 

inflammatory mediators throughout the process. Consequently, they are 

implicated in the pathogenesis of many inflammatory skin conditions198,199. 

Cytokine expression can further amplify the inflammatory response, including by 

activating skin-resident immune cells, such as Langerhans cells and dermal 

cells such as resident macrophages and DCs. Recruitment of blood derived 

leukocytes and plasma components, such as complement is aided by 

permeabilisation of blood vasculature, presentation of chemokines and changes 

to adhesion molecule expression. Vascular permeability rapidly increases due 

to the actions of several molecules, including prostaglandins200. Together, this 

facilitates the entry of immune cells to the skin, requiring interactions with 

adhesion molecules expressed on endothelial cells, such as selectins and 

integrins201. Once in the skin, these cells can enact a number of mechanisms to 

modulate immunity to pathogens.  

 

The first responders that are recruited to the skin during inflammation are 

circulating neutrophils and monocytes, which are attracted mainly in response 

to the chemokines CXCL2 and CCL2, respectively185. Monocytic cells 

differentiate into macrophages or DCs when they leave the circulation. Both 

macrophages and neutrophils can rapidly phagocytose pathogens or cell debris 

in the skin. These cells can also further drive inflammation by contributing to 

pro-inflammatory cytokine expression. Furthermore, neutrophils can release the 

antimicrobial contents of their intracellular granules, a process called 

degranulation, and trap infectious agents in NETS made of strings of DNA202,203. 

Macrophages, alongside dermal CD11b+ DCs, are professional antigen-

presenting cells and so link the innate and adaptive response by presenting 

antigen-derived peptides to T and B cells on MHC class II204,205. Activated 

lymphocytes enact a more targeted response to ensure efficient clearance of 

any external threat.  

 

Once pathogens have been cleared, it is vital that inflammation resolves to 

avoid further damage to the host tissue. However, this does not always occur206. 

Aberrant host inflammatory responses can be hugely damaging and can result 
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in a number of inflammatory skin conditions, such as psoriasis207. This is 

covered in more detail in Section 1.5.1.  

 

1.3.3 Cutaneous wound healing 
As introduced above, following an inflammatory response, the skin environment 

must switch from being highly pro-inflammatory, to anti-inflammatory in order to 

limit immunopathology208. In addition to protecting the skin from further damage, 

it is also vital to heal any cutaneous damage which occurred as a result of the 

inflammatory insult209. Of course, skin wounds can happen as a result of a 

number of events, from sterile injury to a bacterial infection. However, the 

process of cutaneous wound-healing has several key stages regardless of the 

causative agent.  

 

There are 4 main phases which take place during wound healing: hemostasis, 

inflammation, proliferation and remodelling. The timing of these can overlap one 

another. If wound healing is successful, this process will return the skin back to 

the healthy, resting state with full barrier function. The first stage, hemostasis, 

occurs immediately after the skin barrier is broken when a wound is made. 

During this, blood vessels constrict and platelets form a clot to stem any 

bleeding as a result of clotting cascades210. Once this is under control, 

inflammation occurs in response to endogenous or exogenous insult. During 

this phase, any infectious agent present is cleared from the wound site. The 

inflammatory stage has been covered in detail in the previous section. 

 

The final two stages are focussed on repairing the damaged cutaneous 

tissue211. Proliferation involves several processes. Fibroblasts cover the wound 

site to provide a scaffold on which cells can migrate over to rebuild the rest of 

the tissue212. This provisional structure is called the granulation tissue. Immune 

cells, particularly macrophages, orchestrate this process through production of 

cytokines and growth factors which drive fibroblast migration, including 

transforming growth factor beta (TGF-β)213. However, keratinocytes are also 

vital during this, both in terms of activating fibroblasts but also become highly 

proliferative to provide the building blocks for the rebuilding of the damaged 

epithelial layers, referred to as re-epithelialisation210,214. This occurs in response 
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to nitric oxide, produced my macrophages in the wound215. Angiogenesis takes 

place to revascularize the tissue, in response to growth factors vascular 

endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF)216. 

Finally, the remodelling phase beings once the granulation tissue is in place. 

Fibroblasts differentiate into myofibroblasts in response to TGF-β. These cells 

produce ECM components, primarily collagen, which completes the process 

and forms scar tissue, a process that involves fibrosis213.  

 

Macrophages are critical throughout the wound healing process. During wound 

healing, macrophages undergo a switch in phenotype between the inflammation 

and proliferation phase; from highly pro-inflammatory M1 macrophages to anti-

inflammatory M2 macrophages217. This change corresponds with altered 

receptor expression and cytokine production which reflects the different 

requirements in the tissue as the rebuilding process gets underway. M2 

macrophages express a number of the key soluble mediators mentioned earlier, 

including pro-angiogenic growth factors including PDGF, VEGF and anti-

inflammatory cytokines TGF-β and IL-10218. These cells therefore directly 

dampen the inflammatory environment in the skin and promote re-

epithelialisation and blood vessel formation. When macrophages are depleted 

in vivo during the inflammation or proliferation phase, mice are unable to 

properly repair a cutaneous wound219. The effect of depletion at both of these 

stages has on tissue repair likely means that both the M1 macrophages, more 

prevalent during inflammation, and the M2 macrophages, the main macrophage 

type involved in proliferation, are critical for successful wound healing. 

 

1.4 Ultraviolet radiation 
The factors that modulate outcome to arbovirus infection remain to be 

understood. As discussed in Section 1.2.3, it is known that the mosquito bite 

required to transmit many arboviruses does itself drive inflammation, and that 

this inflammation worsens virus infection outcomes for the host120,126. Further 

evidence that suggests immune responses of the skin define outcome to 

infection are supported by those studies in which pre-priming IFN signalling, 

using a therapeutic agent, suppressed arbovirus infection119. Therefore, pre-

existing inflammation at the site of infection, the skin, caused by other viral, host 



 30 

or environmental factors have the potential to modulate host susceptibility to 

arbovirus infection.  

 

Exposure to ultraviolet (UV) light is one of the main environmental factors which 

impacts human health220. UV exposure of the skin has numerous biological 

effects, which are discussed in more detail below. Furthermore, arboviruses are 

transmitted in regions where individuals are exposed to high levels of 

environmental UV light35,221. Therefore, it is important that any potential impact 

of UV exposure has on modulating host susceptibility to arbovirus is considered. 

 

1.4.1 UV radiation as an environmental inducer of skin inflammation 
UV light is one of three types of radiation emitted by the Sun, along with infrared 

and visible light222. However, UV is the only type to have damaging effects on 

the skin. There are three types of UV rays, categorised based on their 

wavelengths: UVA (long wavelength, 320-400nm), UVB (medium wavelength, 

290-320nm) and UVC (short wavelength, 200-280nm)223. Only UVA and UVB 

reach the surface of the Earth and so are relevant to human health224. UV rays 

from the Sun consist of 95% UVA and 5% UVB225.  

 

There are differences between UVA and UVB in terms of their impact on the 

skin. UVB only penetrates the epidermis, whereas UVA goes deeper into the 

dermis223. UVB is unique in that it drives the skin’s sunburn response226. Both 

contribute to skin aging and wrinkling as a result of chronic exposure222. UV 

radiation (UVR) directly damages DNA and proteins in the skin and triggers 

local ROS production, which is also harmful to DNA227. As a result, UV exposure 

is the main causative agent of skin cancer. UVB is the most harmful type and so 

is the most widely studied.  

 

Exposure of the skin to UV does have some benefits. Sunlight drives vitamin D 

production, through the conversion of 7-dehydrocholesterol into pre-vitamin D3, 

which eventually becomes vitamin D3228. Humans need vitamin D to absorb 

calcium from food, to support bone development229. Individuals who live in 

regions of the world with lower levels of sunlight, such as the UK, often have to 
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take vitamin D supplements to boost natural levels230. Nevertheless, the risks of 

high levels of UV exposure are clear.   

 
1.4.2 Effects of UVR exposure on the skin 
The initial response to UV in the skin is inflammatory. UVR is absorbed by light-

absorbing molecules, or chromophores, in the skin, including DNA, RNA and 

melanin227. Absorption by DNA, mainly in keratinocytes and Langerhans cells, 

drives inflammatory process due to the damage caused to DNA, with some cells 

undergoing apoptosis231,232. DAMPs produced during this are recognised by 

neighbouring keratinocytes via TLR3, 4 and 9233–235. Production of pro-

inflammatory transcription factors, including NF-κB, is kickstarted in response to 

DAMPs produced during this223. This induces expression of a whole programme 

of inflammatory cytokines, including IL-10, IL-4 and TNF236. UV also causes 

blood vessels to dilate237. Together, this results in an influx of myeloid cells to 

the UV exposed skin238. This early inflammatory stage causes the skin to 

appear red, known as erythema, swell and feel hot to the touch226. These 

clinical signs define the condition sunburn. 

 

Following this initial response, there is an increase in mitosis and DNA 

synthesis239,240. This results in proliferation of cells in the skin, particularly 

keratinocytes241. This hyperplasia causes a thickening of the epidermis232,240. It 

is thought that this occurs as a means of protecting from subsequent UV 

exposure. The melanin pigment produced by melanocytes in the epidermis also 

helps to protect against the negative consequences of UV exposure by 

absorbing much of the radiation220,242. It is produced in the basal layer and 

passed to keratinocytes for protection. Epidermal melanin expression and 

distribution increases following exposure to UV243.  

 

The immunomodulatory effects of UV exposure can be harnessed in terms of 

treating some inflammatory skin conditions, such as psoriasis, through 

phototherapy207. However, this feature also at least partially contributes to the 

generation of skin cancers, in addition to UV-mediated DNA damage244. It has 

also been shown to alter susceptibility to some infections, which is discussed 

further in Section 1.4.3.1.  



 32 

 
1.4.2.1 Variable responses to UV exposure between individuals 

UV exposure of the skin does not always result in sunburn. Skin can also 

darken, or tan, in response. Tanning occurs as a result of melanin production in 

response to UV245. Whether skin burns or tans is largely defined by the dose of 

UV the skin was exposed to and the skin phototype of an individual. The 

Fitzpatrick phototyping scale is widely used to characterise different skin types. 

The scale classifies skin types, ranging from type I, the palest skin, to type VI, 

the darkest skin (Table 1.1)246. This can be used to determine the extent to 

which an individual develops an erythemal skin response to UVR exposure. 

Skin colour is determined by the amount of the pigment melanin in the skin243. 

As melanin protects from UVR, individuals with the lightest skin are broadly 

more susceptible to sunburn and UVR-mediated skin damage.  

 

Table 1.1 | Fitzpatrick phototyping scale 

 

Fitzpatrick skin phototype Reaction of skin to UVR 
Type I Always burn, never tan 

Type II Usually burn, tan less than average (with 

difficulty) 

Type III Sometimes mild burn, tan about average 

Type IV Rarely burn, tan more than average 

Type V Brown skin 

Type VI Black skin 

 

Human behaviour can also greatly impact how much UVR an individual is 

exposed to. Two individuals who both live in the same region of the world can 

each be exposed to very different amounts of UV each day247. For example, one 

individual may be exposed to UV in very low doses for short periods daily, while 

carrying out everyday tasks outdoors. Another may spend a longer period 

outdoors, e.g. due to working outside, and thus be exposed to much higher 

levels of UV, which is considered more harmful.  

 
1.4.3 Impact of UVR on skin immunity 
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Importantly, exposure to UV is an environmental factor that is known to alter 

immune sensitivity at the skin, ranging from immunosuppression to 

inflammation223. As mentioned, the immunosuppressive capabilities of UV 

exposure can be used to treat some autoimmune skin conditions. However, UV 

exposure can also trigger other inflammatory conditions, such as systemic lupus 

erythematosus248. Clearly the effect UV exposure has on skin immunity is 

multifactorial and context dependent.  

 

The early response to UV exposure in the skin, as detailed in Section 1.4.2, is 

inflammatory and is governed by the innate immune response. Interestingly, the 

profile of the innate response to UV exposure in the skin appears to be 

dependent on the dose of UVR in vivo240. A single harmful exposure to the skin 

of mice, modelling sunburn in humans, appears to induce a strong inflammatory 

state in the damaged skin. Some aspects of this response are similar to that 

observed in normal skin following a mosquito bite232,240. In both cases, skin is 

characterised by an increase in expression of inflammation-associated 

cytokines and chemokines, including IL-6, TNF-α, CCL2 and CXCL2, with a 

corresponding increase in the presence of neutrophils and macrophages at the 

site. Interestingly, the opposite appears to be true following repeated low doses 

of UV, a model of daily, tanning exposures240. Here, the skin is characterised by 

thickening of the epithelium and an upregulation of antimicrobial peptides, 

including β-defensins and PRRs, suggesting that the organ is in a primed state. 

This is perhaps not surprising as infection of UV-blistered skin, in which barrier 

function is compromised, is common without intervention. In addition, numerous 

dying cells must be cleared by phagocytes to prevent inflammatory necrosis. 

Therefore, immune responses in UV-exposed skin, e.g. during infection, may be 

different based on the dosage of UV the skin has been exposed to.  

 
 

1.4.3.1 Altered infection outcomes following UV exposure  

The changes to immune responses following UV exposure discussed in the 

previous section can impact on host susceptibility to infection. UV-induced 

immunosuppression can reactivate latent HSV and varicella zoster virus (VZV) 

infections, two skin-associated infections249,250. UVR exposure also appears to 

stunt immunity to fungal and bacterial infections, including Candida albicans 
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and Borrelia burgdorferi251,252. Interestingly though, UV exposure has also been 

associated with protection from infection with both influenza and Mycobacterium 

tuberculosis at tissues remote from the skin253,254. This variability between 

individual pathogens is likely due to the differences in host response that 

mediate host resistance to infection. Skin immune microenvironment that is 

modified by UV exposure may offer resistance against one pathogen, but may 

not be conducive to protection against another. Differences in local (UV 

exposed) and systemic (not UV exposed) responses to UV may also explain 

these findings, as e.g. influenza infects internal mucosal tissue, remote from the 

skin. Despite the relevance of UV light as a potential environmental factor that 

modulates arbovirus infection outcome, this remains to be investigated. 

 

1.5 Inflammatory diseases 
As previously mentioned, the presence of pre-existing inflammation at the skin 

has the potential to modulate host susceptibility to subsequent arbovirus 

infection. Another example of this, is inflammation that results from a pre-

existing inflammatory disease. There are a large group of inflammatory skin 

disorders, including psoriasis which are characterized by chronic, dysregulated 

inflammation in the skin. Furthermore, other systemic inflammatory conditions, 

which have effects throughout the body, such as systemic sclerosis, also impact 

the inflammatory environment at the skin. Both conditions involve dysregulation 

of type I IFN responses. As type I IFN responses are critical for clearance of 

arbovirus infection, the inflammatory profile of these conditions have the 

potential to alter arbovirus infection outcomes in these patients.  

 

1.5.1 Psoriasis 
Psoriasis is a common chronic inflammatory autoimmune condition, which 

affects nearly 2% of the population globally255. The disease is caused by the 

uncontrolled expansion of keratinocytes in the outer layer of the skin, the 

epidermis199. This is driven by a prolonged state of inflammation caused by an 

infiltrate of immune cells at the site256. The most common clinical presentation of 

this expansion takes the form of inflamed skin lesions or ‘psoriatic plaques’ 

which are red and scaly in appearance257. However, the disease can vary 

greatly in terms of severity between patients.  
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1.5.1.1 Immune pathogenesis of psoriasis 

The pathogenesis of psoriasis appears to be dependent on complex 

interactions between immune cells, their positioning and their production of 

cytokines. The inflammatory infiltrate present at the site of lesions is composed 

of a number of innate leukocytes, dermal DCs, macrophages and neutrophils 

but also includes T cells257. In particular, it is thought that a perpetuating 

inflammatory cycle involving dermal DCs and keratinocytes drives psoriasis 

pathology258. Once established, this cycle is driven by a pro-inflammatory Th17 

immune response259. Much of the pathogenesis driving psoriasis has been 

elucidated based on which immunosuppressive drugs work to stifle the 

symptoms of the disease. For example, anti-IL-17 and anti-IL-23 treatments 

have been particularly effective in the clinic207,260. The success of blocking these 

Th17 cytokines therapeutically gives evidence that these cytokines support the 

perpetuation of an inflammatory state in the skin of psoriatic patients261. 

 

Psoriasis can develop when a genetically predisposed individual is exposed to 

one of several possible external insults262,263. Proposed triggers for psoriasis 

include infection, skin injury or certain medications, including β-blockers264–266. 

Whatever the inducing factor, this results in release of host DAMPs, mainly self-

nucleotides, in the skin257. Recognition of these via TLR7 and TLR9 drives the 

production of several inflammatory cytokines, including, notably, type I IFNs, by 

pDCs267. pDCs also present self-antigen to CD8+ T cells, driving expansion of 

this auto-reactive population. Furthermore, the pDC-produced IFN-α and IFN-β 

activate dermal DCs which produce IL-12 and IL-23258. These push T cell 

differentiation towards a Th1 phenotype and promote the expansion of the Th17 

population259. This drives the Th1/Th17 axis, a key characteristic of psoriasis207. 

Cytokines produced by these two populations of T cells, IL-17 by Th17 cells and 

TNF-α by Th1 cells, act on keratinocytes to trigger production of inflammatory 

cytokines, including more TNF-α, and chemokines, such as the T cell and DC 

chemoattractant CCL20268. Together, this inflammatory milieu promotes 

keratinocyte proliferation, dilation of and formation of new blood vessels and the 

recruitment of innate immune cells to the skin257,269. The continual amplification 

of the inflammatory environment creates a self-perpetuating cycle and leads to 
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the formation of the psoriatic skin lesions observed in patients258. This pre-

primed inflammatory profile, particularly with regards to type I IFN expression, 

may be of great relevance in terms of how these patients respond to arbovirus 

infection. 

 

1.5.2 Systemic sclerosis 
Systemic sclerosis is an autoimmune, rheumatic condition in which skin is the 

major affected organ270. Patients experience skin fibrosis, which causes skin 

tightness and itching. This fibrosis also extends to internal organs, including the 

lungs. Patients also often experience vasculopathy271. This can present as 

Raynaud’s phenomenon, which occurs due to restriction of blood flow to the 

extremities, leading to these turning pale or blue and feeling painful or numb. 

Systemic sclerosis is relatively rare but has an extremely high morbidity and 

mortality rate considering its prevalence. In fact, the disease has the highest 

mortality rate of any rheumatic condition272. There are two main subsets of 

systemic sclerosis: limited cutaneous and diffuse cutaneous273. Disease in 

patients with limited cutaneous systemic sclerosis is restricted to skin below the 

elbows and knees and on the face and neck. Diffuse cutaneous systemic 

sclerosis is more severe, affecting skin all over the body. Following assessment 

of symptoms, diagnosis of systemic sclerosis is usually confirmed through the 

identification of auto-antibodies against centromeres, in patients with limited 

cutaneous systemic sclerosis, or RNA polymerase, in those with diffuse 

cutaneous systemic sclerosis274. 

 

1.5.2.1 Immune pathogenesis of systemic sclerosis 

Systemic sclerosis is triggered by an as yet unknown environmental factor(s). 

However, following a stimulus, disease development begins with damage to the 

vasculature275. This leads to thickening of blood vessels which reduces the flow 

of oxygen to tissues. Endothelial cells in affected vessels upregulate adhesion 

molecules, including VCAM1 and ICAM, which facilitates the entry of leukocytes 

to impacted tissues276. These create a highly inflammatory environment through 

production of cytokines, including TGF-β, IL-1 and IL-6, which promote tissue 

fibrosis277.  
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Systemic sclerosis is characterised by a type I IFN signature278. In response to 

TLR-recognition of DAMPs in affected tissues, recruited leukocytes, mainly 

monocytes, macrophages and pDCs, and tissue-resident fibroblasts all express 

high levels of ISGs279,280. This inflammatory environment activates local 

fibroblasts. These differentiate into myofibroblasts which overproduce ECM 

component, such as collagen and fibronectin, causing tissue fibrosis, a hallmark 

of systemic sclerosis281,282. The presence of these molecules stimulates TLR4 

on DCs, which drives additional production of IFN-α by these cells, further 

amplifying disease pathology277.    

 

Current treatment options are very limited but mainly involve controlling skin-

related symptoms through immune suppression e.g. using methotrexate. More 

recently, targeting pDC production of type I IFN has been identified as a 

potential therapeutic strategy for controlling systemic sclerosis283. In fact, this 

dysregulation of type I IFN is so linked to systemic sclerosis disease pathology 

that clinicians can use an IFN score, based on an individual’s serum ISG levels, 

to stratify patient risk of developing severe disease284. This key involvement of 

the antiviral IFN system in systemic sclerosis patients indicates that responses 

to arbovirus infection may be altered in this cohort. 

 

1.6 Project rationale and aims 
1.6.1 Identifying inflammatory factors with the potential to modulate host 
susceptibility to infection 
Mosquito-borne virus infections, or arboviruses, currently present a huge 

burden to human health globally. However, the number of people at risk of 

arbovirus infection is only predicted to get worse in coming decades. 

Transmission zones are continually widening due to expansion of the principal 

arbovirus vector, the Ae. aegypti mosquito. Several arbovirus infections, 

including DENV, ZIKV and CHIKV, can cause severe, potentially life-threatening 

disease.  

 

Crucially, factors that contribute to development of severe disease are unclear. 

The continuing expansion of arboviruses will expose new, immunologically 

naïve populations to infection. Furthermore, there are no antivirals available to 
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treat arboviral disease and effective, safe vaccines are only available for a few 

of these viruses. To enable us to better prepare for the predicted increase of 

arbovirus cases in the coming years, and for those presently at risk of arbovirus 

infection, we need to improve our understanding of the pathogenesis of these 

viruses and how factors, including those deriving from the virus, host and the 

environment, alter susceptibility to infection.  

 

Previous work has shown that the mosquito bite which transmits virus at the 

skin enhances arbovirus infection by driving the creation of an inflammatory 

environment at the skin120,126. This includes an influx of virus-permissive 

monocytes, providing the virus with new targets for infection. Similarly, there are 

several other pro-inflammatory contexts that have the potential to alter host 

susceptibility to arbovirus infection. This includes environmental factors, such as 

UV exposure, to host factors, such as pre-existing inflammatory conditions. 

Identification of such modulating factors is crucial for better understanding the 

molecular and cellular basis of host susceptibly to virus. Such insights may also 

inform better patient management e.g. through more nuanced stratification of 

patients at risk of severe arboviral disease. 

 

1.6.1.1 UV exposure of skin prior to infection 

Critically, arbovirus infections are generally endemic in sub-tropical and tropical 

regions of the world, where UV light levels are high. However, exposure to UV, 

and individual sensitivity to this exposure, varies substantially depending on 

lifestyle, employment and host genetics. As such UV is a key environmental 

variable, and defining whether host response to such exposure modulates host 

susceptibility to infection is a key question. Yet there have been no previous 

studies which have investigated whether UV exposure of the skin has any 

impact on arbovirus infection outcomes. 

 

In Section 1.4.3, we outlined the way UV exposure of skin in mice modulates 

innate immune responses. An effective, robust innate response to arbovirus 

infection is critical for limiting virus replication, dissemination and successful 

clearance. Therefore, the inflammatory response to UV exposure of the skin, 

including induction of pro-inflammatory cytokines and chemokines, could impact 

the ability of the host to respond to arbovirus infection, when virus is transmitted 
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at UV-exposed skin. Furthermore, previous studies have shown that the profile 

of innate immune responses in the skin following UV exposure is highly 

dependent on whether the skin was exposed to a high, erythemal dose of UV or 

to low, repeated, sub-erythemal doses of UV240. Therefore, if UV exposure prior 

to infection does alter host susceptibility to infection, the extent to which this 

occurs could also differ based on UV dosage given. 

 

This evidence leads us to present the first hypothesis of this thesis: 

 

We hypothesise that UV exposure of skin prior to infection will modulate 
antiviral immune responses, making the host more susceptible to SFV 
infection.  
 

1.6.1.2 An inflammatory environment in the skin due to inflammatory disease 

Chronic inflammatory diseases are responsible for over 50% of deaths 

worldwide, meaning that the majority of individuals will suffer from one of these 

conditions during their lifetime285. Many of these conditions involve the skin in 

some way and drive inflammation at this tissue as a result. The immune 

pathogenesis can vary greatly between diseases. However, two that are of 

great relevance with relation to immunity to arbovirus infections are psoriasis 

and systemic sclerosis. Despite the disease presentation of each being very 

different, both conditions are characterised, to varying extents, by dysregulation 

of type I IFN responses. Effective type I IFN responses are essential for host 

clearance of arbovirus infections. Therefore, if these responses are pre-primed 

in the skin of patients with psoriasis or systemic sclerosis, this could mean that 

they are better able to respond to arbovirus infections.  

 

Interestingly, the inflammatory processes which drive symptoms at the skin in 

each of these two diseases lead to the production of soluble inflammatory 

mediators, which can have systemic effects, e.g. in the blood284,286–288. 

Therefore, PBMCs from these patients may also experience an immune-altered 

state and show resistance to arbovirus infection. Arbovirus dissemination to the 

blood is a critical stage in the development of severe disease, as it facilitates 

spread to fragile organs, such as the brain.  
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Preliminary experimental findings from ex vivo human skin models carried out 

by previous members of our group suggest that lesional skin from psoriasis 

patients is more resistant to infection by an arbovirus when compared to non-

lesional skin. These findings suggest that the immune characteristics observed 

in psoriasis are somehow beneficial in resisting arboviral infection. However, it 

remains to be determined which aspects of this immunological profile 

contributes to this modulation in susceptibility. It is also not known whether 

PBMCs from psoriasis patients, the monocytes of which are the main target for 

ZIKV infection in humans, exhibit altered susceptibility to virus. Additionally, we 

have not carried out any investigations using samples from systemic sclerosis 

patients. 

 

Therefore, the second hypothesis of this thesis is as follows: 

 

We hypothesise that PBMCs from psoriasis patients and systemic 
sclerosis patients will be resistant to ZIKV infection due to their 
dysregulated type I IFN function. 
 

Just as the burden of arbovirus infections is increasing, as is the number of 

individuals with chronic inflammatory conditions. While historically, the regions 

in which psoriasis is most prevalent and the transmission zones of arboviruses 

have had limited overlap, the growth in prevalence of both, combined with a rise 

in international travel, means there is increasing need to evaluate whether 

dermatological patients have differing susceptibilities to arbovirus infection. 

Understanding the impact that the disease state has on outcomes of arbovirus 

infection will inform not only our understanding of the pathogenesis of 

arboviruses, but also the molecular processes underlying these inflammatory 

conditions.  

 

1.6.2 Thesis aims 
Overall, host inflammatory responses, and factors which interfere with these, 

such as the mosquito bite, are clearly vital for determining virus replication in 

the skin and dissemination to other tissues. So other factors which have the 

potential to interfere with these could be of great relevance. This makes it 

important to understand whether either UV exposure, as an environmental 
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factor, or the presence of pre-existing inflammatory disease, as a host factor, 

can modulate host susceptibility to arbovirus infection in the skin. 

 

Therefore, the overall aims of this thesis are: 

 

1) To investigate whether UV exposure of skin modulates the severity 
of SFV infection in mice 

2) To characterise the immune response to SFV infection in mice pre-
exposed to UV 

3) To assess whether susceptibility to ZIKV infection is altered in 
PBMCs from patients with psoriasis or systemic sclerosis 
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Chapter 2: Methods 
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2.1 General reagents and buffers 
A number of general reagents and buffers were used throughout this thesis, 

details of which can be found in Table 2.1. 

 

Table 2.1 | Composition of reagents and buffers used 
 

Reagent or buffer name/type Composition and/or manufacturer 
Cell Lysis Buffer 20 mL Lysis Buffer from PureLink RNA 

Micro Scale Kit (Invitrogen) and 1% 2-

Mercaptoethanol (Gibco). 

Flow cytometry Buffer 100 mL PBS (Gibco) with 0.5% fetal 

bovine serum (FBS) (Gibco) and 2 mM 

EDTA (Invitrogen). 

Hanks Balanced Salt Solution With calcium, magnesium and glucose 

(Gibco) 

MACS Buffer 100 mL PBS (Gibco) with 1% FBS 

(Gibco) and 2 mM of EDTA 0.5 M 

(Invitrogen). 

PBS Dulbecco’s Phosphate-Buffered Saline 

(PBS) without calcium and magnesium 

(Gibco). 

PBSA 100 mL PBS (Gibco) with 1.5g of 15X 

bovine serum albumin (BSA) (Sigma-

Aldrich). 

Tissue Digestion Mix 900 µL Hanks’ Balanced Salt Solution 

(HBSS) (Sigma-Aldrich), 100 µL (1 

mg/mL) Collagenase D (Roche/Sigma-

Aldrich), 50 µL (0.5 mg/mL) Dispase II 

(Roche) and 8 µL (0.1 mg/mL) of DNase I 

(Roche).  

0.1% Toluidine Blue 0.1 g of Toluidine Blue (Sigma-Aldrich) 

with 100 mL deionised water. 

1% Crystal Violet 10 g Crystal Violet (Fluka Analytical) with 

200 mL 100% ethanol (Sigma-Aldrich) 
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with 800 mL deionised water. 

1% Evan’s Blue Dye 1g Evan’s Blue powder (Sigma-Aldrich) 

with 100 mL PBS (Gibco). 

1.2% Avicell 6 mL Avicell (Sigma-Aldrich) with 494 mL 

deionised water. 

4% PFA 10 mL of 37-41% paraformaldehyde 

(PFA) (Fisher Scientific) with 90 mL 

deionised water. 

10% PFA 135 mL of 37-41% paraformaldehyde 

(Fisher Scientific) with 365 mL deionised 

water. 

 

2.2 Cell culture 
Cell lines were used for plaque assays (Section 2.21), serum neutralisation 

assays (Section 2.22) and to grow virus stocks. The compositions of the 

different cell medias used for cell culture are detailed in Table 2.2. 

 

Table 2.2 | Details of cell culture media used 
 

Medium type Medium composition 

Dulbecco’s Modified 

Medium (DMEM)  

DMEM (Gibco) supplemented with 5% FBS (Gibco), 

100 units/mL Penicillin and 0.1 mg/mL Streptomycin 

(Gibco), 1% Glutamax (Gibco) and 1% Tryptose 

Phosphate Broth (TPB) (Sigma Aldrich).  

Roswell Park 

Memorial 

Institute (RPMI)  

For use 

with 

human 

cells 

RPMI (Gibco) supplemented with 5% FBS (Gibco), 

100 units/mL Penicillin and 0.1 mg/mL Streptomycin 

(Gibco), 1% Glutamax (Gibco). 

For use 

with 

murine 

cells 

RPMI (Gibco) supplemented with 5% FBS (Gibco), 

100 units/mL Penicillin and 0.1 mg/mL Streptomycin 

(Gibco), 1% Glutamax (Gibco) and 500 µL 

Gentamicin. 

Leibovitz’s (L-15) Medium  
L-15 Medium (Gibco) supplemented with 10% FBS 

(Gibco), 10% TPB (Sigma Aldrich), 200 units/mL 
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Penicillin and 0.2 mg/mL Streptomycin (Gibco).  

2X Minimal Essential 

Medium (MEM) 

MEM (Temin’s Modification) (2X) (Gibco) with 4% 

FBS (Gibco) and 200 units/mL Penicillin and 0.2 

mg/mL Streptomycin (Gibco).  

 
2.2.1 BHK-21 cells 
Baby hamster kidney fibroblast (BHK-21) cells were used to grow SFV and 

ZIKV stocks. Additionally, plaque assays were performed using BHK-21 cells to 

titre virus stocks and to ascertain in vivo viremia. BHK-21 cells were stored in 

liquid nitrogen long-term. When required, cells were thawed in a water bath at 

37 °C before being immediately moved to a 75 cm2 culture flask (Corning) 

containing complete DMEM (Table 2.2). BHK-21 cells were incubated at 37 °C, 

5% CO2 in complete DMEM. Cells were passaged when 80% confluence was 

reached by washing in PBS, then applying 0.25% Trypsin-EDTA (Gibco) for 3-5 

mins to detach cells from the surface of the flask. Complete DMEM was then 

added to inactivate the Trypsin. Cells were split into new flasks in a 1:10 

dilution.  

 

2.2.2 C6/36 cells 
Aedes albopictus clone C6/36 (C6/36) cells, derived from Ae. albopictus 

mosquitos, were used to grow ZIKV stocks. C6/36 cells were stored in liquid 

nitrogen long-term. When required, cells were thawed in a water bath at 37 °C 

before being immediately moved to a 75 cm2 culture flask (Corning) containing 

complete L-15 Medium (Table 2.2). C6/36 cells were cultured at 28 °C, 0% CO2 

in complete L-15 Medium. Cells were passaged when 80% confluence was 

reached. Briefly, cells were washed with PBS, 10 mL of fresh media was added 

and cells were gently detached by manual cell scraping. Cells were split into 

new flasks in a 1:10 dilution.  

 

2.3 Viruses 
Virus stocks of wildtype SFV4 and recombinant SFV6 containing the genetic 

marker mCHERRY (SFV6-mCHERRY) were generated from plasmids 

containing the genomic sequence, kindly provided by Prof. Andres Merits, 

University of Tartu. Originally, plasmids were electroporated into BHK- 21 cells 

to generate infectious virus. ZIKV from Recife, Brazil was kindly provided by 
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Prof. Alain Kohl, University of Glasgow. All viruses were passaged once in 

C6/36 cells. Cell supernatant was clarified and the titre was determined using 

plaque assay in BHK-21 cells to determine virus titres. Before storage, virus 

was snap frozen using liquid nitrogen. Virus was stored short-term for up to 1wk 

at -80 °C or long-term in liquid nitrogen. 

 

2.4 Mice 
C57BL/6 mice were bred in the animal facilities within the Clinical Sciences 

Building at the University of Leeds campus at St James’s University Hospital. 

Ifnar-/- mice, bred on a C57BL/6 background, were originally purchased from 

Jackson Laboratories, USA. Breeding stocks were maintained in the St James’s 

Biomedical Services (SBS) facilities (University of Leeds). All mice were housed 

and maintained in the SBS facility under specific pathogen-free conditions in 

accordance with UK Home Office regulations. All mice were between 4-12 wks 

old at time of use and were age and sex matched for experiments. All in vivo 

procedures were undertaken following local Animal Welfare and Ethical Review 

Body (AWERB) and Home Office (HO) approval (Personal License I07376332, 

Project Licences PA7CF4E75 and PP0258562).  

 

2.5 Mosquito rearing 
Ae. aegypti eggs were kindly provided by Dr Emilie Pondeville, University of 

Glasgow. Eggs on filter paper were placed in trays (Dutscher Scientific) filled 

with 1.5 cm of temperature-equilibrated tap water kept in an incubator at 28 °C 

and 80% humidity and left to hatch overnight. Larvae were subsequently fed cat 

food (GoCat) until pupation, approximately 7 days later. Pupae were transferred 

to water-filled containers inside BugDorm-1 mosquito cages (Watkins and 

Doncaster). Adult mosquitos emerged approximately 9-16 days post-hatching 

and were subsequently fed a 10% sucrose solution in distilled H2O. By 21 days 

post-hatching, mosquitos were ready for use in biting experiments.  

 

2.6 UV exposure of mouse skin 
Before UV exposure, mice were anesthetised using isoflurane administered via 

inhalation. The dorsal (upper) side of the foot was placed directly on top of an 

8W UVM-28 mid-range lamp (302 nm peak at 1 mW/cm, Ultraviolet Products). 

20-30% of the radiation emitted by the lamp is UVA, with the remaining majority 
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being UVB. Mice were exposed to either 1 or 3 doses of 20 mJ/cm2 (low or sub-

erythemal dose, equivalent to ‘tanning’ of human skin) at the same region or 1 

dose of 400 mJ/cm2 (high or erythemal dose, equivalent to mild burning of 

human skin) of UVR. The UV dosage was controlled via the length of time the 

foot was exposed to radiation, equating to 16 secs exposure time for 20 mJ/cm2 

or 6 mins exposure time for 400 mJ/cm2. Mice were then left between 24 hours 

(24h) to 3 wks post-UV exposure before being exposed to biting mosquitos 

and/or infected with virus (Figure 2.1). 

 

 
Figure 2.1 | in vivo model of UV exposure with mosquito biting and 
arbovirus infection  
 

2.6.1 Monitoring mice for clinical signs of suffering 
For mice kept longer than 24h post-UV exposure, all mice were monitored 3 

times a week for clinical signs of suffering (Table 2.3). Any mice displaying more 

than three clinical signs of suffering were culled. 

 

Table 2.3 | Clinical signs of moderate suffering in mice 
 

Moderate suffering 
Body weight loss of up to 20% 

Staring coat-marked piloerection 

Subdued even if provoked – little peer interaction 

Hunched intermittently 
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Vocalisation if provoked 

Oculo-nasal discharge persistent 

Intermittent abnormal breathing 

Intermittent tremors 

Intermittent convulsions 

No self-mutilation 

Intermittent prostration (less than 1h) 

 

2.7 Vitamin D and steroid treatments 
The impact of anti-inflammatory treatments on UV-mediated enhancement of 

infection were assessed by treating mice with either vitamin D or steroid cream 

post-UV exposure but prior to virus infection. 

 

2.7.1 Vitamin D treatment 
Prior to injection, vitamin D (25(OH) D) (Sigma-Aldrich, H4014-1MG) was 

reconstituted to 1 mg/mL in 100% ethanol (Sigma-Aldrich) before being further 

diluted to desired concentration of 5 μg/mL in mineral oil (Sigma-Aldrich, 

M8410). Mice were then injected subcutaneously (s.c.) with 5 ng of vitamin D at 

the burn site 1h post-UV exposure or at resting skin in control mice. Vitamin D 

mixture was mixed thoroughly between each mouse treatment due to the 

viscose nature of the substance. 

 
2.7.2 Steroid treatment 
A thin layer of clobetasol propionate coriticosteroid cream (Dermovate® 

Ointment, GSK) was applied to the skin at the UV burn site or equivalent site in 

resting control mice twice daily for 5 days, with the first treatment being applied 

1h post-UV exposure. 

 

2.8 Mosquito biting and viral infections of mice 
Mice were anesthetised via intraperitoneal (i.p.) injection of Sedator/Ketavet. 

The dose administered to each mouse was calculated based on body weight 

(50mg/kg of Ketavet and 0.5mg/kg of Sedator). The upper foot of the foot, the 

skin of which is naturally hairless and mimics human skin, was placed on top of 

a mosquito cage containing adult Ae. Aegypti female mosquitos and secured 

using tape. Aluminium foil was used to protect the rest of the body to ensure the 
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upper foot was the only region of the body exposed to bites. This region of the 

foot was exposed to 3-5 biting mosquitos until the insects were engorged and 

their abdomens contained blood. At this point mice were removed from the cage 

(Figure 2.2). Immediately following this, 1 μl of virus in PBS was injected s.c. 

into the same region of the upper foot which had been bitten. The titre, 

measured in plaque forming units (PFU), of each virus used was dependent on 

experiment based on the virulence of the strain and the mouse model used and 

is specified throughout this thesis for each individual experiment. Injections 

were carried out using custom point 4 style 33-gauge microneedles (Hamilton, 

Switzerland) and a Hamilton syringe. Mice were then either injected with 

Revertor reversal agent (1mg/kg of body weight) or left to recover from the 

anaesthesia in a warm room with access to food and water and were monitored 

hourly.  

 

 
 

Figure 2.2 | Exposure of mice to bites from Aedes aegypti mosquitos 
 

2.9 Measuring skin temperature, mosquito landing and probing 
time 
A Testo 830-T1 Infrared Thermometer (Testo) was used to measure the 

temperature of UV-exposed or unexposed mouse skin at set time points post-

UV exposure. ‘Landing time’ was measured as the time period between when a 

mouse was set down on top of the mosquito cage with the skin being exposed 
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to potential mosquito bites to when a mosquito landed on the skin. ‘Probing 

time’ was measured as the time period between when a mosquito began 

probing the mouse skin looking for a blood meal to when the mosquito 

abdomen was fully engorged with blood and disengaged from the mouse. 

 

2.10 Dissection of mice 
Mice were culled via exposure to increasing concentrations of CO2. Death was 

confirmed through permanent cessation of the circulation through incision of the 

vena cava. This also allowed for circulating blood to be collected from the chest 

cavity and added to a 1.5 mL sterile, RNase-free Eppendorf tube (Eppendorf). 

Required tissues for the experiment were then dissected; skin from the upper 

foot, spleen and/or brain. Tissues were either immediately digested to extract 

cells or kept for RNA extraction in RNAlater (Sigma-Aldrich) for up to 1 week at 

4 °C. Blood samples were centrifuged at 12,000 xg for 15 mins at 4 °C to 

separate the serum from the blood clot. The serum was stored in a 96-well plate 

at -80 °C until ready for use. 

 

2.11 Oedema quantification 
Evan’s Blue dye can be used to measure vascular permeability and leakage, 

and oedema formation at the skin at rest or in response to a stimulus, e.g. UV 

exposure. The dye binds to albumin in serum and spreads to distant tissues. 

Usually, albumin cannot pass through selectively permeable barriers, including 

the endothelial cell barrier. However, increased permeability of vessels allows 

albumin to pass through this barrier. Therefore, more dye reaches and gathers 

at tissues, including the skin, allowing the dye to be used as a measure of 

permeability. Mice were injected s.c. at the scruff of the neck with 200 μl of filter-

sterilised 1% Evan’s Blue dye (Sigma-Aldrich) at a set time point post-UV 

exposure. Mice which required mosquito bites were exposed to these 1h post-

dye injection. All mice were culled at 3h post-dye injection and blood and skin 

were collected. Skin was immediately added to 250 μl of formamide (Roche). 

Blood samples were centrifuged at 12,000 xg for 15 mins to separate serum 

from the blood clot. Serum was diluted 1:10 in formamide in a 96-well flat 

bottom plate. Skin and serum samples were incubated in formamide at 4 °C for 

24h. Skin samples were then removed from the formamide and the dye-

containing formamide was added to separate wells in the plate containing the 
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serum samples. A 10-fold serial dilution of Evan’s Blue dye and formamide was 

made to form a standard curve. Quantities of dye were assessed using 

colorimetric measurement at 620 nm using the Cytation 5 Imaging Reader 

(Biotek). Based on the standard curve, the concentration of dye in each 

experimental sample was quantified. The concentration of dye from skin 

samples were normalised to the concentration of dye in the serum sample from 

the same mouse and used as a measure of vascular permeability and leakage, 

and oedema in the skin. 

 

2.12 Tissue digestion 
Upon harvesting from mice, the tissue was placed in 1 mL complete DMEM 

(Gibco). The tissue was then moved to 1 mL of digestion enzyme mix, 

containing 0.9 mL Hanks Balanced Salt Solution (Sigma-Aldrich), 100 µL (1 

mg/mL) Collagenase P (Roche), 50 µL (0.5 mg/mL) Dispase II (Roche) and 8 µL 

(0.1 mg/mL) DNase I (Roche). Tissue was cut into small pieces using dissection 

scissors to help with digestion. The chopped tissue was incubated in the 

enzyme mix for 50 mins at 37 °C while being agitated at 1000 rpm on an 

Eppendorf Thermomixer F1.5 (Eppendorf) to encourage enzymatic breakdown 

of the tissue and release of cells. Following incubation, 0.5 mL of cold DMEM 

(Gibco) was added to stop the enzymatic reaction. This solution, including any 

remaining tissue sections, was then added to a 70 mm cell strainer (Corning) 

inserted in the top of a 50 mL centrifuge tube (Corning) and pushed through 

using the plunger section of a 5 mL syringe (BD Plastipak). The strainer was 

then washed with 3 mL of complete DMEM (Gibco) to collect any cells left 

attached to the strainer. Cells were counted using Trypan Blue Solution 0.4% 

(Gibco) and then pelleted by centrifuging at 300 xg for 10 mins at 4 °C. Cells 

were resuspended to desired concentration for subsequent application based 

on cell count. 

 

2.13 Assessment of cell proliferation 
EdU (5-ethynyl-2’-deoxyuridine), a thymidine nucleoside analogue, was used to 

assess proliferation of cells extracted from mouse skin using the Click-iT Plus 

EdU Alexa Fluor 488 Flow Cytometry Assay Kit (Invitrogen, C10632). The 

manufacturer’s protocol was used for this assay. Briefly, following tissue 

digestion, cells were added to a 96-well flat bottom plate at a concentration of 
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1x10^6 cells/well in complete DMEM. 10 μM of EdU was added to each well 

and incubated with the cells at 37 °C for 3h to label proliferating cells. A viability 

dye was then applied to cells to differentiate between live and dead cells (see 

Section 2.19.2 for further details). Cells were then washed in PBSA (see Table 

2.1 for composition) and fixed in 100 μL of Click-iT fixative for 15 mins at room 

temperature (RT). After another PBSA wash, cells were resuspended in 100 μL 

of 1x Click-iT permeabilization and wash reagent and incubated for 15 mins at 

RT. During the incubation period, the Click-iT Plus Reaction Cocktail was 

prepared according to the manufacturer’s instructions. To detect EdU, 500 μL of 

the Reaction Cocktail was added to each well once the permeabilization was 

complete. Cells were incubated with this for 30 mins at RT. Cells were washed 

in 500 μL of 1x Click-iT permeabilization and wash reagent and resuspended in 

200 μL of flow cytometry buffer for subsequent quantification of proliferating 

cells (EdU-AF488+ cells) using flow cytometry. 

 

2.14 Magnetic Activated Cell Sorting (MACS) separation of cells 
MACS (MiltenyiBiotec) separation was used to isolate CD45+ cells from CD45- 

cells and flow cytometry staining was also applied to cells to confirm successful 

separation of the two fractions. To do this, cells were resuspended in 90 µL 

MACS buffer per 107 cells. 2 µL of Fc receptor (FcR) Blocking Reagent 

(MiltenyiBiotec) was then added to each sample and incubated together for 5 

mins on ice. 10 µL of CD45 MicroBeads (MiltenyiBiotec) per 107 cells were then 

added, mixed with the sample and incubated for 15 mins at 4 °C. Fluorescent 

antibodies for flow cytometry analysis (Table 2.4) were then added to cells and 

left to incubate for 10 mins at 4 °C. Cells were then washed by adding 1 mL of 

MACS buffer per 107 cells and centrifuged at 300 xg for 10 mins. Supernatant 

was aspirated completely, leaving the cell pellet. Cells were resuspended in 500 

µL of MACS buffer. An MS column (MiltenyiBiotec) was placed in the magnetic 

field of a MiniMACS Separator (MiltenyiBiotec) and a 15 mL centrifuge tube 

(Corning) was placed underneath the column to collect the flowthrough. The 

column was prepared by washing with 500 µL of MACS buffer. The cell 

suspension was then transferred to the column and the unlabelled, or CD45-, 

cells passed through the column into the collection tube below. The column was 

then washed three times with 500 µL of MACS buffer to ensure all unlabelled 

cells were collected. The column was then removed from the magnetic 
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separator and inserted into a new 15 mL centrifuge tube (Corning) to collect the 

labelled cell fraction. 1 mL of MACS buffer was added to the column and firmly 

pushed through the column by using the supplied plunger to flush the labelled, 

or CD45+, cells into the new collection tube. Cells were then counted and 

pelleted by centrifuging at 300 xg for 10 mins at 4 °C. Cells were resuspended 

to desired concentration for subsequent application based on cell count. 10% of 

total cells were taken for flow cytometry analysis to confirm successful 

separation of cell populations, with the remaining 90% left for use in subsequent 

applications. Cells from mice infected in vivo were harvested immediately 

following MACS separation, while cells that were to be infected in vitro were 

plated in 96-well plates.   

 

2.15 Culture and infection of murine skin cells in vitro 
Following skin digestion (Section 2.12) or cell sorting (Section 2.14), cells were 

pelleted by centrifuging at 300 xg for 10 mins at 4 °C. Cells were then 

resuspended at 1x106 cells/mL in complete DMEM (Gibco) with 0.1% 

Gentamicin (Gibco). 96-well round bottom plate (Corning) were prepared by 

pre-coating required wells in 100 µL 0.2% Gelatin Solution (Sciencell). The plate 

was then incubated at 37 °C for 1h and the Gelatin Solution was removed prior 

to plating of cells. 2.5x105 cells were then added per well. Cells were pelleted 

by centrifuging the plate at 400 xg for 5 mins and supernatant was discarded. 

Cells were then infected with 100 µL of SFV4 in PBSA at a multiplicity of 

infection (MOI) of 2 and incubated at 37 °C for 1h. At the end of the infection 

period, plates were centrifuged at 400 xg for 5 mins to allow for removal of 

residual virus by discarding the supernatant following centrifugation. Cells were 

resuspended in 100 µL complete DMEM with 0.1% Gentamicin and incubated 

at 37 °C overnight. At 16h post-infection (hpi), the cells and supernatant were 

harvested for RNA extraction and plaque assay, respectively. 

 

2.16 Harvest of cells and supernatant in vitro 
Human peripheral blood mononuclear cells (PBMCs) and murine skin cells in 

96-well plates were harvested at 16 hpi, unless stated otherwise. Cells were 

first pelleted by centrifuging the plate at 400 xg for 5 mins. Supernatant was 

removed and transferred to a new 96-well round bottom plate (Corning). This 

was stored at -80 °C for use in a plaque assay to test infectious virus titres at a 
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later date. Cell pellets were resuspended in 250 μL of Lysis Buffer (Invitrogen) 

with 0.1% 2-Mercaptoethanol (Sigma-Aldrich) to lyse cells. The cell lysate was 

then added to a QIAshredder (QIAGEN) column and the column was 

centrifuged at 12,000 xg for 2 mins to homogenise the lysate in preparation for 

RNA extraction. The lysate was stored at -80 °C.  

 

 
2.17 Collection of human blood samples and PBMC isolation 
For all clinical work, human ethics had already been reviewed and granted prior 

to commencement of studies by the NHS South Central Hampshire B Research 

Ethics Committee under reference number 21/SC/0089. Human blood samples 

were collected in 4 mL EDTA-coated Vacutainer tubes (Becton-Dickenson) from 

healthy control volunteers by Dr Kave Shams at Chapel Allerton Hospital, 

Leeds. PBMCs were isolated from blood samples along a density gradient using 

Ficoll Histopaque-1077 (Sigma-Aldrich), after being mixed 1:1 with PBS 

supplemented with 1% FCS and 2 mM EDTA. The isolated PBMC fraction was 

washed three times in this solution. Before the second wash, red blood cells 

(RBCs) were lysed using eBioscience 1X RBC Lysis Buffer (Invitrogen). Before 

the third wash, cells were counted using a haemocytometer. After washing 

steps were complete, cells were resuspended in complete RPMI (Table 2.2).  

 

2.18 in vitro infection of PBMCs 
Isolated PBMCs were seeded in 96 well plates, with 8x105 cells per well. Cells 

were either pre- treated with 0.2 μg/mL of imiquimod (Invitrogen), 0.5 μg/mL, 1 

μg/mL, 2 μg/mL or 5 μg/mL of poly(dA:dT)/LyoVecTM (Invivogen) 1h pre-

infection or left unstimulated. Cells were infected with either BHK-21 cell-

derived ZIKV or C6/36 cell-derived ZIKV in complete RPMI at a MOI of either 1, 

0.1 or 0.01 for 1h in an incubator at 37 °C, 5% CO2. After the hour, supernatant 

was removed, fresh media was added to wells and cells were moved back to 

the incubator. PBMCs were lysed at 6 hpi and 16 hpi (further details in Section 

2.16) for analysis by qPCR.  

 

2.19 Flow cytometry 
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Cells were stained with fluorescent antibodies to identify cell markers and 

analysed using flow cytometry to identify cell populations within samples. 

 

2.19.1 Flow cytometry antibodies 
A number of antibodies were optimised for use in flow cytometry experiments 

(Table 2.4). 

 

Table 2.4 | Antibodies used in flow cytometry experiments, including 
details of their target, clone, fluorophore, target species, manufacturer 
and optimal dilution 

 

Antibody 
target 

Clone Fluorophore Target 
species 

Manufacturer Dilution 

CD16 3G8 BV421 Human BioLegend 1:50 

CD14 HCD14 FITC Human BioLegend 1:50 

CD123 6H6 PE Human BioLegend 1:50 

CD19 HIB19 PE-Cy7 Human BioLegend 1:50 

CD3 UCHT1 BV510 Human BD 

Biosciences 

1:50 

CD11c Bu15 APC Human BioLegend 1:50 

CD56 5.1H11 APC-Cy7 Human BioLegend 1:50 

IgG2a Polyclonal AF-594 Mouse Invitrogen 1:50 > 

1:800 

ZIKV E ZV-54 n/a ZIKV Sigma-Aldrich 1:50 

IgG2a 

isotype 

control 

eBM2a n/a n/a Invitrogen 1:50 > 

1:800 

CD45 30-F11 PeCy5 Mouse BioLegend 1:50 

CD45 30-F11 FITC Mouse BioLegend 1:50 

CD11b M1/70 APC Mouse Southern 

Biotec 

1:50 

CD11b M1/70 PerCP Mouse BioLegend 1:50 

Ly6C HK1.4 PE Mouse BioLegend 1:50 

Ly6G 1A8 BV421 Mouse BioLegend 1:50 
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CD64 S18017D FITC Mouse BioLegend 1:50 

MerTK 2B10C42 APC-Cy7 Mouse BioLegend 1:50 

MHC II MS/114.15.2 APC Mouse BioLegend 1:50 

CD11c N418 Pe-Cy7 Mouse BioLegend 1:50 

Vimentin 280618 APC Mouse R&D Systems 1:50 

CD326 

(EP-

CAM) 

G8.8 APC-Cy7 Mouse BioLegend 1:50 

CD31 MEC13.3 PE Mouse BioLegend 1:50 

 
2.19.2 Flow cytometry staining of human PBMCs and mouse skin cells 
Extracellular staining of cells was used to identify leukocyte or CD45 cell 

populations based on cell marker expression. Equal numbers of cells were 

added to wells in a 96-well round bottom plate. The plate was centrifuged at 400 

xg for 5 mins at 4 °C. Supernatant was discarded and cells were resuspended 

in 250 μL flow cytometry buffer (100 mL PBS (-Ca/Mg), 500 μL FCS, 400 μl 

EDTA 0.5 M). The plate was centrifuged at 400 xg for 5 mins at 4 °C. 

Supernatant was discarded and cells were resuspended in 50 μL of Fc block 

solution. For human samples, the Fc block solution was made using 2 μL of 5% 

patient-matched plasma and 48 μL flow cytometry buffer per well. The plasma 

was collected during the PBMC isolation process. For mouse samples, 10 μL of 

Mouse BD Fc Block (BD Biosciences) was added to each well. Cells were then 

incubated on ice for 5 mins. 50 μL of antibody mix in flow cytometry buffer was 

then added to each well. Antibody concentrations can be found in Table 2.4. 

Cells were incubated at 4 °C for 30 mins protected from light. 150 μL of flow 

cytometry buffer was then added to wells and cells were pelleted by centrifuging 

for 5 mins at 400 x g and washed twice in 250 μL of PBS. After the final wash, 

cells were resuspended in 50 μL of Zombie UV Fixable Viability Stain 

(BioLegend) and incubated at RT in the dark for 10 mins. 250 μL of flow 

cytometry buffer was added to wells and cells were pelleted. Cells were fixed in 

100 μL of 4% PFA at for 30 mins before being washed twice in 250 μL flow 

cytometry buffer. Cells were resuspended for a final time in 250 μL flow 

cytometry buffer and kept in the dark at 4 °C until ready for analysis. 

 

2.19.3 Flow cytometry staining of compensation beads 
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Compensation beads were used for single stain controls of flow cytometry 

antibodies to help compensate experiments. Anti-Mouse Ig k/Negative Control 

Compensation Particles (BD Biosciences) were used for human samples and 

Anti-Rat/Hamster Ig k/Negative Control Compensation Particles (BD 

Biosciences) were used for murine samples. Firstly, 1 drop of positive beads 

and 1 drop of negative beads were incubated in a well with 50 μL of a single 

antibody/flow cytometry buffer mix, in the same concentration as used to stain 

cells, for 30 mins in the dark at 4 °C. Beads were then washed twice in 250 μL 

flow cytometry buffer before being fixed in 100 μL of 4% PFA at RT for 30 mins. 

Beads were then washed twice more in 250 μL flow cytometry buffer before 

being resuspended in a final volume of 250 μL flow cytometry buffer. Beads 

were then stored for up to 1 month in the dark at 4 °C.  

 

2.19.4 Intracellular staining for flow cytometry 
Intracellular staining was used to identify cells infected with ZIKV. Cells were 

stained for intracellular markers and viability as detailed above (Section 2.19.2). 

Following the incubation of cells with the viability dye, cells were washed twice 

in 250 μL flow cytometry buffer before being fixed in 100 μL of Cytofix/Cytoperm 

(BD Biosciences) and incubated for 20 mins at 4 °C. 100 μL of 1X Perm/Wash 

(BD Biosciences) was added to each well and cells were pelleted by 

centrifuging for 5 mins at 400 xg. Cells were then washed once in 250 μL 1X 

Perm/Wash. 50 μL of the primary antibody (anti-Zika E, clone ZV-54) diluted in 

1X Perm/Wash was then added to each well (Table 2.4). Cells were incubated 

at 4 °C for 30 mins in dark conditions. 150 μL of 1X Perm/Wash was then added 

to wells and cells were pelleted and washed in 250 μL of 1X Perm/Wash. Cells 

were then resuspended in 50 μL of the secondary antibody (IgG2a) or isotype 

control diluted in 1X Perm/Wash and incubated 4 °C for 30 mins in dark 

conditions. 150 μL of 1X Perm/Wash was added to wells and cells were pelleted 

and washed in 250 μL of 1X Perm/Wash. Cells were resuspended for a final 

time in 250 μL flow cytometry buffer and kept in the dark at 4 °C until ready for 

analysis. 

 

2.19.5 Flow cytometry analysis 
Measurement of cell marker expression was measured using either the 

CytoFLEX LX Flow Cytometer (Beckman Coulter) or the CytoFLEX S Flow 
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Cytometer (Beckman Coulter), depending on the complexity of the fluorescent 

antibody panel chosen. Gating strategies used are shown in Figures 2.3, 2.4, 

2.5 and 2.6. All analysis of flow cytometry data was completed using CytExpert 

Software 2.5.0.77 (Beckman Coulter). 

 

 
Figure 2.3 | Gating strategy for phenotyping of macrophages in mouse 
skin using flow cytometry 
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Figure 2.4 | Gating strategy for phenotyping of DCs in mouse skin using 
flow cytometry 

 

 
Figure 2.5 | Gating strategy for phenotyping of CD45- cells in mouse skin 
using flow cytometry 

 

 
Figure 2.6 | Gating strategy for phenotyping of cell populations within 
human PBMC samples using flow cytometry 
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2.20 Gene expression analysis 
RNA was extracted from tissues or cells and was then utilised to generate 

complementary DNA (cDNA) for use in qPCR to examine gene expression. 

Depending on the experiment, this process was used to analyse expression of 

human, murine and virus genes. 

 

2.20.1 RNA extraction from tissues 
Tissues were dissected from mice and immediately transferred to 1 mL of 

RNAlater (QIAGEN) in 1.5 mL sterile, RNase-free Eppendorf tube (Eppendorf) 

to stabilise RNA. Samples were maintained at 4 °C for up to 1 week. To extract 

RNA, tissues were transferred to 2 mL sterile, RNase-free Eppendorf tubes 

(Eppendorf) containing 5 mm stainless-steel bead(s) (QIAGEN), one for spleen 

or two for skin. 1 mL of TRIzol Reagent (Invitrogen) was added to the tube. 

Samples were homogenised via vigorous shaking for 10 mins at 50 Hz using a 

TissueLyser LT (QIAGEN). 200 μL of Chloroform (Fisher Chemicals) was added 

to samples and mixed by inverting each tube 15 times. Tubes were centrifuged 

for 15 mins at 12,000 xg at 4 °C to separate sample into three phases: the 

upper aqueous phase containing RNA, the cloudy interphase containing DNA 

and the pink organic phase containing phenol and proteins (Figure 2.7).  

 

 
Figure 2.7 | Phase separation during phenol-chloroform RNA extraction 

Following the addition of chloroform, the sample separates into three layers 

from which the upper, RNA-containing layer can be removed. 

 

Tubes were removed from the centrifuge carefully, to avoid disruption of these 

layers, and placed on ice. 500 μL of the RNA layer was pipetted out and added 

to a fresh 1.5 mL sterile, RNase-free Eppendorf tube containing an equal 



 61 

volume of 70% ethanol (Sigma-Aldrich). Tubes were then vortexed to mix 

samples thoroughly. The PureLink RNA Mini Kit (Invitrogen) was used to extract 

RNA from the homogenised lysate, as per the manufacturer’s instructions. 500 

μL of the lysate was transferred to Spin Cartridges (Invitrogen) containing a 

silica membrane which binds nucleic acids. Cartridges were centrifuged at 

12,000 xg for 30 secs and flow-through was discarded. This process was 

repeated to run the remaining 500 μL of lysate through the cartridge. 350 μL of 

Wash Buffer I (Invitrogen) was added to the cartridge and centrifuged at 12,000 

xg for 30 secs. To degrade any genomic DNA contaminants and improve RNA 

purity, 80 μL of RNase-Free DNase (QIAGEN), consisting of 10 μL of DNase I 

and 70 μL of RNase-free Buffer RDD, was added directly to the membrane of 

the cartridge. Samples were incubated with the enzyme at RT for 20 mins. 350 

μL of Wash Buffer I (Invitrogen) was added to the cartridge to stop the reaction. 

The cartridge was then centrifuged at 12,000 xg for 30 secs and flow-through 

was discarded. The cartridge was then washed twice in 500 μL of Wash Buffer II 

(Invitrogen) with the flow-through discarded following centrifugation. Following 

the final wash, the cartridge was centrifuged at 12,000 xg for 2 mins to dry the 

column. The column section of the cartridge was then removed from the 

collection tube and inserted into a new 1.5 mL sterile, RNase-free Eppendorf 

tube (Eppendorf). The original collection tube was discarded. RNase-free water, 

60 μL for skin or 100 μL for spleen, was then added directly to the membrane 

and incubated at RT for 1 min. The cartridge was then centrifuged at 12,000 xg 

for 2 mins to elute the RNA into the collection tube. The column was then 

discarded. The eluted RNA was stored long-term at -80 °C. 

 

2.20.2 RNA extraction from cells 
Homogenised cell lysates (Section 2.16) were removed from storage at -80 °C 

and thawed. An equal volume of 70% ethanol (Sigma-Aldrich) was added to the 

lysate and samples were vortexed. Due to low cell numbers, the PureLink RNA 

Micro Scale Kit (Invitrogen) was used to extract RNA from the homogenised cell 

lysate, as per the manufacturer’s instructions. Up to 500 μL of sample was 

transferred to PureLink Micro Kit Columns (Invitrogen) containing a silica 

membrane which binds nucleic acids. Cartridges were centrifuged at 12,000 xg 

for 1 min and flow-through was discarded. 350 μL of Wash Buffer I (Invitrogen) 

was added to the cartridge and centrifuged at 12,000 xg for 1 min. To degrade 
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any genomic DNA contaminants and improve RNA purity, 20 μL of PureLink On-

Column DNase (Invitrogen), consisting of 10 μL of Lyophilized PureLink DNase 

and 10 μL of Pure-Link On-Column DNase 2X Buffer, was added directly to the 

membrane of the cartridge. Samples were incubated at RT for 15 mins. 350 μL 

of Wash Buffer I (Invitrogen) was added to the cartridge to stop the reaction. 

The cartridge was then centrifuged at 12,000 xg for 30 secs and flow-through 

was discarded. The cartridge was then washed twice in 500 μL of Wash Buffer II 

(Invitrogen) with the flow-through discarded following centrifugation. Following 

the final wash, the cartridge was centrifuged at 12,000 xg for 2 mins to dry the 

membrane. The column section of the cartridge was then removed from the 

collection tube and inserted into a new 1.5 mL sterile, RNase-free Eppendorf 

tube (Eppendorf). The original collection tube was discarded. RNase-free water, 

12 μL for murine skin cells or 22 μL for human PBMCs, was then added directly 

to the membrane and incubated at RT for 1 min. The cartridge was then 

centrifuged at 12,000 xg for 2 mins to elute the RNA into the collection tube. 

The column was then discarded. The eluted RNA was stored long-term at -80 

°C. 

 

2.20.3 cDNA generation 
cDNA, for use in qPCR, was generated from extracted RNA via reverse 

transcription using the High-Capacity RNA-to-cDNA Kit (Applied Biosystems). 

RNA extracted from tissue or cells was removed from storage at -80 °C and 

thawed. Sample RNA was first added to a well in a Non-Skirted 96-Well PCR 

Plate (STARLAB) at a concentration of 1μg per sample. 11 μL of Reverse 

Transcriptase (RT) master mix (consisting of 1 μL of 20X RT Enzyme and 10 μL 

of 2X RT Buffer) was then added to each well. The total volume of each well 

was made up to 20 μL using Nuclease-free Water (Invitrogen). The contents of 

each well were mixed thoroughly. The plate was briefly centrifuged to remove 

any bubbles in the wells. An adhesive Aluminium PCR StarSeal (STARLAB) 

was then placed over the plate and an applicator was used to seal it. The plate 

was placed in GeneAmp PCRsystem2700 (Applied Biosystems) and set to run 

a reverse transcription reaction using the settings detailed in Figure 2.8 to 

generate cDNA. The cDNA was then stored short-term at -20 °C and long-term 

at -80 °C.  
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Figure 2.8 | Cycle settings used on thermocycler for the reverse 
transcription reaction used to generate cDNA  
 

2.20.4 Primer design 
Primers were designed for use in two applications. ‘Standard Primers’ (Table 

2.5) were used to generate sequences of cDNA from target genes of interest or 

‘standards’. These were then used to generate standard curves for use as a 

comparison to experimental samples during qPCR to relatively quantify gene 

expression in the experimental samples. ‘qPCR Primers’ (Table 2.6) were 

required for amplification of regions of target genes of interest in experimental 

samples and the standard curve during qPCR, so that the concentration of each 

could be compared. Forward and reverse primers for both purposes were 

designed using NCBI Reference Sequences and the Primer3 Version 0.4.0 

software. The following design rules were applied: 

 

• Primers must be between 18 and 23 base pairs (bp) in length. 

• Primers must be between 40 and 65% GC content, with 50% being the 

optimum. 

• The melting temperature (Tm) of primers must be within 59.5 °C and 61 

°C, with 60 °C being the optimum. 

• The maximum self-complementarity score allowed is 2. 

• The maximum 3’self-complementarity score allowed is 1. 

• The amplicon size must be less than 150 bp for qPCR Primers and less 

than 800 bp for Standard Primers. 

• The standard primers must start at least 20 bp before the start and 40 bp 

after the end of the qPCR primer target sequence. 

• Preferably, there should not be more than two G or C bases in the last 5 

bases at the 3’ end, known as a GC clamp, of each primer. 

• Preferably, there should not be 4 or more G or C bases in a row. 
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• If no suitable primers are suggested, the maximum self-complementarity 

score can be relaxed to 3 or the Tm of primers to 59 °C. 

 

All primers were purchased from Integrated DNA Technologies. Prior to use, 

primers were reconstituted in Nuclease-free Water (Invitrogen) to 100 μM. 

 
Table 2.5 | List of all primers used to generate standard cDNA for use in 
standard curve, including details of targeted genes, species, orientation, 
sequence, product size and NCBI reference 
 

Gene 
name 

Species Orientation Sequence Product 
size 
(bp) 

NCBI 
reference 

CCL5 Human 

Forward 
GGGGAAGGTTT

TTGTAACTGCT 
406 

NM_00298

5.3 
Reverse 

GGGGAAGGTTT

TTGTAACTGCT 

CXCL10 Human 

Forward 
AGGAACCTCCA

GTCTCAGCA 
601 

 

NM_00156

5 Reverse 
AGCAGGGTCAG

AACATCCAC 

IFNB1 Human 

Forward 
AGCACTGGCTG

GAATGAGAC 
341 

NM_00217

6.4 
Reverse 

GCATCTGCTGG

TTGAAGAATG 

IFNA1 Human 

Forward 
CAGAGTCACCC

ATCTCAGCA 
430 

NM_02401

3.3 
Reverse 

CTCTCCTCCTG

CATCACACA 

18S Human 

Forward 
CGTAGTTCCGA

CCATAAACGA 
4443 

NR_00327

8.1 
Reverse 

ACATCTAAGGG

CATCACAGACC 

RIG-I Human Forward TCCCAGTGTAT 680 NM_00138
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GAACAGCAGAA 5907 

Reverse 
TTTGTCTGGCA

TCTGGAACA 

MDA5 Human 

Forward 
TGAAAAGGCTG

GCTGAAAAC 

371 
NM_02216

8.4 
Reverse 

GACGAGACCAT

AACGGATAACA

A 

RSAD2 Human 

Forward 
ATGCGGCTTCT

GTTTCCA 
794 

NM_08065

7 
Reverse 

TGTATTTTCCTC

CTCGCTTCA 

cGAS Human 

Forward 
TCACTTGAGGT

CAGGAGTTTGA 
619 

NM_13844

1 
Reverse 

GCGGAGAGCT

GTTTTTCAGT 

IL-36a Human 

Forward 
TTTTGCTTCCA

GGTCTTTGG 
750 

NM_01444

0.3 
Reverse 

TAGTGTTGGCT

TTCCCCAGTT 

RSAD2 Mouse 

Forward 
CTGTGCGCTGG

AAGGTTTTC 
583 

NM_02138

4.4 
Reverse 

CACTGGACCTT

GCTCCTCTG 

IFIT1 Mouse 

Forward 
GCACCTCTATG

TTTGAGCAGTT 
290 

NM_00833

1.3 
Reverse 

GCAGAAAAGTC

AAGGCAGGAA 

ISG15 Mouse 

Forward 
GTCCGTGACTA

ACTCCATGAC 
504 

NM_01578

3.3 
Reverse 

TCCCAAAAGTC

CTCCATACC 

CXCL10 Mouse Forward 
CCTGAGACAAA

AGTAACTGCCG 
272 

NM_02127

4 
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Reverse 

TGGGAAGATGG

TGGTTAAGTTC

G 

CXCL2 Mouse 

Forward 
CGCCCAGACAG

AAGTCATAG 
484 

NM_00914

0 
Reverse 

ACTCACCCTCT

CCCCAGAAA 

CCL2 Mouse 

Forward 
CACCAGCACCA

GCCAACT 
519 

NM_01133

3.3 
Reverse 

GCATCACAGTC

CGAGTCACA 

ARG1 Mouse 

Forward 
CGAGGAGGGG

TAGAGAAAGG 
389 

NM_00748

2.3 
Reverse 

TTCAGGAGAAA

GGACACAGGTT 

IFNB1 Mouse 

Forward 
GGCTTCCATCA

TGAACAACA 
376 

NM_01051

0 
Reverse 

TCCCACGTCAA

TCTTTCCTC 

CCR2 Mouse 

Forward 
AGGGGAGAGC

AGAAGGCTAA 
212 

NM_00991

5 
Reverse 

CCCAGGAAGAG

GTTGAGAGA 

SFV E1 SFV 

Forward 

AAGTGAAGACA

GCAGGTAAGGT

G 446 DQ189086 

Reverse 
TATGAGTTGCC

CCGAGTTTC 

ZIKV E ZIKV 

Forward 
AGGCAAACTGT

CGTGGTTCT 
679 

KX197192.

1 
Reverse 

TCAGACCCAAC

CACATCAGC 

 

Table 2.6 | List of all primers used for qPCR, including details of targeted 
genes, species, orientation, sequence, product size and NCBI reference 
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Gene 
name 

Species Orientation Sequence Product 
size 
(bp) 

NCBI 
reference 

CCL5 Human 

Forward 
GCCAACCCAGA

GAAGAAATG 
115 

NM_00298

5.3 
Reverse 

ACAAGAGCAAG

CAGAAACAGG 

CXCL10 Human 

Forward 
TAAAACCAGAG

GGGAGCAAA 
81 

 

NM_00156

5 Reverse 
GTAGGGAAGTG

ATGGGAGAGG 

IFNB1 Human 

Forward 
CATTACCTGAA

GGCCAAGGA 
134 

NM_00217

6.4 
Reverse 

CAGAGGCACAG

GCTAGGAGA 

IFNA1 Human 

Forward 
GCTGCTCTCTG

GGCTGTG 
134 

NM_02401

3.3 
Reverse 

GTTGCCATCAA

ACTCCTCCT 

18S Human 

Forward 
GACTCAACACG

GGAAACCTC 
124 

NR_00327

8.1 
Reverse 

TAACCAGACAA

ATCGCTCCAC 

RIG-I Human 

Forward 
GGATGCCAAAA

ACACAGATGA 
108 

NM_00138

5907 
Reverse 

TGCTCCAGTTC

CTCCAGATT 

MDA5 Human 

Forward 
GAGGAATCAGC

ACGAGGAATAA 
118 

NM_02216

8.4 
Reverse 

TCAGATGGTGG

GCTTTGACT 

RSAD2 Human Forward 
TGCTTGGTGCC

TGAATCTAAC 
97 

NM_08065

7 
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Reverse 
GGTCCTTCCGT

CCCTTTCT 

cGAS Human 

Forward 
CGGGAGGCTTA

GACATGAGA 
73 

NM_13844

1 
Reverse 

GCAGTGGTGCC

ATCTTGAC 

IL-36a Human 

Forward 
ACTGTGGCTTG

GGACTGACT 
99 

NM_01444

0.3 
Reverse 

TCCATTGTGGT

GGTGTTGTT 

RSAD2 Mouse 

Forward 
TGAAGCGTGGC

GGAAAGTAT 
73 

NM_02138

4.4 
Reverse 

TCCTTCCCATC

TCAGCCTCA 

IFIT1 Mouse 

Forward 
TTGCACCACAC

TAGCTTGCA 
96 

NM_00833

1.3 
Reverse 

GGGATGGAAG

CACTCACAGT 

ISG15 Mouse 

Forward 
CGCAGACTGTA

GACACGCTTA 
80 

NM_01578

3.3 
Reverse 

CTCGAAGCTCA

GCCAGAACT 

CXCL10 Mouse 

Forward 
GCTCAAGTGGC

TGGGATG 
111 

NM_02127

4 
Reverse 

GAGGACAAGGA

GGGTGTGG 

CXCL2 Mouse 

Forward 
AAGTTTGCCTT

GACCCTGAA 
129 

NM_00914

0 
Reverse 

TCTCTTTGGTT

CTTCCGTTG 

CCL2 Mouse 

Forward 
CTCACCTGCTG

CTACTCATTCA 
153 

NM_01133

3.3 
Reverse 

CCATTCCTTCTT

GGGGTCA 



 69 

ARG1 Mouse 

Reverse 
TGGAAGAGTCA

GTGTGGTGCT 
138 

NM_00748

2.3 
Forward 

CTGGTTGTCAG

GGGAGTGTT 

IFNB1 Mouse 

Forward 
CACAGCCCTCT

CCATCAACT 
152 

NM_01051

0 
Reverse 

GCATCTTCTCC

GTCATCTCC 

CCR2 Mouse 

Forward 
TGTGGGACAGA

GGAAGTGG 
130 

NM_00991

5 
Reverse 

GGAGGCAGAAA

ATAGCAGCA 

SFV E1 SFV 

Forward 
CGCATCACCTT

CTTTTGTG 
173 DQ189086 

Reverse 
CCAGACCACCC

GAGATTTT 

ZIKV E ZIKV 

Forward 
AGATCCCGGCT

GAAACACTG 
73 

KX197192.

1 
Reverse 

TTGCAAGGTCC

ATCTGTCCC 

 

2.20.5 Testing of primers and generation of standard curve template cDNA 
A PCR using positive control cDNA was used to test new primers and generate 

standard curve template cDNA. 2 μL of positive control cDNA was added to a 

0.2 mL PCR Tube (STARLAB). 25 μL of ReadyMix Taq PCR Reaction Mix 

(Sigma-Aldrich) was then added to the tube. 1 μL each of the relevant forward 

and reverse primers were also added. The total volume of the mixture was 

brought to 50 μL by adding 21 μL of Nuclease-free Water (Invitrogen). PCR was 

performed using a GeneAmp PCRsystem2700 (Applied Biosystems); the 

protocol is detailed in Figure 2.9.  
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Figure 2.9 | Cycle settings used on thermocycler for the reverse 
transcription reaction used to generate standard curve template cDNA  
 

PCR products were run on a 2% agarose gel (2 g Agarose Powder (Bioline) and 

100 mL distilled H2O). Briefly, to make the gel the agarose mixture was heated 

in a microwave in 30 sec increments to fully dissolve the agarose. 2 mL of 

Ethidium Bromide (Sigma-Aldrich) was added to the 2% agarose and the 

solution was rapidly cooled by running under cold water. The mixture was then 

poured into a gel casting cassette with a 12-well comb (BioRad). Once the gel 

had set it was moved to an electrophoresis tank (BioRad). 1X tris-acetate-EDTA 

(TAE) buffer (10 mL of 50X TAE Buffer (Serva) and 500 mL of distilled H2O) was 

poured over the gel until wells were covered. A 50 bp DNA ladder (Invitrogen) 

was added to the first well in the gel. 6 μL of PCR product was mixed with 1 μL 

of TrackIt Cyan/Orange Loading Buffer (Invitrogen) and samples were loaded 

into subsequent wells. Gels were run at 100 Volts until samples reached the half 

way mark of the gel. Gels were imaged using ChemiDoc XRS+ gel imager 

(BioRad) to check that the PCR products were the expected size based on the 

primer product size and also that they formed a single band, to confirm primer 

specificity. For PCR products which were to be used as standard template 

cDNA, the cDNA was purified using the QIAquick PCR Purification Kit 

(QIAGEN), according to the manufacturer’s instructions. Briefly, 250 μL of Buffer 

PB (QIAGEN) was added to the PCR product and mixed. The sample was then 

transferred to a QIAquick column and centrifuged for 30 secs at 17,900 xg. 

Flow-through was discarded. 750 μL of Buffer PE (QIAGEN) was added to the 

column and centrifuged for 30 secs at 17,900 xg. Flow-through was discarded. 

The column was centrifuged for a further 1 min at 17,900 xg to dry the 

membrane. The column was then removed from the collection tube and inserted 
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into a new sterile, RNase-free 1.5 mL eppendorf tube (Eppendorf). 50 μL of 

Buffer EB (QIAGEN) was then added directly to the membrane of the column. 

The column was then centrifuged for 1 min at 17,900 xg to elute the cDNA into 

the collection tube. This neat solution was kept as a stock and working stocks 

were made by diluting the cDNA 1:100 in Buffer EB (QIAGEN) for use as 

standard template cDNA in qPCR. All cDNA was stored short-term at -20 °C 

and long-term at -80 °C.  

 
2.20.6 qPCR and analysis 
qPCR was used to examine relative gene expression of genes of interest 

compared to a housekeeping gene in our experimental samples, using the 

standard curve method. The fluorescent dye SYBR Green was used in qPCR to 

allow for quantification of gene expression. SYBR Green intercalates to cDNA 

as it is being amplified during qPCR and its fluorescent signal is detected and 

can be used to quantify gene expression. For qPCR, sample cDNA was diluted 

1:5 with Nuclease-free Water (Invitrogen). A standard curve was generated 

using serial 1:10 dilutions of the working stock solution of standard template 

cDNA diluted in Nuclease-Free Water (Invitrogen), up to a dilution of 10-9. The 

qPCR reaction master mix consisted of PerfeCTa SYBR Green FastMix 

(Quantabio), Nuclease-free Water (Invitrogen) and forward and reverse primers 

(Integrated DNA Technologies) for the gene of interest. 20 ng of sample cDNA 

was added to the qPCR master mix to a final volume of 10 μL per well of a 384-

well Skirted PCR plate (STARLAB) and repeated in triplicate for each sample. 

The plate was briefly centrifuged to remove any bubbles in the wells. An 

adhesive Xtra-Clear Advanced Polyolefin qPCR StarSeal (STARLAB) was 

placed over the plate and an applicator was used to seal it. The qPCR reaction 

was run on a Quantstudio 7 Flex Machine (Applied Biosystems) as detailed in 

Figure 2.10. Quantification of expression of genes of interest was assessed 

using standard curve analysis. Analysis of data was carried out using Microsoft 

Excel by calculating the median quantity of the technical replicates and 

normalising values to the housekeeping gene, 18S. This method of analysis has 

previously been validated by our group289.   
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Figure 2.10 | Cycle settings used during qPCR  
 
2.20.7 RNA-seq 
Prior to RNA sequencing, RNA was extracted from human PBMCs as detailed 

in Section 2.20.2. Next-generation RNA sequencing was carried out by the Next 

Generation Sequencing Facility, University of Leeds. Libraries were created 

using the TruSeq Stranded mRNA Kit (Illumina) and samples were analysed 

using a NextSeq 2K (Illumina) with 100 bp per read and 400 million reads per 

sample. Initial data analysis was carried out by Dr Ian Carr (Next Generation 

Sequencing Facility, University of Leeds) using R (Version 4.3.1). Subsequent 

data analysis was carried out by Ailish McCafferty using Microsoft Excel 

(Version 16.78.3). 

 

2.21 Plaque assay 
Plaque assays were used to measure viremia in serum and titre virus stocks. 
BHK-21 cells were used for all plaque assays. BHK-21 cells were grown to 80% 

confluency in T75 flasks (Corning). One day prior to beginning the assay (Day 

0), media was removed from flask. Cells were then washed in 10 mL PBS twice. 

2 mL of 0.25% Trypsin-EDTA (Gibco) was then added for 3-4 mins at RT to 

dissociate cells from the surface. Cells were monitored under a microscope 

during this time. Once cells had visibly detached from the surface of the flask, 

10 mL DMEM was added to the flask to inhibit the activity of the dissociation 

reagent and to collect cells. Cell suspension was moved to a 50 mL Falcon 

Conical Centrifuge Tube (Corning). This cell suspension was centrifuged at 400 

xg for 5 mins. Supernatant was discarded, leaving a cell pellet which was 

resuspended in 50 mL DMEM. 1 mL cell suspension was then carefully 

administered to each well in a 12-well flat-bottom culture plate (Corning). Plates 

were left for 30 mins in the tissue culture hood to allow the cells to settle into a 

monolayer and to avoid clustering before being returned to the incubator (37 °C, 
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5% CO2) overnight. Cells were checked the following morning to confirm they 

had grown to 80% confluency in each well. Serial dilutions of serum or virus 

stock were then made in 0.75% PBSA. 200 μL of each dilution were added to 

either two wells to measure viremia or four wells to titre virus stocks. Plates 

were returned to the incubator for 1h and rocked gently every 10 mins to ensure 

equal distribution of virus across the cell monolayer. After 1hr, 2 mL of a 1:1 mix 

of 2XMEM and 1.2% Avicell was added to each well. Plates were then returned 

to the incubator for 2 days. Following this, the media was removed and cells 

were fixed in 1 mL of 10% PFA for 1h at RT. 10% PFA was subsequently 

removed and replaced with 1 mL of 1X Toluidine Blue for 30 mins to stain cells. 

Toluidine Blue was then washed off with tap water. Plaque assay readout was 

then performed by choosing a dilution with between 5-20 plaques per well. The 

number of plaques in the wells with this dilution were then manually counted. 

The following calculation was used to determine virus titre, measured in 

PFU/mL: 
 

𝑃𝐹𝑈/𝑚𝐿	 = 	
𝑎𝑣𝑒𝑟𝑎𝑔𝑒	𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑝𝑙𝑎𝑞𝑢𝑒𝑠	(𝑎𝑐𝑟𝑜𝑠𝑠	𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒𝑠)

𝑣𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝑖𝑛𝑜𝑐𝑢𝑙𝑢𝑚	𝑥	𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟  

 

2.22 Serum-antibody neutralisation assay 
To measure concentrations of virus-neutralising antibody present in mouse 

serum, the virus killing potential of serum was tested in virus infected BHK-21 

cells. Prior to this assay, a plaque assay was used to confirm no residual virus 

was left in the serum, having likely been neutralised by antibodies in vivo. To 

carry out the neutralisation assay, BHK-21 cells were plated in a 96-well flat 

bottom plate and grown to 80-95% confluency. Virus-serum mixtures were 

prepared as follows: serum was diluted 1:10 in PBSA and then serial diluted 

1:3. Diluted serum samples were added to the cell culture plate as shown in 

Figure 2.11. PBSA alone was added to control wells. 103 PFU of SFV4 was then 

added to each well of serum in a volume of 100 μl. The virus-serum mixture was 

incubated at 37 °C for 1h to allow for any neutralising antibodies present in the 

serum to neutralise the virus. Following incubation, media was removed from 

the BHK-21 cells and cells were washed once with PBS. 90 μl of each well of 

the virus-serum mixture (or the PBSA control) was added to a well of BHK-21 
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cells and incubated at 37 °C for 1h. After the incubation period, 100 μl of DMEM 

was added to each well. The infected cells were moved to the incubator and 

monitored for cytopathic effect, which occurred approximately 2 days later. At 

this point, cells were fixed in 100 μl of 10% PFA for 1h at RT. After fixing, 100 μl 

of crystal violet dye was added to cells and incubated for 1h at RT to stain intact 

cells. Plates were then washed using tap water to remove excess dye. Plates 

were imaged on the ChemiDoc XRS+ gel imager (BioRad) and analysed using 

ImageJ. The percentage of each well which was stained and quantified, was 

used as a readout of protection from virus offered by serum, as lysed cells do 

not stain with crystal violet dye.  

 

 
 
Figure 2.11 | Example plate layout from serum-neutralisation assay 
showing dilutions of serum used 
 

2.23 Microscopy 
2.23.1 In vivo procedure, tissue harvest and preparation for microscopy 
Mice were anesthetised using isoflurane, administered via inhalation. Mice who 

were to be exposed to UV on the dorsal region had their fur shaven prior to 

exposure. Depending on the group of the mice, either the skin on the upper  

foot or a small region on the lower dorsal region of the torso was placed directly 

on top of an 8W UVM-28 mid-range lamp (302 nm peak at 1mW/cm, Ultraviolet 

Products). Mice were exposed to 1 dose of 200 mJ/cm2 (erythemal dose) of 

UVR. The UV dosage was controlled via the length of time the foot or dorsal 

region was exposed to radiation, equating to 6 mins exposure time for 200 
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mJ/cm2. Mice were then culled at a set time point post-UV exposure (24h, 1wk, 

2wk or 3wk post-UV). For back samples, the fur from the UV-exposed region on 

the dorsal side of mice was shaved againto ensure tissue samples were 

hairless. For all samples, skin was carefully dissected from the exposed region 

(back or foot) to avoid stretching of the tissue. Samples were then unfurled 

using forceps and moved to 5 mL bijou containers (VWR) containing 10% 

Buffered Formalin (Statlab Medical Products) for 48h for fixation. Samples were 

then transferred to 70% ethanol (Sigma-Aldrich) and within 3 days, samples 

were embedded in paraffin. Paraffin blocks were sectioned, mounted on slides 

and stained with haematoxylin and eosin (H&E) to visualise the nuclei, ECM 

and cytoplasm. Sample processing was conducted by the Leeds Institute for 

Medical Research (LIMR) Histology Service (University of Leeds). Embedded 

samples were then stored at 4 °C.  

 
2.23.2 Analysis of scanned histology images 
Slides were initially imaged using an Olympus BX41 DIC Microscope (Olympus) 

before being scanned at 20X magnification using the ZEISS AxioScan Z.1 Slide 

Scanner (ZEISS) by the Faculty of Biological Sciences’ Bioimaging and Flow 

Cytometry Facility (University of Leeds). Scanned images were analysed using 

the open-source software QuPath v0.3.2 290. Measurements of the epidermis, 

dermis and fatty layer were taken from 10 areas per condition. The epidermis 

was measured from the top of the section to the basement membrane.  

 

2.24 Statistical analysis 
All data was analysed using GraphPad Prism (Version 9.0.0). The Shapiro-Wilk 

Test was used to determine whether the data was normally distributed. If data 

was normally distributed, significance was assessed using an unpaired t-test for 

experiments with two experimental groups or an ordinary one-way ANOVA for 

experiments with more than two experimental groups. If data was not normally 

distributed, significance was assessed using Mann-Whitney for experiments 

with two experimental groups or Kruskal-Wallis test with Dunn’s multiple 

comparison test for experiments with more than two experimental groups. All 

plots display the median value +/- interquartile range with *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001, ns = not significant.  
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Chapter 3: SFV infection is enhanced in vivo at an 
acute timepoint following an erythemal UV exposure, 

through recruitment of myeloid cells which are targeted 
by the virus 
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3.1 Introduction 
Arbovirus infections have surged in recent years and case numbers continue to 

rise year-on-year8. Although the majority of arbovirus infections cause 

asymptomatic or mild symptoms, there are a significant proportion of cases that 

go on to develop severe, potentially life-threatening disease291. While there are 

no antivirals currently available for any arbovirus infection, early intervention, 

involving rudimentary measures such as administration of fluids and continual 

monitoring, has been shown to be of some use e.g., to reduce DENV-

associated morbidity and mortality292. Therefore, it is of vital importance for 

clinicians to be able to stratify patients based on risk of severe disease 

development. Furthermore, an awareness of factors that influence host 

susceptibility to infection can be used to inform public health information or 

travel advice, particularly during outbreaks. 

 

The factors which underpin this variability in severity between individuals are 

not clear. However, it is likely that a combination of host, virus, vector and 

environmental factors are at play. Identifying key factors which contribute to the 

severe disease phenotype would facilitate the identification of at-risk patients 

and allow for earlier medical intervention. Preventing the development of severe 

disease in this way is vital to limit arbovirus-associated deaths. A better 

understanding of the biology underpinning these infections could also assist in 

the develop of effective antivirals and/or vaccines. 

 

Our lab group has previously shown that the mosquito bite, which transmits 

virus at the skin, enhances infection by a number of arboviruses, including 

SFV120. The bite drives a highly inflammatory environment in the skin, including 

the recruitment of myeloid cells to the site of infection, some of which are 

subsequently infected by virus. As a result, when virus is inoculated in the skin 

of C57BL/6 mice alongside a mosquito bite, mice experience higher quantities 

of virus replication in the skin, increased dissemination of the virus to other 

tissues and lower survival rates. This led us to consider whether other factors 

which promote inflammation at the skin have the potential to impact host 

susceptibility to arbovirus infection.   
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Exposure to UVR from the sun is an environmental factor which is of upmost 

relevance during arbovirus transmission, which are transmitted in tropical and 

sub-tropical regions of the world. Arbovirus transmission zones overlap with 

regions with high UV indices (UVI), meaning individuals there are exposed both 

to arbovirus infections but also high levels of UV light from the Sun (Figure 

3.1)35,221. Additionally, the average global UVI is expected to increase as a 

consequence of climate change, meaning that people will be exposed to higher 

levels of UVR in the coming years293. At the same time, the gradually warming 

climate is expanding the regions in which key arbovirus vectors, such as the 

Aedes aegypti mosquito, can live and spread disease to humans48.  

 

 
Figure 3.1 | Global arbovirus transmission zones overlap with areas of the 
world where solar UV exposure levels are highest 
(A) Chart from NASA Earth Observations (NEO) showing the UVI distribution across 

the world in December 2010221. The UVI is an indicator of the levels of UVR reaching 

the Earth’s from the Sun in a given area. The UVI peaks at areas around the equator. 

Green areas have the lowest UVI, 0, and purple areas have the highest UVI, 16+. 
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(B) Map from Leta et al., 2018 showing global distribution of arbovirus disease risk35. 

The map shows data on five selected arboviruses: ZIKV, DENV, YFV, CHIKV and Rift 

Valley Fever (RVF). The scale ranges from white areas, which have reported no cases 

of any of these diseases, to red areas, which have reported cases of all five of these. 

 

UV exposure of the skin has a range of biological impacts, outlined in more 

detail in Section 1.4. Importantly for this study, UVR can be a potent pro-

inflammatory stimulus for skin. Exposure of the skin of C57BL/6 mice to a 

single, erythemal dose of UVB radiation, measuring 100mJ/cm2, similar to 

sunburn in humans, induces a pro-inflammatory state in the skin by 24h post-

exposure240. This is characterised by expression of a number of inflammatory 

cytokines, such as TNF-α and IL-6, and also chemokines, such as CCL2 and 

CXCL2. Erythemal UV exposure drive a similar response in human 

keratinocytes in vitro294. Chemokines which are known to attract myeloid cells, 

such as CCL2 and CXCL2, are also induced in the skin of mice by 24h after an 

erythemal UV exposure295. Correspondingly, neutrophils infiltrate UV-exposed 

skin by 24h following a higher 500mJ/cm2 dose of UV296. Although whether 

monocytes are also recruited to UV-exposed skin remains to be determined.  

 

The conditions in UV-exposed skin described here are reminiscent of those 

induced by the arbovirus-enhancing mosquito bite120. In this scenario, 

neutrophils further deepen the inflammatory state in the skin and monocytes, 

which are virus permissive, provide the virus with new targets for infection. 

Therefore, it is possible that UV-exposed skin could also be more susceptible to 

arbovirus infection as a result. Furthermore, UV exposure not only induces 

inflammation locally, but drives a cascade of inflammatory cytokine expression, 

including IL-1β, TNF- α and IL-6, in the blood and kidneys within 24h of the 

exposure297,298. This suggests that dissemination of virus, e.g. to the blood, 

could also be altered following an erythemal UV exposure. 

 

Thus far, UV exposure has been shown to have very different impacts on 

infection outcomes based on the pathogen; from reactivating latent HSV and 

VZV infections and enhancing Candida albicans and Borrelia burgdorferi 

infections, to protecting against Mycobacterium tuberculosis299–303. UV exposure 

of the skin is a factor of particular relevance to arbovirus infections, both due to 
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it being an environmental variable in arbovirus transmission zones and because 

of the impact it has on inflammatory responses at the arbovirus inoculation site, 

the skin. However, it is not known whether UV exposure impacts host 

susceptibility to mosquito-borne virus infection. 

 

3.1.1 Hypothesis and aims 
Together, the evidence outlined here led us to hypothesise that myeloid cells will 

be present in the skin of mice by 24h after a single, erythemal UV dose, 

measuring 100mJ/cm2. Because some myeloid cells, such as monocytes, are 

permissive to infection, we hypothesise that mice will be more susceptible to 

arbovirus infection in UV-exposed skin at 24h-post exposure as a result.  

 

Therefore, the major aims and objectives of this first chapter are to: 

 

1) Adapt an established in vivo mouse model of erythemal UV 
exposure to include mosquito biting and SFV infection and 
characterise the physiological impact of erythemal UV exposure on 
the skin at 24h post-exposure. 

2) Use this in vivo approach to investigate whether erythemal UV 
exposure of the skin alters host susceptibility to SFV infection at an 
acute timepoint, 24h post-exposure. 

3) Investigate the mechanisms driving any observed changes to host 
susceptibility following erythemal UV exposure at 24h post-
exposure. 

 

3.2 Characterisation of skin 24h after erythemal UV exposure 
A previously described mouse model240 was optimised to investigate the impact 

of UV exposure on resting skin. For later experiments in this chapter, we 

incorporated new aspects, mosquito biting and SFV infection, to this established 

model to investigate arbovirus infection in UV-exposed skin. C57BL/6 mice were 

exposed to 400mJ/cm2 of UV light on the skin on the upper side of their left feet. 

This level of UVR is equivalent to 2 Minimal Erythemal Doses (MED), the 

minimum dose required to cause erythema, or redness, of the skin. This dosage 

models a harmful exposure to the sun, or sunburn, in humans. The UV lamp 

used emits mostly UVB radiation (70-80%), with the remaining light being UVA. 
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While most studies on UV use only UVB, this model better replicates natural 

sunlight, which consists of both UVA and UVB. Although the proportions of each 

type are different, with the UV lamp emitting more UVB than the Sun. However, 

UVB is responsible for much of the harm caused by UV, including sunburn304.  
 

Initially, to characterise the phenotype of this model, histology sections from 

resting skin and mice with a UV burn were examined 24h post-UV exposure. 

The UV-exposed skin shows a noticeable inflammatory infiltrate to the skin at 

this timepoint (indicated by the arrow), particularly in the dermis, which is not 

present in the unexposed skin (Figure 3.2A). Furthermore, the structure of the 

skin is abnormal and disrupted by 24h post-UV. The epidermis is disrupted and 

damaged. The thickness of the skin layers was quantified using the imaging 

software QuPath to further investigate any changes to the tissue structure after 

exposure to an erythemal dose of UV. Although the depth of the epidermis and 

the dermis remained the same following a UV exposure, the fatty layer became 

significantly thinner (Figure 3.2B). Loss of the subcutaneous fat in this way is 

linked with fibrosis development in mice305,306. These findings displayed the 

marked physiological impact that exposure of the skin to an erythemal dose of 

UV has on the structure of the tissue.  
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Figure 3.2 | Skin exposed to erythemal UV is characterised by cellular 
infiltrate at 24h post-exposure 
(A) Histology of resting skin or skin exposed to erythemal UV 24h prior, taken from the 

dorsal region of C5BL/6 mice. Sections stained with H&E. Yellow arrow indicates cell 

infiltrate. Images shown are representative of the group. Scalebars measure 100 µm. 

Slides scanned at 20x magnification.  

(B) Measurements of epidermis, dermis and fatty layer thickness were taken from 10 

areas per condition using QuPath. Plots show the median value ± interquartile range. 

Data were analysed using unpaired t-test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 

0.0001). 

 

It has previously been shown that both the mosquito bite or mosquito saliva by 

itself enhances arbovirus infection. Saliva and mosquito bites increase vascular 
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permeability, and subsequently oedema at the skin, which facilitates entry of 

virus-permissive myeloid cells to the site126,134. As a result, increased oedema is 

associated with enhanced susceptibility to arbovirus infection. Importantly, one 

of the earliest symptoms of sunburn in humans is oedema, occurring as a result 

of UV-induced vasodilation226,237. This, together with the link between oedema 

and enhanced arbovirus infection, made it pertinent to investigate whether 

erythemal UV exposure increases vascular permeability in mouse skin, by 

measuring oedema at the skin 24h after a UV burn.  

 

Evan’s Blue Dye was used to quantify the amount of oedema and thereby 

vascular permeability in the UV exposed mice. This dye binds the protein 

albumin, in blood plasma307. At rest, the endothelial barrier does not allow 

movement of albumin through it. However, inflammation can increase vascular 

permeability, causing this barrier to lose its integrity and allow larger molecules, 

such as albumin, to pass through. As a result, the concentration of Evan’s Blue 

Dye in the tissue of interest, e.g. the skin, can be measured as an indication of 

vascular permeability and oedema at the inflamed site.  

 

To investigate the impact of UV on oedema, Evan’s Blue Dye was injected at 

the scruff of the neck, a site distant from the UV exposed skin in the feet. If 

required, mice were exposed to mosquito bites at the UV-exposed site 1h after 

dye had been injected, to determine the magnitude of any effect, with 

comparison to this known enhancer. Oedema was quantified based on the 

concentration of dye in the skin 3h after it had been injected. 

 

Compared to resting skin, oedema was increased in mice following a UV burn 

and this was even higher in mice exposed to a mosquito bite, in addition to a 

UV burn (Figure 3.3). This characterisation of the skin 24h after an erythemal 

UV exposure shows that this environmental factor drives a pro-inflammatory 

response at the skin which may present a favourable environment for arbovirus 

that promotes more efficient infection.   
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Figure 3.3 | Erythemal UV induces increased vascular permeability, alone 
and in combination with Aedes aegypti bite 
Mice were exposed to erythemal UV to upper right foot. 24h later, mice were injected 

s.c. with Evans blue to scruff of neck, distant from the burn site. Mice were then 

exposed to mosquito bites at the burn site. The extent of oedema was assessed by 

quantification of Evan’s blue dye leakage into skin at 3 h post-biting via colorimetric 

assay (n = 8). 

Plots show the median value ± interquartile range. Data were analysed using ordinary 

one-way ANOVA with Tukey’s multiple comparisons test (**P < 0.01, ****P < 0.0001) 

 

3.3 Arbovirus infection is enhanced in mice exposed to 
erythemal UV 24h prior, despite a robust induction of Type I IFN 
system during infection 
The phenotype of erythemal UV exposed skin 24h after the burn, shown in the 

previous section, mimic many aspects observed in mosquito-bitten skin, defined 

by increased oedema and inflammatory infiltrate to the tissue. The mosquito 

bite and/or mosquito salivary gland extract has been shown numerous times to 

enhance infection by a range of arboviruses from different virus 

families120,126,140,182. Therefore, hypothesised that erythemal UV exposure would 

also have the capability to alter host susceptibility to arbovirus infection. 

 

In order to investigate this, the in vivo model from Section 3.2 was adapted to 

include mosquito biting and arbovirus infection. C57BL/6 mice were exposed to 

an erythemal dose of UV to the dorsal (upper) side of the left foot as described 

Res
tin

g sk
in

UV 24
h

UV 24
h +b

ite
0

100

200

300

400

S
ki

n 
oe

de
m

a/
E

va
n’

s 
B

lu
e 

in
 s

er
um

 x
 1

03

✱✱

✱✱✱✱

✱✱

A)



 85 

earlier. Then 24h after the UV exposure, mice were exposed to bites from 2-3 

Aedes aegypti mosquitos at the UV burn site. Immediately after biting, the same 

site was inoculated s.c. with 104 PFU of the Aedes cell-derived arbovirus SFV4 

in a total volume of 0.5 µl using a microneedle, as previously described289. The 

microneedle and sub-microlitre volume of inoculum were used in order to mimic 

the injection of virus-containing saliva via the mosquito proboscis during a blood 

meal. As a whole, this in vivo model aims to replicate natural arbovirus 

transmission in UV-exposed skin as closely as possible. Mice were culled at 

24h post-infection and tissues were collected for analysis. Quantities of virus 

RNA at the skin were determined using qPCR to measure copy number of the 

SFV-encoded gene, E1, which codes for a viral membrane protein. Plaque 

assays were used to quantify quantities of infectious virus in the serum of mice, 

also known as viremia.  

 

At 24h post-infection, quantities of virus RNA in the inoculation site, the skin, 

were significantly higher in mice previously exposed to both UV and a mosquito 

bite than mice with resting skin (Figure 3.4A). Importantly, these mice had more 

SFV present in the skin than mice exposed to just a mosquito bite, a known 

enhancer of arbovirus infection120. These trends are evident to an even greater 

extent in the serum of infected mice, with the mice which were exposed to both 

a bite and a UV burn prior to infection experiencing ~100-fold higher quantities 

of viremia than mice with no burn or bite. (Figure 3.4B). Together, this data 

shows that erythemal UV significantly enhances host susceptibility to arbovirus 

infection, both in terms of quantities of virus RNA at the skin and spread of 

infectious virus to the blood.  
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Figure 3.4 | Erythemal UV enhances SFV infection at 24h post-UV 
(A-B) SFV RNA (E1 gene) copy number in inoculation site (skin) (A) and viral titres in 

the serum (B) 24hpi. Prior to infection, mice were either left unexposed or were 

exposed to an erythemal dose of UV on the skin on the upper side of the foot. All mice 

were then infected 24h post-exposure at the same site with 104 PFU of SFV4 in the 

presence or absence of a mosquito bite. (n = 6) 

Gene expression measured by qPCR. Titres of virus in serum determined by plaque 

assay. Plots show the median value ± interquartile range. Data were analysed using 

ordinary one-way ANOVA with Tukey’s multiple comparisons test (ns = not significant, 

**P < 0.01, ***P < 0.001). 

 
Furthermore, there is increasing evidence that UV exposure modulates 

induction of Type I IFN, locally in the skin and systemically296,298. As discussed 

in Section 1.2.1, the antiviral Type I IFN response is critical for limiting virus 

infection in vivo and their clearance and so any impact UV exposure of the skin 

has on this system has the potential to contribute to UV-mediated enhancement 

of infection. Therefore, we sought to define whether IFN and ISG expression 

are increased in our model of UV exposure. We characterised the Type I IFN 

response in our erythemal UV exposure model over time, in the absence of 

virus, to determine whether UV may induce an antiviral environment in the skin 

SFV al
one

Mosq
uito

 bite
+S

FV

UV+S
FV

UV+b
ite

+S
FV

102

103

104

105

106

SF
V 

E1
 c

op
ie

s 
pe

r 1
07  1

8S
 c

op
ie

s

Skin

ns

ns

✱✱

ns ✱✱

✱✱

SFV al
one

Mosq
uito

 bite
+S

FV

UV+S
FV

UV+b
ite

+S
FV

102

103

104

105

106

PF
U

/m
l s

er
um

Serum

ns

ns

✱✱✱

ns

✱✱✱

✱✱

A) B)



 87 

prior to infection. Following UV exposure, skin was collected from mice at 24h, 

48h, 72h or 96h post-erythemal UV exposure, with skin taken from resting 

controls as a comparison. Gene expression was quantified using qPCR.  

 

There was no measurable change in expression of IFN-β, one of the key IFNs 

in the Type I IFN system (Figure 3.5A). However, IFN-β can be difficult to detect 

due to its low expression levels even when upregulated in cells308. If IFN-β 

levels are undeterminable, expression of ISGs, which are induced in response 

to IFN stimulation, can demonstrate Type I IFN activity instead. We choose to 

study four prototypic ISGs, that have previously been shown to be upregulated 

by SFV infection in skin308. However, expression of these ISGs were also not 

significantly increased in the skin by 24h post-UV exposure, the timepoint at 

which mice were infected during previous experiments (Figure 3.5B). 

Upregulation of skin ISGs at time points beyond 48h are likely too late to 

modulate overall outcome to virus infection, as virus disseminates systemically 

within 24hpi. Nonetheless, we found that by 48h, only ISG15 and IFIT1 

expression had significantly increased compared to unexposed mice. By 72h 

post-exposure, expression of RSAD2 and CXCL10 had also significantly 

increased. This shows that significant induction of the Type I IFN system does 

not occur until 48h-post-UV. Therefore, the induction of Type I IFNs in response 

to erythemal UV exposure, although not completely suppressed, is somewhat 

delayed and so may be of limited benefit in protecting mice from arbovirus 

infection when transmitted at UV exposed skin at 24h post-UV. 

 



 88 

 
Figure 3.5 | Induction of Type I IFNs post-UV exposure is too late to 
modulate infection outcome  
(A-B) IFN-β (A) or ISG (B) gene expression in the skin of mice following erythemal UV 

exposure. Mice were exposed to a single erythemal UV dose and skin was collected at 

either 24, 48, 72 or 96 hours post UV exposure. Control tissues were taken from 

unexposed mice. Gene expression was measured in the skin by qPCR. (n ≥ 6) 

Plots show the median value ± interquartile range. Data were analysed using Kruskal-

Wallis test with Dunn’s multiple comparison test (ns = not significant, *P < 0.05, **P < 

0.01, ***P < 0.001, ****P < 0.0001). 

 

The robust induction of the Type I IFN response by 48-72h post-UV exposure 

shown in the last figure led us to consider whether erythemal UV exposure still 

enhances host susceptibility to arbovirus infection at timepoints later than 24h 

post-UV exposure, in the presence of these antiviral responses. To investigate 

this, we infected mice with SFV at either 24h, 48h or 72h post-UV exposure. At 

24hpi, quantities of virus RNA in the skin were significantly higher than 

unexposed mice, as expected (Figure 3.6A). However, virus quantities in the 
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skin decreased in mice exposed to UV 48h and 72h before infection, the 

timepoints at which we had shown an increase in expression of antiviral ISGs in 

the inoculation site, the skin, in response to erythemal UV. As before, virus RNA 

quantities in the skin were mirrored by infectious virus titres in the blood. 

Viremia significantly increased in mice exposed to UV 24h prior, before 

decreasing closer to normal infection quantities in mice exposed to UV 48h and 

72h before infection (Figure 3.6B). This shows that virus infection appears to be 

better controlled at a similar timepoint when ISG expression is induced in 

response to the erythemal UV exposure, although this could be coincidental.  

 

 
Figure 3.6 | UV-mediated enhancement of arbovirus infection dips at 48h 
and 72h post-exposure 
(A-B) SFV RNA (E1 gene) copy number in inoculation site (skin) (A) and viral titres in 

the serum (B) 24hpi. Prior to infection, mice were either left unexposed or were 

exposed to an erythemal dose of UV on the skin on the upper side of the foot. All mice 

were then infected at either 24h, 48h or 72h post-exposure at the same site with 104 

PFU of SFV4 in the presence of a mosquito bite. (n ≥ 6) 

Gene expression measured by qPCR. Titres of virus in serum determined by plaque 

assay. Plots show the median value ± interquartile range. Data were analysed using 

Kruskal-Wallis test with Dunn’s multiple comparison test (ns = not significant, *P < 0.05, 

***P < 0.001). 

 
Although we had characterised the Type I IFN response in UV-exposed skin, we 
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examine expression of a Type I IFN and key antiviral ISGs in the skin of virus 

infected mice with unexposed skin, or skin which had been exposed to UV 24h, 

48h or 72h prior to SFV infection. Interestingly, IFN-β expression was 

significantly higher in the skin of mice exposed to UV 24h prior to infection, 

compared to unexposed mice, the timepoint at which susceptibility to arbovirus 

infection is significantly increased in UV-exposed mice (Figure 3.7A). However, 

there was no significant difference in expression of IFN-β in mice exposed to 

UV 48h or 72h before virus infection. This contrasts the results from Figure 3.5, 

which showed that exposure of skin to erythemal UV did not significantly 

increase expression of IFN-β between 24-96h post-UV exposure, in the 

absence of virus. We also quantified expression of some key antiviral ISGs, 

ISG15, IFIT1, CXCL10 and RSAD2, which act as the effector molecules of the 

Type I IFN system. These ISGs were all significantly higher in mice exposed to 

UV 24h before infection, compared to unexposed mice (Figure 3.7B). The 

exception to this was IFIT1 which was not significantly increased in UV-exposed 

mice. Again, there was no difference in expression of these ISGs in mice 

exposed to UV 48h or 72h prior to infection compared to unexposed mice. This 

differs from the induction of ISGs by 48h and 72h post-UV in the absence of 

virus shown in Figure 3.5, suggesting that virus may be interfering with this 

system by later timepoints. Nevertheless, The induction of IFN/ISG expression 

parallels the quantity of SFV RNA (Figure 3.6A), suggesting that this difference 

in skin IFN may be driven by quantity of skin virus. This suggests that although 

ISGs are expressed to a high level during SFV infection in UV-exposed skin at 

24h post-UV, this is not enough to control the virus during UV-mediated 

enhancement of infection at this timepoint. 
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Figure 3.7 | Expression of the type I IFN, IFN-β, and key antiviral ISGs peak 
at timepoints when UV-mediated enhancement of arbovirus infection is 
highest 
(A-B) IFN-β (A) or ISG (B) copy number in inoculation site (skin) 24hpi. Prior to 

infection, mice were either left unexposed or were exposed to an erythemal dose of UV 

on the skin on the upper side of the foot. All mice were then infected at either 24h, 48h 

or 72h post-exposure at the same site with 104 PFU of SFV4 in the presence of a 

mosquito bite. (n ≥ 6) 

Gene expression measured by qPCR. Plots show the median value ± interquartile 

range. Data were analysed using Kruskal-Wallis test with Dunn’s multiple comparison 

test (ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001). 

 

Hypothetically, suppression of IFN function could explain how UV exposure 

enhances susceptibility to virus. However, due to our findings showing robust 

Type I IFN induction during infection in UV-exposed mice, we hypothesised that 

UV-mediated enhancement of infection occurs independently of the Type I IFN 

system. To definitively determine whether Type I IFN was required for the 

observed increase in host susceptibility to arbovirus infection in UV exposed 

mice at 24h post-UV, we used the Ifnar-/- mouse strain. These mice lack the 

Type I IFN receptor and so can’t respond to stimulation by IFN-α or IFN-β. 

These mice were either left unexposed or were exposed to erythemal UV 24h or 

48h prior to infection with 500 PFU of SFV4. Due to the immunodeficient status 

of these mice, a lower dose of SFV was used compared to our previous 

experiment to minimise the severity of the infection with regards to the welfare 

of the mice. For the same reason, we did not incorporate a mosquito bite in this 
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model either, due to the virus-enhancing properties of the bite. At 24hpi, Ifnar-/- 

mice exposed to erythemal UV 24h prior to infection still had significantly higher 

quantities of virus in the skin compared to unexposed Ifnar-/- mice (Figure 3.8A). 

Despite this, viremia was not significantly different in Ifnar-/- mice exposed to 

erythemal UV 24h prior, although there is an increasing trend (Figure 3.8B). 

However, Ifnar-/- mice exposed to erythemal UV 48h before infection did not 

have significantly higher quantities of virus RNA in the skin (Figure 3.8C) or 

infectious virus in the serum (Figure 3.8D) by 24hpi compared to unexposed 

mice. In summary, since an erythemal UV exposure 24h prior to infection still 

enhances arbovirus infection in both WT and Ifnar-/- mice, which are unable to 

respond to IFN-α or IFN-β, this suggests that suppression of the Type I IFN 

system by UV is unlikely to explain the increased susceptibility that occurs at 

this timepoint. 

 

 
Figure 3.8 | Erythemal UV enhances SFV infection in Ifnar-/- mice at 24h 
post-UV 
(A-B) SFV RNA (E1 gene) copy number in inoculation site (skin) (A, C) and viral titres 

in the serum (B, D) 24hpi. Prior to infection, Ifnar-/- mice were either left unexposed or 

were exposed to an erythemal dose of UV on the skin on the upper side of the foot. All 
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mice were then infected 24h (A, B) or 48h (C, D) post-exposure at the same site with 

500 PFU of SFV4. (n = 5) 

Gene expression measured by qPCR. Titres of virus in serum determined by plaque 

assay. Plots show the median value ± interquartile range. Data were analysed using 

Mann-Whitney test (ns = not significant, *P<0.05). 

 

3.4 Although there are more proliferating cells present in the 
skin of mice exposed to erythemal UV 24h prior to infection, 
SFV does not preferentially infect proliferating cells at this 
timepoint 
The above findings suggest the modulation of the Type I IFN system by UV, as 

a driving mechanism behind enhancement of arbovirus infection following an 

acute erythemal UV exposure, is unlikely to explain this phenotype. Therefore, 

we considered whether the phenotype could be related to other effects that UV 

exposure has on skin. Some cell types in the skin proliferate in response to UV 

exposure232. Additionally, SFV has been used as an oncolytic virus, due to its 

ability to replicate more efficiently in proliferating cells309–311. Based on this 

evidence, we considered whether SFV may infect proliferating cells in the skin, 

of which there may be more due to the prior exposure of the skin to erythemal 

UV 24h before infection. 

 

First, we simply wanted to determine whether exposure of skin to erythemal UV 

induces proliferation of cells in the skin at 24h post-UV. To investigate this, we 

used EdU (5-ethynyl-2´-deoxyuridine) to identify proliferating cells. EdU, a 

thymidine analogue, incorporates into DNA as it is being synthesised during cell 

proliferation312.  Skin cells were collected from mice (24hpi), which had either 

been exposed to prior erythemal UV (24 hours before virus) and infected with 

virus, or left unexposed and then infected, or left unexposed and uninfected as 

a control. These cells were then incubated with EdU in vitro for 2 hours, to allow 

the molecule to bind to the DNA of any proliferating cells. Proliferating cells 

were then identified by tagging EdU with a fluorescent marker using Click-IT 

chemistry, for subsequent detection via flow cytometry. In comparison to resting 

skin, there was no significant difference in the number of proliferating cells in 

the skin of mice infected with SFV alongside a mosquito bite (Figure 3.9). 

Importantly, erythemal exposure of mice 24h prior to infection did significantly 
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increase the proliferation of cells in the skin compared to resting skin. This 

suggests that erythemal UV exposure of the skin drives proliferation of cells at 

24h post-UV.  

 

 
Figure 3.9 | UV exposure drives proliferation of cells at 24h post-UV 
EdU+ cells in the skin as a percentage of total live cells. Prior to infection, mice were 

either left unexposed or were exposed to an erythemal dose of UV on the skin on the 

upper side of the foot. All mice were then infected 24h post-exposure at the same site 

with 103 PFU of SFV6-mCHERRY in the presence of a mosquito bite. Skin from the 

exposed site was collected 24h post-exposure and digested to isolate single cells. 

Cells were incubated with EdU, a thymidine nucleoside analogue, for 2 hours. EdU+ 

cells were then tagged with a fluorophore using Click-IT chemistry so that proliferating 

cells could be identified using flow cytometry. (n = 4)  

Plots show the median value ± interquartile range. Data were analysed using Kruskal-

Wallis test with Dunn’s multiple comparison test (ns = not significant, *P < 0.05). 

 

As there are more proliferating cells in the skin in UV-exposed mice during 

infection, we hypothesised that virus would replicate more efficiently in these 

proliferating cells during UV-mediated enhancement of infection, and that this 

could contribute to higher quantities of virus observed in UV-exposed mice.  

 

To identify infected cells using flow cytometry, we incorporated a strain of SFV 

that expresses fluorescent proteins, SFV6-mCHERRY, into the in vivo model. 

Together, this allowed us to identify cells which were both infected and 

proliferating. We first confirmed by qPCR that SFV6-mCHERRY is enhanced by 

erythemal UV. There was still an over 100-fold increase in virus RNA in the skin 

in mice which had been exposed to erythemal UV 24h prior to infection in vivo 



 95 

compared to skin from control mice (Figure 3.10A). Inability to reach statistical 

threshold was most likely simply due to low number of biological replicates 

(n=4), and the ability of non-parametric statistical tests, such as the Mann-

Whitney test used here, to generate p values of less than 0.05. Nevertheless, 

we were satisfied that the data followed the same trend as is observed during 

UV-mediated enhancement of SFV4, and so moved forward with the use of 

SFV6-mCHERRY as an experimental tool to identify infected cells by flow 

cytometry.  

 

Next, we quantified the number of cells in the skin which were EdU+ or EdU- 

and also SFV+ using flow cytometry. To assess whether SFV was preferentially 

infecting proliferating cells, we analysed all SFV-mCHERRY+ cells, so that the 

analysis wouldn’t be affected by there simply being more proliferating cells in 

the UV-exposed group. Interestingly, there was no change in the number of 

infected cells that were also proliferating in the mice exposed to erythemal UV 

24h prior to infection, compared to unexposed mice (Figure 3.10B). There was 

also no difference in the number of infected cells that were classed as ‘non-

proliferating’ (EdU-) (Figure 3.10C). To confirm that SFV does not preferentially 

infect proliferating cells over non-proliferating cells in mice exposed to 

erythemal UV 24h prior to infection, we calculated the ratio of ‘infected, 

proliferating cells’ to ‘infected, non-proliferating cells’. As the ratio is less than 1 

for both groups, this confirms that the virus did not disproportionately infect 

proliferating cells over non-proliferating cells in UV-exposed mice (Figure 

3.10D). This was despite there being more proliferating cells present in the skin 

of UV exposed mice.  
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Figure 3.10 | Although there are more proliferating cells in UV exposed 
skin, SFV does not preferentially infect proliferating cells during UV-
mediated enhancement of infection 24h post-UV 
(A-D) Prior to infection, mice were either left unexposed or were exposed to an 

erythemal dose of UV on the skin on the upper side of the foot. All mice were then 

infected 24h post-exposure at the same site with 103 PFU of SFV6-mCHERRY in the 

presence or absence of a mosquito bite. Skin from the exposed site was collected 24h 

post-exposure and digested to isolate single cells. Cells were incubated with EdU, a 

thymidine nucleoside analogue, for 1-2. EdU+ cells were then tagged with a 

fluorophore using Click-IT chemistry. Proliferating cells (EdU+) and infected cells 

(SFV6-mCHERRY+) could then be identified using flow cytometry. (n = 4)  

(A) SFV RNA (e1 gene) copy number in inoculation site (skin) was measured at 24hpi 

by qPCR. 

(B-C) Cells were first gated on SFV+ and then split into ‘infected, proliferating cells’ 

(SFV+EdU+) (B) or ‘Infected, non-proliferating cells’ (SFV+EdU-) (C). 
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(D) Ratio of ‘infected, proliferating cells’ to ‘infected, non-proliferating cells’. Ratio of >1 

indicates that the virus is preferentially infecting ‘proliferating cells’. Ratio of <1 

indicates that the virus is preferentially infecting ‘non-proliferating cells’. 

Plots show the median value ± interquartile range. Data were analysed using Mann-

Whitney test (ns = not significant). 

 

3.5 Immune cell fraction of skin have higher quantities of virus 
RNA than non-immune cells, during UV-mediated enhancement 
of infection at 24h post-UV exposure 
During mosquito bite-mediated enhancement of infection, SFV infects 

leukocytes recruited via permeable blood vessels as a result of bite-associated 

inflammation289,313. As there was also evidence of increased oedema and 

cellular infiltrate at the skin at 24h post-UV, we wanted to determine whether 

either CD45+ (immune cells) or CD45- (epithelial and stromal cells) were 

targeted by the virus for replication during infection at 24h post-erythemal UV. 

To investigate this, we interrogated the quantity of virus RNA in the skin in non-

immune cells compared to immune cells in unexposed mice and UV-exposed 

mice. Mice were exposed to erythemal UV or left resting and then infected with 

SFV 24h later. At 6hpi, skin from the inoculation site was digested and magnetic 

separation was used to isolate CD45+ cells from CD45- cells. We used flow 

cytometry on each fraction to determine the purity of the magnetic separation. 

While in the CD45+ fraction there were still some CD45lo cells present, almost 

all CD45hi cells had been effectively removed from the CD45- fraction (Figure 

3.11A-B).  

 

Following confirmation of CD45-enrichment in the CD45+ fraction and CD45-

depletion in the CD45- fraction, we examined the quantities of virus RNA in 

each compartment. In mice that had not been exposed to UV prior to infection, 

there was a relatively equal quantities of virus RNA present in the immune cells 

compared to the epithelial and stromal cells (Figure 3.11C). Interestingly 

though, the immune cells which had been isolated from UV-exposed mice had 

significantly higher quantities of virus RNA compared to the non-immune cells 

taken from the same mice (Figure 3.11D). This suggests that immune cell 

fraction exhibit a higher virus burden in the skin during SFV infection in mice 

exposed to UV 24h prior.  
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Figure 3.11 | Leukocytes are disproportionately infected by arbovirus 
during UV-mediated enhancement of infection 
(A-D) Mice were either exposed to a single erythemal UV dose or left unexposed. All 

mice were infected 24 hours post UV exposure with 104 PFU of SFV4 in the presence 

of a mosquito bite. Skin from the inoculation site was collected 6hpi and digested to 

isolate single cells. Magnetic separation was used to separate cells expressing CD45 

(CD45+) from the remaining cells (CD45-). (n = 8) 

(A, B) Cells from the CD45+ (A) and the CD45- (B) fractions after CD45+ separation. 

(C, D) SFV RNA (E1 gene) copy number in the CD45+ and CD45- fractions in 

unexposed (C) and UV-exposed (D) mice were determined at 6hpi by qPCR.  

Plots show the median value ± interquartile range (C-D). Data were analysed using 

Mann-Whitney test (ns = not significant, *P < 0.05). 

 

To uncover what drives the increased quantities of virus RNA in immune cells 

during UV-mediated enhancement of infection, we next sought to determine 

whether UV exposure of the skin prior to infection simply makes virus-

permissive cells inherently more susceptible to virus infection. If true, this could 

explain the higher quantities of virus observed in immune cells in the previous 

figure. We collected and digested resting skin and skin from mice exposed to 
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UV 24h prior and infected these cells with SFV in vitro to determine whether 

cells from UV-exposed mice would be more permissive to arbovirus infection ex 

vivo. When we quantified the virus RNA in these cells we found that there was 

no difference in quantities of virus in cells from UV-exposed mice, compared to 

unexposed mice (Figure 3.12C). This suggests that enhancement of arbovirus 

infection only occurs in vivo. This experiment was then repeated but magnetic 

separation was used to separate cells into CD45+ and CD45- populations prior 

to infection, to ascertain whether these was any difference in susceptibility of 

either cell population to SFV infection in vitro after being exposed to UV in vivo. 

We confirmed that the CD45+ fraction was enriched with CD45+ cells and that 

CD45+ cells had been removed from the CD45- fraction before analysing virus 

burden in the two compartments (Figure 3.12A,B). Again, there was no 

difference in quantities of virus RNA in immune cells or non-immune cells from 

either UV-exposed mice or unexposed mice following in vitro infection (Figure 

3.12D). This shows that UV does not influence susceptibility to arbovirus 

infection on a cell-by-cell basis.  
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Figure 3.12 | No inherent difference in permissiveness of cells to 
arbovirus infection 24h after erythemal UV exposure 
(A-D)  Mice were either exposed to a single erythemal UV dose or left unexposed. Skin 

from the exposed site was collected 24h post-exposure and digested to isolate single 

cells. Cells were then infected with SFV4 in vitro either immediately, or following 

magnetic separation into immune cell (CD45+) and stromal or epithelial cells (CD45-) 

compartments. Quantities of virus RNA were analysed at 16hpi. (n = 8) 

(A, B) Cells from the CD45+ (A) and the CD45- (B) fractions after CD45+ separation. 

(C) SFV RNA (E1 gene) copy number in all cells taken from skin of UV-exposed mice 

compared to unexposed mice at 16hpi in vitro. (D) SFV RNA (E1 gene) copy number in 

CD45+ and CD45- fractions from unexposed (C) and UV-exposed (D) mice at 16hpi in 

vitro.  

Gene expression measured by qPCR. Plots show the median value ± interquartile 

range (C-D). Data were analysed using Mann-Whitney test (C) or Kruskal-Wallis test 

with Dunn’s multiple comparison test (ns = not significant). 

 

 
3.6 Arbovirus-permissive leukocytes are recruited to the skin in 
higher numbers in mice exposed to erythemal UV 24h prior to 
infection  
Next, we sought to understand whether erythemal UV-mediated enhancement 

of infection at 24h post-UV could be driven by similar mechanisms to those 

which cause increased susceptibility of mice when infected alongside a 

mosquito bite. Following a bite, neutrophils and monocytes are recruited to the 

skin in vivo120. While neutrophils promote an inflammatory state in the skin, 

monocytes are also permissive to arbovirus infection. This, together with the 

evidence shown in Figure 3.11 that immune cells have higher quantities of virus 

RNA during UV-mediated enhancement of infection, led us to investigate 

whether leukocyte recruitment is altered during UV-mediated enhancement of 

arbovirus infection at 24h post-UV in a similar way to what we see following a 

mosquito bite. 

 

The most prominent chemokines which attract neutrophils and monocytes to the 

skin are CXCL2 and CCL2 respectively, and so we examined expression of 

these gene transcripts in the skin of mice to see if levels change in response to 
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erythemal UV. Initially, we assessed chemokine gene expression in the skin of 

mice 24h, 48h, 72h or 96h and compared this to unexposed skin, in the 

absence of SFV infection. There was no significant increase in expression of 

either CCL2 or CXCL2 by 24h post-UV exposure (Figure 3.13A). Both 

chemokines were significantly upregulated by 48h post-exposure and this 

increase was maintained up to 96h post-exposure. However, when we 

quantified expression of these chemokines in the skin of SFV infected mice 

exposed to UV 24h, 48h, 72h or 1wk prior to infection, we found that CCL2 was 

significantly upregulated in mice exposed to UV 24h or 1wk prior to infection. 

These were the two timepoints at which susceptibility to virus infection peaks 

following UV exposure, compared to mice with no UV exposure (Figure 3.13B). 

Contrastingly, the neutrophil chemoattractant, CXCL2, was only significantly 

increased in mice exposed to UV 72h or 1wk prior to infection compared to 

resting mice. Expression of this gene in mice exposed to UV 24h or 48h before 

infection did not change significantly. However, it should be noted that although 

chemokine expression was not significantly upregulated at some of these 

timepoints, there is a clear overall trend for increased expression with UV. 

Infection with virus increases this trend with more substantial upregulation of 

CCL2 in UV exposed skin by 24hpi.  
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Figure 3.13 | Erythemal UV exposure drives expression of myeloid cell 
chemoattractants 
(A-B) Chemokine gene expression in the skin of mice exposed to a single erythemal 

UV dose. (A) Skin was collected at either 24, 48, 72 or 96 hours post UV exposure. 

Control tissues were taken from unexposed mice. (B) Mice were infected with SFV4 at 

either 24, 48, 72 or 1wk post UV exposure or at rest and skin was collected 24hpi. (n = 

6) 

Gene expression measured by qPCR. Plots show the median value ± interquartile 

range. Data were analysed using Kruskal-Wallis test with Dunn’s multiple comparison 

test (ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). 

 

CXCL2 and CCL2 are known to recruit neutrophils and monocytes, respectively. 

Therefore, we hypothesised that the increased expression of CCL2 in mice 

exposed to UV 24h prior to infection would lead to more monocytes being 

recruited to the UV-exposed skin during arbovirus infection. To assess this, we 

used flow cytometry to phenotype and count neutrophils and monocytes present 

in the skin of mice 16h after infection with 104 PFU of SFV4 in the presence or 

absence of a mosquito bite. 24h prior to infection, mice had been left 

unexposed or exposed to erythemal UV. This allowed us to compare the cell 

profile during infection following erythemal UV to that following a mosquito bite, 

which is known to bring in monocytes120. 

 

Neutrophil numbers were increased by 16hpi in both groups of mice exposed to 

erythemal UV 24h prior to infection, compared to non-UV exposed mice (Figure 

3.14A-B). This mirrors the trend in increased CXCL2 expression, suggesting 

leukocyte recruitment has been activated (Figure 3.13). Similarly, monocyte 

numbers were significantly higher by 16hpi in UV-exposed mice compared to 

unexposed mice. Therefore, there are more monocytes and neutrophils in UV-

exposed mice during infection.  
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Figure 3.14 | Myeloid cells are recruited to UV-exposed skin in higher 
numbers during infection 
(A) Neutrophil (CD45+CD11b+Ly6Ghi) and monocyte (CD45+CD11b+Ly6C+) migration to 

skin measured by flow cytometry at 16hpi. (B) Numbers represent percent of Ly6C+ or 

Ly6Ghi cells of all live cells. Prior to infection, mice were either left unexposed or were 

exposed to an erythemal dose of UV on the skin on the upper side of the foot. All mice 

were then infected 24h post-exposure at the same site with 104 PFU of SFV4 in the 

presence or absence of a mosquito bite. (n = 6) 

Plots show the median value ± interquartile range. Data were analysed using Kruskal-

Wallis test with Dunn’s multiple comparison test (ns = not significant, *P < 0.05, **P < 

0.01, ***P < 0.001, ****P < 0.0001). 

 

Monocytes are not the only leukocytes which are permissive to arbovirus 

infection, and therefore of relevance in terms of their presence in the skin during 

UV-mediated enhancement of infection 24h post-UV. Macrophages and DCs 

have also been shown to be targets of infection by a number of arboviruses, 

including SFV, ZIKV, and CHIKV119,120,141,142,314. For this reason, we next 

interrogated the number of macrophages and DCs in the skin, following an 

erythemal UV exposure, both in response to the burn alone and also during 
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arbovirus infection. Mice were either exposed to erythemal UV exposure or left 

resting. 24h after the UV exposure, mice were infected with SFV or left 

uninfected. All mice were culled 16hpi. This experiment was designed in such a 

way that we could compare leukocyte numbers following UV exposure in the 

presence or absence of virus.  

 

SFV infection in non-UV exposed skin does not significantly increase the 

number of macrophages by 16hpi, compared to resting, uninfected skin (Figure 

3.15A). More importantly, there were significantly more macrophages in UV-

exposed skin compared to resting skin. Although there were not significantly 

higher numbers of macrophages in the skin of infected, UV-exposed mice, there 

was an increasing trend in the number of these cells. A trend for reduced 

numbers of macrophages in both SFV-infected groups could be attributed to the 

lytic replication cycle of SFV causing cell death in infected macrophages. There 

was no significant difference in the number of DCs in the skin between any of 

the groups (Figure 3.15B). 

 

This data shows that there are more macrophages present in UV-exposed skin 

24h after erythemal UV exposure, suggesting that macrophages are recruited to 

the skin in response to the burn, or differentiate from recruited monocytic cells. 

Since some macrophages are susceptible to arbovirus infection, these cells, 

along with the increased numbers of monocytes shown in Figure 3.14, could 

provide new cellular targets for virus replication, leading to increased quantities 

of virus RNA present in the skin of mice exposed to erythemal UV 24h prior to 

infection. 
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Figure 3.15 | Increased numbers of macrophages in skin exposed to 
erythemal UV 24h prior 
(A-B) Macrophage (CD45+Ly6G-CD11b+MerTK+) (A) and DC (CD45+Ly6C-

CD11cintMHCII+) (B) migration to skin measured by flow cytometry at 16hpi. Gating 

strategy used during analysis outline in Section 2.19.5. Numbers represent percent of 

indicated cell type of all live cells. Prior to infection, mice were either left unexposed or 

were exposed to an erythemal dose of UV on the skin on the upper side of the foot. 

Mice were then left resting or infected post-exposure at the burn site with 104 PFU of 

SFV4. (n = 4) 

Plots show the median value ± interquartile range. Data were analysed using Kruskal-

Wallis test with Dunn’s multiple comparison test (ns = not significant, *P < 0.05). 

 

Despite the results of Figure 3.11 showing that SFV disproportionately infects 

immune cells during UV-mediated enhancement of arbovirus infection at this 

acute timepoint, we have previously found evidence of SFV infection in 

keratinocytes and fibroblasts119. Additionally, UV exposure also drives 

keratinocytes proliferate in mice315. Therefore, we decided to assess numbers 

of three CD45- cell populations, endothelial cells, fibroblasts and epithelial cells, 

in the skin following an erythemal UV exposure, both in response to the burn 

alone and also during arbovirus infection, following the same protocol as the 

previous experiment. 
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Interestingly, the numbers of fibroblasts and epithelial cells, which include 

keratinocytes, were significantly reduced in the skin of mice exposed to UV and 

SFV infection by 16hpi, compared to resting, uninfected mice (Figure 3.16B-C). 

Additionally, endothelial cells were significantly reduced in the UV-exposed mice 

following SFV infection, compared to uninfected, UV-exposed mice (Figure 

3.16A). This may reflect changes in cell division, or that leukocyte entry into 

tissue will also alter apparent cell number when expressed as a percentage.  

 

 
Figure 3.16 | Reduction in CD45- cell numbers during UV-mediated 
enhancement of infection at 24h post-exposure 
(A-C) Endothelial cell (CD45-CD31+) (A), fibroblast (CD45-Vimentin+) (B) and epithelial 

cell (CD45-EP-CAM+) (C) numbers in skin measured by flow cytometry at 16hpi. Gating 

strategy used during analysis outline in Section 2.19.5. Numbers represent percent of 
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indicated cell type of all live cells. Prior to infection, mice were either left unexposed or 

were exposed to an erythemal dose of UV on the skin on the upper side of the foot. All 

mice were then infected 24h post-exposure at the same site with 104 PFU of SFV4 in 

the presence or absence of a mosquito bite. (n = 4) 

Plots show the median value ± interquartile range. Data were analysed using Kruskal-

Wallis test with Dunn’s multiple comparison test (ns = not significant, *P < 0.05, **P < 

0.01). 

 

3.7 Infection of leukocytes recruited in response to erythemal 
UV exposure drives UV-mediated enhancement of arbovirus 
infection at 24h post-UV exposure 
In the previous section, we had shown that there are significantly more 

monocytes and macrophages in the skin of UV-exposed mice, compared to 

resting skin. We had also shown that the virus disproportionately infected 

immune cells in UV-exposed skin. Together, our data led us to hypothesise that 

erythemal UV exposure results in recruitment of immune cells, both monocytes 

and macrophages, which are virus-permissive and that SFV then uses these 

cells for virus replication, contributing to the enhanced susceptibility observed in 

UV-exposed mice.  

 

To determine whether this was true, we aimed to identify which cell types are 

infected by SFV and whether virus burden in these cells is different during UV-

mediated enhancement of infection at 24h post-UV. To do this, we infected mice 

with SFV6-mCHERRY, the fluorescent strain of SFV which we had previously 

used. We again examined the three main innate immune cells which are both 

permissive to arbovirus infection and also involved in the antiviral response 

during the first 24h of SFV infection: monocytes, macrophages and DCs. We 

found that by 16hpi there are significantly more infected monocytes and 

macrophages in the skin of mice exposed to UV 24h prior to infection (Figure 

17.A,B). However, there is no change in the number of infected DCs in the skin 

of these same mice (Figure 17.C). This shows that SFV infects monocytes and 

macrophages which are brought to UV-exposed skin by 24h post-UV.  
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Figure 3.17 | Arbovirus replicates in cells which were recruited in 
response to erythemal UV exposure 
(A-C) Number of infected monocytes (CD45+Ly6C-CD11c-MHCII+) (A), macrophages 

(CD45+Ly6G-CD11b+MerTK+) (B), DCs (CD45+Ly6C-CD11cintMHCII+) (C), measured by 

flow cytometry at 16hpi. Gating strategy used during analysis outline in Section 2.19.5. 

Numbers represent percent of indicated SFV6-mCHERRY+ infected cell type of all live 

cells. Prior to infection, mice were either left unexposed or were exposed to an 

erythemal dose of UV on the skin on the upper side of the foot. All mice were then 

infected 24h post-exposure at the same site with 103 PFU of SFV6-mCHERRY in the 

presence or absence of a mosquito bite. (n = 4) 

Plots show the median value ± interquartile range. Data were analysed using a Mann-

Whitney test (ns = not significant, *P < 0.05, ** P < 0.01). 

 

We had shown in Figure 3.16 that there was a reduction in the number of two 

key CD45- cell types, fibroblasts and epithelial cells, in the skin of UV-exposed 

mice during SFV infection. Additionally, Figure 3.11 showed an increased virus 

burden in immune cells, rather than CD45- cells, in UV-exposed mice. These 

findings suggest that CD45- cells are not the source of increased virus 

replication in the skin of mice exposed to erythemal UV 24h prior to infection, 

and therefore, not critical for enhancement of arbovirus infection in UV-exposed 

mice at this timepoint. Nevertheless, we interrogated the number of SFV6-

mCHERRY infected epithelial cells, endothelial cells and fibroblasts present in 

the skin 16hpi to definitively rule this out.  
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As expected, while there was evidence of infected cells belonging to all three 

lineages of CD45- cell in the skin by 16hpi in all groups of mice, there were no 

change in the number of infected endothelial cells, fibroblasts or epithelial cells 

in the skin of mice which had been exposed to erythemal UV 24h prior to 

infection, compared to unexposed mice (Figure 18.A-C). This confirms the 

results from Figure 3.11 which found that SFV does not disproportionately infect 

CD45- cells in UV exposed mice 24h post-UV. Therefore, it is unlikely that a 

change in virus burden within this population of cells is responsible for the 

increase in susceptibility to arbovirus infection in mice exposed to erythemal UV 

24h prior.  

 

 
Figure 3.18 | Arbovirus does not preferentially infect CD45- cells during 
UV-mediated enhancement of infection at 24h post-UV 
(A-C) Number of infected endothelial cells (CD45-CD31+) (A), fibroblasts (CD45-

Vimentin+) (B) and epithelial cells (CD45-EP-CAM+) (C), measured by flow cytometry at 

16hpi. Gating strategy used during analysis outline in Section 2.19.5. Numbers 

represent percent of indicated SFV6-mCHERRY+ infected cell type of all live cells. Prior 

to infection, mice were either left unexposed or were exposed to an erythemal dose of 

UV on the skin on the upper side of the foot. All mice were then infected 24h post-

exposure at the same site with 103 PFU of SFV6-mCHERRY in the presence or 

absence of a mosquito bite. (n = 4) 

Plots show the median value ± interquartile range. Data were analysed using a Mann-

Whitney test (ns = not significant). 

 

 

SFV

UV 24
h + 

SFV
0

1

2

3

4

%
 o

f l
iv

e 
ce

lls

ns

SFV

UV 24
h + 

SFV
0

1

2

3

4

%
 o

f l
iv

e 
ce

lls

ns

SFV

UV 24
h + 

SFV
1.0

1.2

1.4

1.6

1.8

2.0

Infected Epithelial Cells

%
 o

f l
iv

e 
ce

lls

ns

A) B) C)
Infected Endothelial Cells Infected Fibroblasts



 110 

3.8 Aedes aegypti mosquitos are more likely to bite UV-exposed 
skin 
Finally, we sought to explore the impact erythemal UV exposure may have on 

skin temperature and whether this in turn impacts mosquito behaviour towards 

UV-exposed skin. Mosquitos display heat-seeking behaviours in order to find a 

blood meal and so any change in skin temperature due to UV exposure has the 

potential to significantly alter the likelihood of a mosquito feeding from the 

host316–318.  

 

It was first important to define whether UV exposure alters the temperature of 

mouse skin, as this was not known. An infrared thermometer was used to 

measure the temperature of the burn site every 24h after the UV burn was 

administered. The temperature of skin increased by almost 1.5°C 24h after the 

erythemal UV exposure (Figure 3.19). The temperature rise peaked at this 

timepoint before gradually falling between 48-72h post-UV and returning to 

normal by 96h post-UV. 

 

 
Figure 3.19 | Erythemal UV raises temperature of skin 
Mice were shaved before being exposed to erythemal UV on their dorsal regions. 

Temperature of the burn site was then measured using an infrared thermometer every 

24h post-UV exposure (n = 8). 

Plots show the median value ± interquartile range. 

 

Following on from this, we observed Aedes aegypti feeding behaviour on mice 

which had been exposed to erythemal UV 24h prior compared to unexposed 

mice to determine whether mosquitos were more likely to land or probe on UV-

exposed skin. We hypothesised that the increase in the temperature of the skin 

0 24 48 72 96 120 144
29.0

29.5

30.0

30.5

31.0

31.5

32.0

Hours post-UV exposure

Te
m

pe
ra

tu
re

 (°
C

)

A)



 111 

following a UV exposure would lead to mosquitos being more likely to interact 

with UV-exposed skin. Unexpectedly, there was no difference in the time it took 

for a mosquito to land on UV exposed skin compared to resting skin (Figure 

3.20A). However, a higher number of mosquitos landed and probed the UV-

exposed mice (Figure 3.20B). Additionally, once a mosquito had landed on the 

skin, they spent significantly longer probing the skin for a blood meal on the UV-

exposed mice (Figure 3.20C). Therefore, mosquitos are more likely to be 

attracted to UV-exposed skin and show increased probing times when trying to 

take a blood meal from this skin. 

 

 
Figure 3.20 | Mosquitos show more interest in and spend more time 
probing UV-exposed skin 
(A-C) Mice were exposed to an erythemal UV dose to upper right foot. 24h later mice 

were exposed to mosquito bites at the burn site. (A) Time from when mouse skin was 

exposed to cage to when first mosquito landed on the skin. (B) Number of mosquitos 

probing each mouse were counted. (C) Time from when mosquitos began probing to 

when they were engorged with blood was measured. (n = 8). 

Plots show the median value ± interquartile range. Data were analysed using unpaired 

t-test (ns = not significant, *P < 0.05, **P < 0.01). 

 

3.9 Summary and conclusions 
Gaining a better understanding of factors which determine host susceptibility to 

arboviral infection outcomes could facilitate the stratification of patients at-risk of 

developing severe, potentially life-threatening disease and improve outcomes. 

Exposure of the skin to high levels of UVR from the Sun is a key environmental 
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variable in the tropical and sub-tropical regions of the world where arboviruses 

are transmitted35,221. UV exposure has long been known to impact the immune 

system at the skin. Others have shown that a single, erythemal dose of UVR 

drives a highly inflammatory state at the skin by 24h post-exposure232,240. We 

had previously shown that the mosquito bite drives a similar response but that 

this facilitates enhancement of arbovirus infection, rather than aiding the 

antiviral response120,126. However, there is relatively little known about whether 

this altered inflammatory state in UV-exposed skin impacts immune responses 

to infections which are transmitted at the skin, such as arboviruses. Therefore, 

we hypothesised that erythemal UV exposure of the skin would alter host 

susceptibility to subsequent arbovirus infection.  

 

The aim of this chapter was to characterise the effect of an erythemal UV 

exposure on mouse skin and then to determine whether erythemal UV exposure 

of the skin modulates host susceptibility to subsequent arbovirus infection at 

24h post-UV exposure. To achieve this, we set up an in vivo mouse model of 

UV exposure which could be adapted for experiments involving virus infection 

by inoculating the burn site 24h post-UV exposure with our model arbovirus, 

SFV, in the presence or absence of mosquito bites.  

 

Before examining any impact that UV exposure has on host susceptibility, we 

sought to identify the physiological effects of erythemal UV on mouse skin, in 

the absence of virus. We found that erythemal UV exposure of skin resulted in 

an increase in vascular permeability at the skin 24h after the UV exposure, in 

addition to the increase caused by a mosquito bite (Figure 3.3). Our group have 

previously shown that a key mechanism behind mosquito bite-mediated 

enhancement of arbovirus infection is through this promotion of vascular 

permeability and oedema at the skin126. An increase in vascular permeability 

can increases the efficiency of leukocyte entry, some of which are susceptible to 

arbovirus infection, providing the virus with new targets for infection. The 

increase in vascular permeability following UV-exposure offers the first 

indication that exposure of the skin to an erythemal dose of UV prior to infection 

may allow the entry of virus-permissive cells, such as monocytes and increase 

host susceptibility to arbovirus infection as a result. 
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Upon examination of histology images from these mice, we found that UV 

exposure drove a substantial inflammatory infiltrate in the skin of UV-exposed 

mice by 24h (Figure 3.2). Although we did not identify which cell types made up 

the infiltrate, it is likely that these entered the skin more easily due to the 

increased vascular permeability apparent at this timepoint (Figure 3.3). Previous 

studies using different doses of UV, have found that UV drives an inflammatory 

infiltrate between 24-48h, in a similar manner to what we have shown 

here232,240,296. It is likely that the influx of nucleated cells are leukocytes and this 

is further supported by our later findings that UV exposure drives monocyte and 

neutrophil entry to the skin. These initial findings show that erythemal UV drives 

a highly pro-inflammatory state at the skin by 24h. Furthermore, as some 

leukocytes, including monocytes, are virus permissive, this initial observation 

from the histology images provided a preliminary indication that UV-exposed 

skin may be more susceptible to a subsequent arbovirus infection. 

 

Subsequently, we found that mice exposed to UV at the inoculation site 24h 

prior to infection were more susceptible to arbovirus infection than mice infected 

at resting skin or at mosquito-bitten skin (Figure 3.4). This was evidenced by 

increased virus replication in the skin and viremia by 24hpi. Spread of virus to 

the blood is of particular relevance to the clinical course of disease, as high 

quantities of virus in the blood are critical for the virus to cause severe 

disease319. Viremia also facilitates further transmission of the virus to biting 

insects320. 

 

We initially hypothesised that this enhancement of arbovirus infection may be 

due to interference with the antiviral Type I IFN system. There are multiple 

examples of arboviruses, from a range of virus families, with viral proteins which 

act to limit host Type I IFN responses as a way of evading immune clearance321–

323. Additionally, Ifnar-/- mice, which lack the Type I IFN receptor and so can’t 

respond to Type I IFN, are highly susceptible to mosquito-borne alphaviruses 

and flaviviruses145–147,324. Furthermore, our group has previously shown that 

therapeutic induction of Type I IFN pathways at an early timepoint post-

arbovirus infection significantly reduces viral dissemination and increases 

survival in mice119. Together, this pre-existing evidence makes it clear that Type 

I IFN is a critical host defence mechanism against arboviral infection. Therefore, 
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if UVR has suppressive effects on Type I IFN, this could explain the increase in 

susceptibility observed in UV-exposed mice.  

 

When we characterised induction of the Type I IFN response following a UV 

exposure, we found that significant induction of ISGs did not occur until 48h 

post-UV (Figure 3.5). This is likely to be of limited use in protecting mice from 

virus infection at 24h post-UV, the timepoint at which infection is enhanced. 

Other studies have found that UVB induces ISGs and IFN-β by 24h post-UV 

exposure325,326. However, these studies used different doses of UVB exposure 

from our model. Therefore, it may be that induction of the Type I IFN system 

varies depending on UV dose. Importantly, we found that susceptibility to 

infection, although elevated compared to UV unexposed skin, does not reach 

statistical significance at 48h and 72h post-UV exposure (Figure 3.6). This 

suggests that Type I IFNs, which are induced by 48h post-UV, may offer some 

protection at this timepoint.  

 

It was also important to assess the Type I IFN response in the skin during UV-

mediated enhancement of infection to determine whether the response was 

suppressed in UV-exposed skin during virus infection, thereby facilitating 

increased viral replication. However, this did not appear to be the case. 

Expression of both IFN-β and multiple ISGs during SFV infection in UV exposed 

mice was significantly upregulated in mice exposed to UV 24h prior to infection, 

the timepoint at which mice experience heightened susceptibility to infection 

(Figure 3.7). This suggests that UV does not impair the induction of Type I IFNs 

in response to virus, but that this antiviral response is not sufficient to protect 

from UV-mediated enhancement of infection in UV-exposed skin at these 

timepoints. This point was backed up by the evidence that SFV infection is still 

enhanced in the skin of Ifnar-/- mice, which can’t respond to Type I IFN, exposed 

to erythemal UV 24h prior to infection (Figure 3.8). Together, this suggests that 

UV-mediated enhancement of infection is independent of the Type I IFN system. 

 

It is important to note that male and female mice have been shown to have 

different Type I IFN responses following UV exposure of skin, with Type I IFN 

being induced to a higher level in female mice early following UV-exposure325. 

We solely used female mice throughout this thesis and so did not investigate 
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any sex-based differences in response to UV. However, as we had largely ruled 

out the role of Type I IFN in the enhancement of arbovirus infection, we do not 

expect these differences between male and females to have an impact on our 

phenotype. 

 

Once the involvement of Type I IFN in driving enhanced susceptibility to 

infection following UV-exposure had been eliminated, we hypothesised that UV 

may be driving proliferation of cells in the skin and that SFV may then be 

targeting these cells for infection, due to the virus’s oncolytic nature. UVR has a 

variable effect on cell proliferation. Early following exposure, cell replication is 

halted due to DNA damage327. There is also a high occurrence of p53-mediated 

apoptosis of damaged cells, peaking at 24h post-UV in mouse skin232. However, 

UV exposed skin is also characterised by the expansion of the tissue due to 

cellular proliferation, known as hyperplasia, particularly as a result of 

keratinocyte proliferation by 48h post-UV232. Interestingly, SFV A7(74) replicates 

less efficiently in some differentiated ‘mature’ cells e.g. neurons, and some 

strains of SFV have been studied as an experimental oncolytic virus due to their 

ability to preferentially replicate within immortalised immature cells309–311,328. 

Oncolytic viruses preferentially infect tumour cells, which are characterised as 

being highly proliferative329,330.  

 

We found that there were more actively proliferating cells in the skin by 24h 

post-UV, as expected following an inflammatory insult (Figure 3.9). However, 

when we used a fluorescent strain of SFV, SFV6-mCHERRY, to identify infected 

cells, we found that there were not more SFV-infected, proliferating cells in the 

skin, disproving our initial hypothesis (Figure 3.10). It is mostly keratinocytes 

which proliferate in response to UV between 24-72h post-UV exposure232. Since 

SFV does not seem to be preferentially infecting proliferating cells at this acute 

timepoint post-UV, it is unlikely that keratinocytes are responsible for the higher 

quantities of virus present in the skin of UV-exposed mice at this timepoint. 

Instead, the virus could be replicating in CD45- cells, such as endothelial cells 

or fibroblasts, or immune cells recruited in response to the UV burn at this acute 

timepoint post-UV exposure. To definitively confirm this, it would be necessary 

to carry out a further flow cytometry experiment to phenotype proliferating cell 
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types based on cell marker expression, which we plan to do before publication 

of this work. 

 

However, to explore this idea further we assessed whether either CD45+ 

(immune cells) or CD45- cells (epithelial cells and CD45- cells) were 

disproportionately infected during UV-mediated enhancement of infection, a 

previously established approach289. We found that in mice exposed to UV 24h 

prior to infection CD45+ cells had significantly higher quantities of virus than 

CD45- cells (Figure 3.11). We considered whether this increased virus burden in 

immune cells may be due to UV making these cells more susceptible to 

infection. However, when we isolated CD45+ and CD45- cells from the skin of 

UV-exposed mice and infected them in vitro, there was no enhancement of 

infection in cells from UV-exposed mice and, importantly, no difference in virus 

burden between immune cells and epithelial and stromal cells (Figure 3.12). 

This shows that UV does not impact the inherent permissiveness of cells to SFV 

infection at this timepoint. The result of this experiment also confirms the 

importance of carrying out our investigation in to enhancement of virus in UV-

exposed skin in vivo, as the effect does not occur in vitro. However, it is worth 

noting that the harshness of the magnetic separation process may have 

impacted some cell populations more than others and therefore the fractions 

may not include all populations which would be present in vivo.  

 

An alternative explanation for the higher quantities of virus in immune cells in 

UV-exposed mice is that there may be more virus-permissive leukocytes 

present in the skin in response to UV, at the time of infection. When we 

characterised the skin 24h after erythemal UV exposure, we noted the 

similarities between the inflammatory state following erythemal UV exposure 

and following a mosquito bite. Recruitment of pro-inflammatory neutrophils and 

virus-permissive monocytes is essential for mosquito-bite enhancement of 

infection120. Therefore, we considered whether recruitment of these two cell 

types contributes to increased susceptibility to arbovirus infection 24h post-

erythemal UV exposure. We found that erythemal UV drives expression of 

neutrophil and monocyte chemoattractants, CXCL2 and CCL2 respectively, in 

the skin (Figure 3.13). This increase in expression subsequently translated into 

higher numbers of neutrophils and monocytes in the skin of UV-exposed mice 
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during infection (Figure 3.14). We also found more macrophages in the skin of 

UV-exposed mice, another leukocyte type which is susceptible to arbovirus 

infection (Figure 3.15). While macrophages and monocytes have the potential 

to be beneficial to the host in terms of protecting from infection, they may also 

present the virus with new targets for infection. This may contribute to increased 

host susceptibility to infection that we see at 24h post-erythemal UV exposure. 

Additionally, while neutrophils are not permissive to SFV infection, they do drive 

to an inflammatory programme that enhances monocyte entry, and so could 

contribute to the enhanced susceptibility to infection in this way. 

 

Interestingly, there were significantly fewer fibroblasts and endothelial cells in 

the skin of UV-exposed mice, when expressed as a percentage of all live cells 

(Figure 3.16). This reduction is likely due to a combination of the destruction of 

tissue and apoptosis caused by UVR232,240, and the influx of leukocytes that 

would skew % values to show an apparent decrease in number.  Since there 

was no increase in any of the non-immune cell types by 24h post-erythemal UV 

and there was no evidence of an increase in virus burden in CD45- cells, as 

shown earlier, it is unlikely that these cells contribute to the higher quantities of 

virus RNA in these mice at this timepoint. However, it would be worth 

investigating the quantity of infectious virus produced by individual cell types, as 

even a small number of infected cells could be responsible for high rates of 

virus production and so contribute disproportionately based on their population 

size. 

 

When we identified the phenotype of infected cell types using SFV6-mCHERRY, 

we found that there were more infected monocytes and macrophages in the 

skin of UV-exposed mice (Figure 3.17). However, there was no change in the 

number of infected DCs, endothelial cells, fibroblasts or epithelial cells (Figures 

3.17 and 3.18). This suggests that macrophages and monocytes are recruited 

to the skin in response to UVR and these cells then provide the virus with new 

targets for infection in UV-exposed skin. This key finding highlights an important 

mechanism by which host susceptibility to arbovirus infection is enhanced in 

mice 24h after being exposed to an erythemal UV dose. Additionally, an 

increase in infected monocytes and macrophages in the skin has the potential 

to drive arbovirus dissemination and cause disease, as the virus can transit to 
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other tissues via infected leukocytes, as is the case in WNV infection331. In the 

future, we plan to definitively assess whether monocytes and macrophages are 

critical during enhancement at this timepoint by investigating whether 

susceptibility to virus is still enhanced following UV exposure in Ccr2-/- mice, 

which do not effectively recruit monocytes to tissues. 

 

After characterising the altered immune response which occurs during UV-

mediated enhancement of infection, we concluded our investigation in to the 

impact of UV exposure at 24h post-UV by considering whether mosquitos 

behave differently towards UV-exposed skin. The attraction of mosquitos 

towards host skin is critical both for the mosquito to find a blood meal but also 

for the insect to pass on virus to the host as it feeds. Therefore, any factor 

which may impact these behaviours could have profound effects on virus 

transmission by the insect. Mosquitos, including Aedes aegypti, have heat and 

humidity sensors in their antennae, which drive mosquito behaviour in a number 

of ways. For example, these sensors facilitate blood feeding by allowing the 

insect to detect nearby hosts based on body temperature316. Aedes aegypti in 

particular display thermotaxis, allowing them to identify objects which are 

warmer than the environmental temperature e.g. humans, and actively seek 

these out317. These insects also show increased activity on warmer surfaces332. 

Exposure of human skin to UVB radiation increases skin temperature, with UV-

exposed skin being warmer by 24h post-exposure compared to non-exposed 

skin333. Therefore, if erythemal UV exposure of skin raises skin temperature, this 

may increase the likelihood of a mosquito landing on and probing UV exposed 

skin compared to resting skin.  

 

We found that UV exposure increases the temperature of skin between 24-72h 

(Figure 3.19). This increase in temperature of mouse skin following a UV 

exposure tracks with what happens in human skin, with UV-exposed back skin 

of humans also rising ~1.5°C in temperature by 24h post-exposure333. However, 

it is worth noting that the same study found that the degree to which skin 

temperature increased following exposure did differ depending on the part of 

the body which was exposed, with UV-exposed forearms only increasing by 

~0.5°C by the same timepoint. During our experiment, we experienced 

difficulties getting a consistent temperature reading of skin temperature on the 
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upper foot using the infrared thermometer. Therefore, we conducted the 

experiment on the dorsal region instead, where readings were consistent. As 

such, it should be noted that the change in temperature of the skin of the upper 

foot following UV exposure may differ in magnitude from that of the dorsal 

region. 

 

Following on from this, when we looked at whether UV exposure affects 

mosquito feeding behaviour at UV exposed skin, we reached a number of 

conclusions. Unexpectedly, mosquitos did not reach the skin of UV exposed 

mice any quicker than that of unexposed mice, even though Aedes aegypti 

utilise heat-seeking to find hosts to feed on (Figure 3.20A)316,317. However, it has 

previously been shown that Aedes aegypti seek out objects within very specific 

temperature ranges, matching mammalian body temperatures317. Therefore, 

since the UV-exposed skin still sat within these temperature parameters this 

may explain why the slight increase in skin temperature did not alter the seeking 

behaviour of the mosquitos. In addition, the mosquitoes were caged and 

already placed close to mouse skin. It may be that UV inflamed skin may have 

more of an attractive effect in real world conditions in which mosquitoes are not 

already crowded in close proximity to the mammalian host.  

 

Nevertheless, we found that more Aedes aegypti were attracted to UV-exposed 

skin and, once at the skin, they spent longer probing. This longer probing time 

was unexpected as UV drives blood vessel dilation334. Therefore, it would be 

expected that this would make it easier for the insect to feed as reduced probing 

times have previously been associated with increased blood vessel 

availability335. However, it may be that UV-induced tissue destruction could 

explain this reduced efficiency to obtain a blood meal. Nevertheless, this finding 

is of particular importance as Aedes aegypti saliva has been well characterised 

as making arbovirus infection worse126,134,182. Therefore, the longer mosquitos 

spend probing, the more virus-enhancing saliva they will inject into the skin. In 

addition, longer probing times may result in higher titre of virus inoculated into 

the skin during a feed, as has been shown for DENV infection336. Therefore, 

these changes to mosquito behaviour at UV exposed skin may also contribute 

to enhancement of arbovirus infection in a natural infection.  
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However, we cannot definitively attribute this change in mosquito behaviour to 

the increase in skin temperature alone. UV exposure may have other impacts 

on the skin which drive these alterations to the insect behaviours. For example, 

UV exposure may also change the bacterial composition of the skin. While we 

did not investigate this, such an effect could also affect Aedes aegypti biting 

behaviour towards the exposed skin, as has been previously shown for the 

malaria vector, Anopheles gambiae337. In spite of this, we have shown that more 

mosquitos are attracted to UV-exposed skin compared to resting skin and that 

once they have landed on UV-exposed skin they spend longer probing.  

 

In summary, this chapter has illustrated that erythemal UV exposure of the skin 

has profound impacts on host immunity to arbovirus infection. By 24h post-

exposure, mice are more susceptible to SFV infection, experiencing increased 

virus replication and viremia. This is likely mediated via the recruitment of 

monocytes and macrophages to the UV burn site by 24h, which are then 

infected by the virus. Additionally, the arbovirus vector Aedes aegypti is more 

likely to be attracted to UV-exposed skin and spends longer probing the skin, 

injecting virus-enhancing saliva while it does so. Together, these two effects of 

UV exposure of the skin have the potential to have profound consequences on 

host outcomes to arbovirus infection. 
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Chapter 4: Increased host susceptibility to SFV at 1 
week post UV exposure is driven by preferential 
infection of replicating skin fibroblasts in vivo 
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4.1 Introduction 
The skin undergoes many profound changes following exposure to erythemal 

UV, or sunburn; from the time immediately following the administration of the 

burn, when the skin appears red and swollen, through to the process of wound 

healing, when the top layer of the skin peels, culminating in the point when the 

burn has resolved304. Although much of the acute tissue damage following an 

erythemal exposure resolves within 1-2 weeks, sunburn can have long-term 

consequences for the skin, particularly in terms of DNA damage338. These 

changes can lead to the development of skin cancer, wrinkles and skin-aging 

long after the causative exposure occurred339–341. Indeed, an individual who has 

experienced ≥5 cases of sunburn in their life is twice as likely to develop skin 

cancer342. Therefore, it is necessary to considering whether these changes 

could impact susceptibility to arbovirus infection at later timepoints post-UV 

exposure, even once the obvious damage has healed e.g. by 3 weeks post-

burn.  

 
As discussed in the previous chapter, due to the extreme impact UV has on the 

biology of the skin following sunburn, we hypothesised that UV exposure could 

impact susceptibility of the host to arbovirus infection, when transmitted at UV-

exposed skin. However, as the different stages of sunburn progression post-

exposure exhibit distinct features, we hypothesised that the effects on immunity 

would be different based on the timepoint post-UV when the host was infected. 

Therefore, we sought to understand whether arbovirus infection is also 

enhanced at later timepoints post-UV, from 1-week onwards. 

 

By 1-week post-UV exposure the skin has likely moved past the initial acute 

phase of sunburn, which is highly inflammatory, and moved into an anti-

inflammatory, wound-healing process295,304. As a result, any mechanisms 

modulating host susceptibility to arbovirus infection at this timepoint are likely to 

be different at 24h post-UV. There is limited knowledge around how sunburn 

inflammation and damage resolves. However, it is known that following an initial 

burst of keratinocyte apoptosis following a UV burn, keratinocytes in the 

epidermis proliferate, driving a thickening of this skin layer, termed hyperplasia, 

which protects from future exposures315,343. This is one of several 

photoadaptations that occurs, a list which also includes increased melanocyte 
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frequency344. Additionally, expression of inflammatory cytokines, such as TNF-α 

and IL-6, in the epidermis and the dermis of mice return to basal levels by 8 

days post-erythemal UV exposure240. However, outside of these few published 

findings, the molecular processes taking place by 1-week post-UV, during 

healing of an erythemal UV burn, are yet to be fully investigated.  

 

Instead, we can look to what is known about wound healing more generally for 

a guide on what may happen post UV exposure. A number of models have been 

used to investigate wound healing, including punch biopsies and scalding using 

a water bath345,346. Together, these have allowed researchers to put forward a 

picture of the processes underlying tissue repair following a skin wound, as 

detailed below. However, it is important to note that there are likely variations to 

this consensus when it comes to how a UV burn heals, due to the added 

dynamic of UVR being a mutagenic agent which causes DNA damage. 

Nevertheless, the core wound healing processes likely have some similarities. 

 

The tissue micro-environment in the skin as a wound begins to heal is largely 

anti-inflammatory. Macrophages coordinate the cutaneous tissue repair, making 

them the most critical immune cell during the wound-healing process in skin. 

Their depletion in mice leads to severely impaired tissue repair347,348. During the 

acute stage of the process, soon after the injury has occurred, recruited 

monocyte-derived macrophages display a highly inflammatory phenotype, 

similar to in vitro derived macrophages that are referred to as M1, which 

enables them to clear any infection associated with the breaking of the skin 

barrier and to phagocytose apoptotic cell debris208,349. However, once any initial 

threats have been dealt with, the damaged tissue must be repaired. Therefore, 

after playing their initial role, macrophages in the skin switch to a phenotype 

similar to M2 macrophages, which are largely anti-inflammatory and promote 

wound healing350,351. These are the most prominent macrophage type in the skin 

by day 5 following a wound219. These cells facilitate tissue repair through a 

number of means, including dampening inflammation at the skin, promoting 

proliferation of fibroblasts, epithelial and endothelial cells, producing ECM 

remodelling molecules and driving angiogenesis348349. Expression of arginase 

(ARG1) has long been closely associated with these so called M2 

macrophages352. This molecule breaks down L-arginine into L-ornithine, which 
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drives downstream cell proliferation and collagen production, both of which are 

critical to wound healing206. Fibroblasts, keratinocytes and epithelial cells have 

also been shown to express ARG1 during wound healing, developing a 

‘macrophage-like’ phenotype, however, there is less well understood353,354. The 

wound-healing process ends with the formation of the ECM over the damaged 

site, which forms a scaffold for the newly formed blood vessels and for 

macrophages, fibroblasts and endothelial cells to cover and close the wound218.  

 

4.1.1 Hypothesis and aims 
It is clear that the immunological landscape in the skin during wound healing is 

very different to that which characterises the acute phase of a wound. 

Therefore, we hypothesised that mouse skin will exhibit differential susceptibility 

to virus during wound repair, as compared to the initial 24 hours post UV. The 

mechanisms driving these hypothesised changes in host susceptibility to 

arbovirus infection are also likely to be quite distinct from those which were 

shown to contribute to host susceptibility to virus at 24h post-UV.  

 

Therefore, this chapter aims to: 

 

1) Define host susceptibility to virus from 1 week to 3 weeks post UV 
exposure 

2) Characterise the physiological changes to the skin at 1-week post-
UV, during the wound-healing stage of the UV burn 

3) Determine whether the mechanism modulating any change in host 
susceptibility to virus infection at 1-week post-UV is linked to 
processes associated with wound-healing 

 

4.2 UV exposed skin at 1-week post UV is characterised by 
hyperplasia and high levels of oedema 
The mouse model was adapted to investigate the impact on tissue architecture 

of UV exposure on skin up to 3 weeks post exposure to UV. For the purposes of 

generating tissue samples that can be easily sectioned for histology, we used 

back skin of C57BL/6 mice, exposed to 400mJ/cm2, an erythemal dose, of UVR 

and samples were collected 1-week, 2 weeks or 3 weeks post-UV.  
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Initially, to examine any structural changes in the skin during the wound-healing 

process following a UV burn, we examined histology sections taken from the 

burn site of mice exposed to UV 1 week, 2 weeks or 3 weeks before, and 

compared this to resting skin. Hyperplasia of the skin layers at 1-2 weeks post-

UV is evident in the images (Figure 4.1A). The structure of the skin appears to 

return to normal by 3 weeks post-UV. These observations were confirmed by 

measuring the layers of the skin using the quantitative imaging software 

QuPath. All three layers were significantly expanded by 1-week post-UV (Figure 

4.1B). The layers did not begin to reduce back to normal thickness until 3 weeks 

after the UV burn had been administered. Thus, the skin undergoes substantial 

gross pathological changes following UV exposure, resulting in substantially 

thickened skin, which is mostly resolved by 3 weeks post-exposure.  
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Figure 4.1 | Skin layers expanded in thickness in skin exposed to 
erythemal UV up to 2 weeks prior, before returning to normal at 3 weeks 
(A) Histology of resting skin or skin exposed to erythemal UV 1 week, 2 weeks or 3 

weeks prior, taken from the dorsal region of C5BL/6 mice. Sections stained with H&E. 

Images shown are representative of the group. Scalebars measure 100 µm. Slides 

scanned at 20x magnification. 

(B) Measurements of epidermis, dermis and fatty layer thickness were taken from 10 

areas per condition using QuPath. Plots show the median value ± interquartile range. 

Data were analysed using ordinary one-way ANOVA with Tukey’s multiple comparisons 

test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). 
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We also sought to determine whether vascular permeability is increased at the 

skin 1-week post-UV, as it was at 24h. As discussed previously, increased 

vascular permeability can enhance entry of virus-permissive immune cells and 

that this enhances arbovirus infection, both in mosquito-bitten mice120 and mice 

exposed to UV 24h prior to infection (Chapter 3). Therefore, an increase in 

oedema at the skin by 1-week post-UV exposure could indicate the propensity 

of UV-exposed tissue to be more susceptible to arbovirus infection at this 

timepoint. Evan’s Blue Dye was injected s.c. in the scruff of the neck of mice 

which had been exposed to erythemal UV to the foot skin 1 week before. 

Quantities of dye that had diffused to the burn site by 3h post-injection could 

then be used as a readout of oedema at this skin and, therefore, vascular 

permeability in the tissue.  

 

Mice which had been exposed to UV 1 week prior had significantly more 

oedema in UVR exposed skin, compared to mice with resting skin (Figure 

4.2A). Interestingly, the addition of a mosquito bite, a known rapid inducer of 

skin oedema, in UV-exposed mice did not significantly further increase oedema, 

compared to UV-exposure alone. Importantly, oedema is driven to a higher level 

in the skin of mice exposed to UV 1-week prior, compared to 24h prior, the 

timepoint which was shown to significantly enhance arbovirus infection in 

Chapter 3 (Figure 4.2B). Therefore, erythemal UV exposure drives an increase 

in vascular permeability at the exposed skin up to 1 week after the UV 

exposure. Together, Figure 4.1 and 4.2 show that the skin environment is still 

highly dysregulated at 1-week post-erythemal UV burn and this does not likely 

return to normal until 3 weeks post-UV exposure. 
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Figure 4.2 | Erythemal UV exposure induces increased vascular 
permeability up to 1-week post-UV exposure 
(A-B) Mice were exposed to erythemal UV to upper right foot. 1 week (A,B) or 24h (B) 
later, mice were injected s.c. with Evans blue to scruff of neck, distant from the burn 

site. Mice were then exposed to mosquito bites at the burn site. The extent of oedema 

was assessed by quantification of Evan’s blue dye leakage into skin at 3 h post-biting 

via colorimetric assay (n = 8). 

Plots show the median value ± interquartile range. Data were analysed using Kruskal-

Wallis test with Dunn’s multiple comparison test (**P < 0.01, ****P < 0.0001). 

 

4.3 Susceptibility to arbovirus infection peaks in UV-exposed 
mice at 1-week post-UV 
Due to the changes observed in the skin by 1-week post-UV, we hypothesised 

that mice would be more susceptible to SFV infection 1 week after an erythemal 

UV exposure, as we had shown earlier at 24h post-UV. Skin and blood were 

collected 24hpi from mice infected with 104 PFU of SFV4 in the skin of the 

upper foot. This skin had either been left resting or had been exposed to 

erythemal UV 24h or 1-week prior to infection. qPCR was used to determine the 

quantities of the SFV4 E1 gene in the skin at 24 hpi, to indicate virus replication 

at the inoculation site. Titres of virus in the serum at 24 hpi were also quantified 

by plaque assay, to measure viremia of each mouse.  

 

As expected, mice which had been exposed to an erythemal dose of UV 24h 

prior to exposure had significantly more virus in the skin by 24hpi compared to 

unexposed mice (Figure 4.3A). Interestingly, the mice with the highest quantities 
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to infection, with ~1000-fold more virus RNA than unexposed mice. This was 

reflected in the quantities of virus present in the blood by 24hpi also (Figure 

4.3B). Again, mice exposed to UV 1 week prior to infection had the highest 

quantities of viremia. Therefore, susceptibility to SFV infection is increased in 

mice exposed to an erythemal dose of UV 1-week prior to infection and this 

occurs to an even greater extent than the enhancement observed at 24h post-

UV. 

 

 
Figure 4.3 | Erythemal UV enhances SFV infection at 1wk post-UV 
(A-B) SFV RNA (E1 gene) copy number in inoculation site (skin) (A) and viral titres in 

the serum (B) 24hpi. Prior to infection, mice were either left unexposed or were 

exposed to an erythemal dose of UV on the skin on the upper side of the foot. All mice 

were then infected at either 24h or 1 week post-exposure at the same site with 104 PFU 

of SFV4 in the presence of a mosquito bite. (n = 6) 

Gene expression measured by qPCR. Titres of virus in serum determined by plaque 

assay. Plots show the median value ± interquartile range. Data were analysed using 

Kruskal-Wallis test with Dunn’s multiple comparison test (ns = not significant, *P < 0.05, 

**P < 0.01, ***P < 0.001). 

 

After establishing that host susceptibility to SFV infection occurs at both 24h 

and 1-week post-UV, As outlined in the introduction, UV exposure of the skin 

can have long-term effects, including photoaging, even after the visible burn has 

healed. Furthermore, we had shown in Figure 4.1 that dysregulation of the skin 

structure was still evident 2 weeks post-UV exposure. Therefore, we set out to 
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investigate whether this UV-mediated enhancement impacts mice at timepoints 

later than 1-week post-UV.  
 

As expected, mice exposed to erythemal UV 1-week prior to infection had 

significantly higher quantities of virus RNA in the skin and viremia by 24hpi, 

compared to mice infected at resting skin (Figure 4.4A-B). Interestingly though, 

there was still significantly more virus in the skin and the blood in mice exposed 

to erythemal UV 2 weeks before the infection took place, although lower than at 

1-week post-UV. However, quantities of virus RNA and titres of infectious virus 

in serum returned to normal quantities in mice exposed to erythemal UV 3 

weeks prior to infection. Together, this shows that susceptibility to arbovirus 

infection is significantly higher in mice exposed to erythemal UV at the 

inoculation site up to 2 weeks before infection, with susceptibility returning to 

normal by 3 weeks post-UV.  

 

 
Figure 4.4 | UV-mediated enhancement of arbovirus infection persists up 
to 2 weeks post-UV exposure 
(A-B) SFV RNA (E1 gene) copy number in inoculation site (skin) (A) and viral titres in 

the serum (B) 24hpi. Prior to infection, mice were either left unexposed or were 

exposed to an erythemal dose of UV on the skin on the upper side of the foot. All mice 

were then infected at either 1 week, 2 weeks or 3 weeks post-exposure at the same 

site with 104 PFU of SFV4 in the presence of a mosquito bite. (n = 6) 

Gene expression measured by qPCR. Titres of virus in serum determined by plaque 

assay. Plots show the median value ± interquartile range. Data were analysed using 
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Kruskal-Wallis test with Dunn’s multiple comparison test (ns = not significant, *P < 0.05, 

**P < 0.01). 

 

While SFV makes an excellent model arbovirus for studying immune responses 

in mice, the virus does not pose a significant threat to human health. While the 

virus is able to infect and replicate in humans, there have been a limited number 

of cases of SFV infections in humans, and symptoms are generally mild115,355. 

Therefore, we sought to understand whether UV-exposed skin is more 

susceptible to a more medically relevant virus, such as ZIKV. Another member 

of our lab group had previously shown that ZIKV infection is also significantly 

enhanced in mice exposed to erythemal UV 24h prior to infection (data not 

shown). This led us to consider whether susceptibility to infection with this more 

medically relevant virus would also be increased when mice are infected at UV-

exposed skin 1-week post-burn.  

 

Studying ZIKV infection in vivo requires an immunodeficient mouse model, such 

as Ifnar-/- mice, as ZIKV does not cause disease in immunocompetent mice128. 

To investigate the impact of UV exposure on ZIKV infection, we exposed Ifnar-/- 

mice, which can’t respond to Type I IFN, to erythemal UV or left them resting 

and infected both groups with 103 PFU of ZIKV 1-week post-UV. We used a 

lower virus dose than that used in the SFV experiments due to the 

immunodeficient status of the mice. Mice were regularly monitored for clinical 

signs. At 24hpi, mice were culled and skin, spleen and blood were collected. 

Quantities of the ZIKV Env gene, encoding the virus envelope protein, were 

measured in the skin and the spleen using qPCR and a plaque assay was 

carried out using the serum samples to assess viremia. 

 

Interestingly, relatively low quantities of ZIKV RNA were found in the skin at this 

timepoint and there was no difference in the quantity of virus RNA between the 

UV-exposed mice and the unexposed mice by 24hpi (Figure 4.5A). However, 

there was a high virus burden in the spleen and the blood of both groups of 

mice, suggesting the virus had spread from the skin rapidly post-infection 

(Figure 4.5B-C). However, the quantities of virus in the spleen and blood were 

similar between the mice exposed to UV 1-week prior to infection and the 

unexposed mice. Despite this, during clinical monitoring of the mice, all mice in 
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the ZIKV-infected, UV-exposed group displayed clinical signs of disease, 

including subdued behaviour and hunched posture, by 24hpi (Figure 4.5D). 

None of the mice who did not receive UV exposure prior to infection with ZIKV 

displayed these signs. Therefore, although ZIKV quantities in the skin, spleen 

and blood did not differ between UV-exposed mice and unexposed mice, mice 

which had been exposed to UV 1 week prior to infection experienced a more 

clinically severe form of ZIKV infection.  

 

 
Figure 4.5 | Erythemal UV exposure causes more clinically severe ZIKV 
infection 1-week post-exposure 
(A-D) ZIKV RNA (Env gene) copy number in inoculation site (skin) (A) or spleen (B) or 

viral titres in the serum (C) 24hpi. Prior to infection, Ifnar-/- mice were either left 

unexposed or were exposed to an erythemal dose of UV on the skin on the upper side 

of the foot. All Ifnar-/- mice were then infected at 1-week post-exposure at the same 

site with 103 PFU of ZIKV in the presence of a mosquito bite. Mice were monitored 
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post-UV exposure and post-infection for clinical signs, as outline in Section 2.6.1, with 

those mice that reach clinically defined thresholds of suffering removed from study, and 

classed as succumbed to infection (D). (n ≥ 6) 

Gene expression measured by qPCR. Serum titres measured by plaque assay. Plots 

show the median value ± interquartile range. Data were analysed using Mann-Whitney 

test (ns = not significant, ***P < 0.001). 

 
Once we had determined that susceptibility to SFV infection was increased in 

mice up to 2-weeks post UV exposure, and that mice exposed to UV 1-week 

prior to ZIKV infection experience more clinically severe outcomes, we next 

sought to investigate the mechanism behind this enhanced infection phenotype. 

Initially, we hypothesised that this effect could be due to impairment of the 

antiviral Type I IFN response, which is critical for fighting arbovirus infections. 

However, the evidence from Figure 4.5, showing that UV exposure of mice 1 

week prior to ZIKV infection led to more clinically severe signs in Ifnar-/- mice, 

which lack the Type I IFN receptor, suggested that UV-mediated enhancement 

of arbovirus infection at 1 week occurs independently of Type I IFN. 

Nevertheless, we characterised Type I IFN expression in mice exposed to UV 1 

week prior to infection, to determine whether this is blunted, and could 

potentially allow the virus to replicate more efficiently.  

 

Gene expression of the Type I IFN, IFN-β, and a number of ISGs, the antiviral 

effector molecules of the Type I IFN system, were measured using qPCR in the 

skin of mice at 24hpi with 104 PFU of SFV4, a known inducer of type I IFNs in 

immunocompetent mice. Mice had either been unexposed or exposed to 

erythemal UV 1-week, 2 weeks or 3 weeks prior to infection at the inoculation 

site. Based on above data, we hypothesised that UV exposure might suppress 

induction of IFN expression, as UV caused enhanced virus infection. However, 

we found expression of IFN-β was significantly increased by 24hpi in mice 

exposed to erythemal UV 1-week prior to infection, compared to infected, 

unexposed mice (Figure 4.6A). Correspondingly, those exposed mice had 

significantly higher levels of expression of several key ISGs, IFIT1, ISG15, 

RSAD2 and CXCL10 (Figure 4.6B). Interestingly, mice exposed to UV 2 weeks 

before infection had significantly higher levels of ISGs as well, despite no 

significant increase in IFN-β by this timepoint (Figure 4.6A-B). Expression of 

both IFN-β and these ISGs was not significantly different in mice exposed to UV 
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3 weeks prior to infection. Together, this data shows that the Type I IFN 

response was not impaired during UV-mediated enhancement of infection 1-

week post-UV. In fact, UV-exposed mice 1-week post-UV had a particularly 

strong induction of both IFN-β and several important antiviral ISGs. However, 

despite this enhanced induction of IFN, this does not seem to be enough to 

protect them from increased susceptibility to arbovirus infection caused by UV 

exposure. 

 

 
Figure 4.6 | Expression of antiviral ISGs induced during UV-mediated 
enhancement of infection 1-2wks post-UV exposure 
IFN-β (A) or ISG (B) copy number in inoculation site (skin) 24hpi. Prior to infection, 

mice were either left unexposed or were exposed to an erythemal dose of UV on the 

skin on the upper side of the foot. All mice were then infected at either 1 week, 2 weeks 

or 3 weeks post-exposure at the same site with 104 PFU of SFV4 in the presence of a 

mosquito bite. (n ≥ 6) 

Gene expression measured by qPCR. Plots show the median value ± interquartile 

range. Data were analysed using Kruskal-Wallis test with Dunn’s multiple comparison 

test (ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). 

 

4.4 Erythemal UV exposure drives proliferation of cells in skin 
at 1-week post-UV and SFV preferentially infects these 
proliferating cells 
As introduced in Chapter 3, UV exposure is known to drive proliferation of cells 

at various stages post-UV and SFV, infects actively proliferating cells and has 

been used as an experimental oncolytic agent for this reason232,309,310. During 

wound-healing in skin, the tissue becomes highly proliferative, for example, with 
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macrophages driving the proliferation of structural cell types to rebuild the 

tissue349. UV also causes photoadaptation, including epidermal thickening and 

melanin production, that involves proliferation of cells in the skin315,356.  We 

witnessed signs of hyperplasia, characterised by proliferation of cells, in the skin 

of mice 1-week post-UV (Figure 4.1). While the last chapter explored this at 24h 

post-UV, we also wanted to examine whether UV drives proliferation at 1-week 

post-UV, thereby providing SFV with more cellular targets for infection. As 

before, we used EdU, which incorporates into DNA as cells proliferate, to 

quantify levels of proliferating cells. Skin was taken from resting mice, or from 

mice infected with SFV at a mosquito bite, or from mice exposed to UV 1 week 

prior and then infected in mosquito bitten skin. The cells from this skin were 

then collected at 24hpi and cultured with EdU in vitro for 2 hours, giving time for 

this nucleoside analogue to incorporate into proliferating cells. EdU was then 

detected using a fluorescent tag, allowing us to identify proliferating cells using 

flow cytometry. There were significantly more proliferating cells in mice exposed 

to UV 1 week prior to infection, compared to resting skin (Figure 4.7). 

Interestingly, SFV infection itself did not drive a significant increase in 

proliferation compared to resting skin. Therefore, erythemal UV exposure drives 

proliferation of cells in the skin of mice by 1-week post-UV.  

 

 
Figure 4.7 | UV exposure drives proliferation of cells at 1-week post-UV 
EdU+ cells in the skin as a percentage of total live cells. Prior to infection, mice were 

either left unexposed or were exposed to an erythemal dose of UV on the skin on the 

upper side of the foot. All mice were then infected 1 week post-exposure at the same 

site with 103 PFU of SFV6-mCHERRY in the presence of a mosquito bite. Skin from the 
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exposed site was collected 24h post-exposure and digested to isolate single cells. 

Cells were incubated with EdU, a thymidine nucleoside analogue, for 2 hours. EdU+ 

cells were then tagged with a fluorophore using Click-IT chemistry so that proliferating 

cells could be identified using flow cytometry. (n = 4)  

Plots show the median value ± interquartile range. Data were analysed using Kruskal-

Wallis test with Dunn’s multiple comparison test (ns = not significant, **P < 0.01). 

 
Once the proliferative nature of skin at 1-week post-UV had been demonstrated, 

and the assay to measure this established, we next sought to determine 

whether SFV was preferentially infecting these proliferating cells, thereby 

providing one mechanism by which UV drives more robust virus infection in 

mice exposed to UV 1 week before. To investigate this, we used a modified 

strain of SFV which encodes the fluorescent protein mCHERRY, SFV6-

mCHERRY. Initially, we confirmed that SFV6-mCHERRY infection is still 

enhanced in mice exposed to UV 1 week prior to infection, as we had shown 

repeatedly with SFV4 infection. We used qPCR to quantify virus quantities in 

the skin of these mice and found that there was significantly more virus present 

at the inoculation site by 24hpi in mice infected 1-week post-UV, compared to 

unexposed mice (Figure 4.8A).  

 

After confirming that host susceptibility to SFV6-mCHERRY at 1 week post UV 

exposure was substantially enhanced, we next used this strain of virus to 

facilitate the identification of virus-infected cells present in the skin at 24hpi, 

using flow cytometry. We infected either unexposed mice or mice which had 

been exposed to erythemal UV at the inoculation site 1-week earlier with 103 

PFU of SFV6-mCHERRY. At 24hpi, skin was collected and digested to a single 

cell suspension. All skin cells were then cultured with EdU for 2 hours, at which 

point EdU+ cells were fluorescently tagged, as before. This meant that we could 

identify cells which were both infected with virus and actively proliferating by 

24hpi, to determine whether SFV was targeting proliferating cells in the skin of 

mice exposed to erythemal UV 1 week prior to infection.  

 

When we examined the proportion of SFV-infected cells which were actively 

proliferating by 24hpi, there were significantly more infected, proliferating cells 

in mice exposed to UV 1-week before infection, compared to infected, 

unexposed mice (Figure 4.8B). Furthermore, there were significantly less 
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infected, non-proliferating cells in the skin of UV-exposed mice compared to 

unexposed mice (Figure 4.8C). To confirm this finding that there are more 

infected, proliferating cells in the mice exposed to UV 1-week prior to infection 

compared to the non-UV exposed mice, we calculated the ratio of infected, 

proliferating cells to infected, non-proliferating cells in each group.  The mice 

which had been exposed to UV 1-week before infection had a ratio of greater 

than 1, meaning that there were more infected, proliferating cells in that group 

than infected, non-proliferating cells (Figure 4.8D). However, the same ratio for 

the infected, unexposed mice was less than 1, confirming that there were more 

infected, non-proliferating cells in these mice. Together, this data suggests that 

UV drives proliferation of cells in the skin by 1-week post-UV and that SFV 

preferentially infects proliferating cells during UV-mediated enhancement of 

infection 1-week post-UV.  

 

 

SFV6+
bite

SFV6+
bite

+U
V1w

k
0.0

0.1

0.2

0.3

0.4

0.5

EdU+
In

fe
ct

ed
, p

ro
lif

er
at

in
g 

ce
lls

 (%
 o

f l
iv

e 
ce

lls
)

✱✱✱

SFV6+
bite

SFV6+
bite

+U
V1w

k
0.3

0.4

0.5

0.6

0.7

EdU-

In
fe

ct
ed

, n
on

-p
ro

lif
er

at
in

g 
ce

lls
 (%

 o
f l

iv
e 

ce
lls

)

✱

SFV6+
bite

SFV6+
bite

+U
V1w

k
0.0

0.5

1.0

1.5

R
at

io
 o

f S
FV

+E
dU

+ 
ce

lls
 to

 S
FV

+E
dU

- c
el

ls

✱✱✱✱

A) B)

C) D)

SFV6+
bite

SFV6+
bite

+U
V1w

k
101

102

103

104

105

106

107

SF
V 

E1
 c

op
ie

s 
pe

r 1
07  1

8S
 c

op
ie

s

Skin
✱



 138 

Figure 4.8 | SFV preferentially infects proliferating cells during UV-
mediated enhancement of infection 1-week post-UV 
(A-D) Prior to infection, mice were either left unexposed or were exposed to an 

erythemal dose of UV on the skin on the upper side of the foot. All mice were then 

infected 1 week post-exposure at the same site with 103 PFU of SFV6-mCHERRY in 

the presence of a mosquito bite. Skin from the exposed site was collected 24h post-

infection and digested to isolate single cells. Cells were incubated with EdU, a 

thymidine nucleoside analogue, for 1-2. EdU+ cells were then tagged with a fluorophore 

using Click-IT chemistry. Proliferating cells (EdU+) and infected cells (SFV6-

mCHERRY+) could then be identified using flow cytometry. (n = 4)  

(A) SFV RNA (E1 gene) copy number in inoculation site (skin) was measured at 24hpi 

by qPCR. 

(B-C) Cells were first gated on SFV+ and then split into ‘infected, proliferating cells’ 

(SFV+EdU+) (B) or ‘Infected, non-proliferating cells’ (SFV+EdU-) (C). 
(D) Ratio of ‘infected, proliferating cells’ to ‘infected, non proliferating cells’. Ratio >1 = 

virus preferentially infecting ‘proliferating cells’. Ratio <1 = virus preferentially infecting 

‘non-proliferating cells’. 

Plots show the median value ± interquartile range. Data were analysed using unpaired 

t-test (A) or Mann-Whitney test (B-D) (ns = not significant, *P < 0.05, ***P < 0.001, 

****P < 0.0001). 

 

4.5 UV-exposed skin at 1-week post-exposure possesses 
multiple characteristics of wound healing phenotype, including 
macrophage recruitment and increased ARG1 expression 
Others have found that in similar mouse models of sunburn, healing begins 

after 1-week post-UV in mice, primarily characterised in the first instance by 

hyperplasia232. Our earlier data in Figure 4.1 concurred with this, showing the 

expansion of skin depth 1-2 weeks after the burn took place and the wound 

having healed by 3 weeks post-UV. Endothelial cells and fibroblasts proliferate 

during the wound-healing process in skin210. Additionally, macrophages are 

critical for rebuilding damaged tissue at the wound site351. Since SFV appears to 

be infecting proliferating cells during UV-mediated enhancement of infection at 

1-week post-UV, it was vital for us to understand the cellular profile of UV-

exposed skin at this timepoint, both before and after infection. Therefore, we set 

out to investigate whether the proportions of any key cell population changed. 
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First, we wanted to examine expression of two important chemokines, CCL2 

and CXCL2, which attract monocytes and neutrophils respectively. This is 

relevant as monocytes and their progeny can be infected and replicate some 

arboviruses, including SFV. Importantly, expression of these genes is increased 

in the skin at 24h post-UV (Chapter 3) and following a mosquito bite; we believe 

this is critical to enhancement of arbovirus infection under both of these 

conditions120. Therefore, we used qPCR to quantify the levels of expression of 

CCL2 and CXCL2 in the skin of mice infected with 104 PFU of SFV4 in resting 

skin or skin exposed to erythemal UV 1-week, 2 weeks or 3 weeks prior. At 

24hpi, the monocyte chemoattractant, CCL2, was significantly upregulated 

during infection of mice exposed to UV 1-week or 2 weeks before, compared to 

infected, non-UV exposed mice (Figure 4.9). However, levels of CCL2 had 

returned to normal in mice exposed to UV 3-weeks before being infected. 

Similarly, expression of CXCL2, the neutrophil-attracting chemokine, was 

significantly increased by 24hpi in mice exposed to UV 1-week prior to infection 

compared to unexposed mice but did not change in mice that were 2 weeks or 3 

weeks post UV when the infection took place. Together, this shows that there is 

increased expression by 1-week post-UV of CCL2 and CXCL2, two chemokines 

which bring in cell types known to facilitate enhancement of infection at 24h 

post-UV and in mosquito-bitten skin.  

 

 
Figure 4.9 | Expression of myeloid cell chemoattractants induced during 
UV-mediated enhancement of infection 1-2wks post-UV exposure 
Chemokine copy number in inoculation site (skin) 24hpi. Prior to infection, mice were 

either left unexposed or were exposed to an erythemal dose of UV on the skin on the 

upper side of the foot. All mice were then infected at either 1 week, 2 weeks or 3 weeks 
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post-exposure at the same site with 104 PFU of SFV4 in the presence of a mosquito 

bite. (n ≥ 6) 

Gene expression measured by qPCR. Plots show the median value ± interquartile 

range. Data were analysed using Kruskal-Wallis test with Dunn’s multiple comparison 

test (ns = not significant, *P < 0.05, **P < 0.01, ****P < 0.0001). 

 

The increased expression of CXCL2 and CCL2 by 1-week post-UV, when 

enhancement of infection peaks, suggests that there may be more neutrophils 

and monocytes present in the skin during infection, as a result of being recruited 

by these chemokines. To investigate this, we used flow cytometry to assess the 

number of neutrophils and monocytes in the skin of mice by 16hpi with 104 PFU 

of SFV4 and how this changed with the addition of a mosquito bite or an 

erythemal UV exposure 1-week prior to infection, or with the combination of 

both. There were significantly more neutrophils in the skin by 16hpi in both 

groups of UV-exposed mice compared to non-exposed mice (Figure 4.10A-B). 

However, the only group which experienced an increase in the number of 

monocytes was the mosquito bite alone group. Both groups of mice which had 

been exposed to UV 1-week prior to infection did not have a change in the 

number of monocytes in the skin by 16hpi, compared to normal SFV infection. 

Importantly and surprisingly, the addition of UV-exposure alongside a mosquito 

bite reversed the increase in the number of monocytes brought in by the 

mosquito bite alone, suggesting UV exposure 1 week before may suppress 

monocyte recruitment to SFV infection at mosquito bites.  

 

Collectively, this data shows that although there is an increase in expression of 

monocyte and neutrophil chemoattractants during infection of mice exposed to 

UV 1-week prior, this only translated into more neutrophils, but not monocytes, 

being present in the skin of UV-exposed, infected mice.  
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Figure 4.10 | Increased numbers of neutrophils, but not monocytes, at the 
skin during arbovirus infection at 1-week post-UV exposure 
(A-B)  Skin on the upper left feet of mice were either exposed to a single erythemal UV 

dose or left unexposed. All mice were infected 1 week post UV exposure with 104 PFU 

of SFV4 at the exposed site in the presence or absence of a mosquito bite. Skin was 

collected 16hpi and digested to isolate single cells.  

(A)  Cells were stained with antibodies against CD45, CD11b, Ly6C and Ly6G and 

analysed using flow cytometry. 

(B)  Monocyte (Ly6C+) and neutrophil (Ly6Ghi) migration to skin measured by flow 

cytometry at 16hpi. Numbers represent percent of Ly6C+ or Ly6Ghi cells of all live cells. 

Plots show the median value ± interquartile range. Data were analysed using Kruskal-

Wallis test with Dunn’s multiple comparison test (ns = not significant, **P < 0.01, ****P < 

0.0001). 

 

As covered in the introduction to this chapter, macrophages are critical for 

tissue repair during wound healing and are present in the wounded area in high 

numbers219. While far less is known about the role of DCs in wound-healing, 
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these cells are also phagocytes and in addition to their antigen 

presenting/immune surveillance roles, also contribute to e.g. apoptotic cell 

clearance, albeit to a lesser extent than macrophages357. DC also contribute to 

tissue repair through the secretion of important factors/effector molecules, such 

as growth factors357. Importantly, when dermal DCs are depleted, wound healing 

in the skin is delayed in mice by day 5 post-wound, suggesting that they play an 

important role358.  

 
As such, it was important to assess whether numbers of both macrophages and 

DCs in UV-exposed skin at 1-week post-UV were altered, especially since these 

phagocytes are permissive to SFV infection. Using flow cytometry, we found 

that the proportion of macrophages was significantly higher in UV-exposed skin 

at 1-week post-UV, compared to resting mouse skin (Figure 4.11A). However, in 

mice infected with SFV 1-week post-UV, there were significantly less 

macrophages in the skin, compared to UV-exposed mice alone. This group had 

a similar proportion of macrophages to the resting mice and those infected with 

SFV in the absence of UV. Interestingly, there was no significant change in the 

proportion of DCs present in the skin in UV-exposed mice, even during infection 

(Figure 4.11B). Therefore, UV exposure drives an increase in the number of 

macrophages, but not DCs, in the skin by 1-week post-UV. However, this 

population contracts during SFV infection of UV-exposed skin. 
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Figure 4.11 | Erythemal UV exposure drives recruitment of macrophages 
to the skin at 1wk post-UV but numbers reduce during UV-mediated 
enhancement of infection 
(A-B) Macrophage (CD45+Ly6G-CD11b+MerTK+) (A) and DC (CD45+Ly6C-

CD11cintMHCII+) (B) migration to skin measured by flow cytometry at 16hpi. Gating 

strategy used during analysis outline in Section 2.19.5. Numbers represent percent of 

indicated cell type of all live cells. Prior to infection, mice were either left unexposed or 

were exposed to an erythemal dose of UV on the skin on the upper side of the foot. All 

mice were then infected 1wk post-exposure at the same site with 104 PFU of SFV4 in 

the presence or absence of a mosquito bite. (n = 4) 

Plots show the median value ± interquartile range. Data were analysed using Kruskal-

Wallis test with Dunn’s multiple comparison test (ns = not significant, *P < 0.05). 

 

The replication and differentiation of endothelial cells, keratinocytes and 

fibroblasts in the skin are a critical for the efficient healing of damaged skin. 

Together, these CD45-ve cells form the core components of the tissue, including 

the ECM, epithelium and vasculature359. Due to their core structural role in the 

skin, these cells face a lot of the damage caused by UV exposure of the skin 

during sunburn and, therefore, proliferation and regeneration of these 

populations is required to restore the tissue to homeostasis209,360. These cells 

are also susceptible to SFV infection308. Therefore, we also sought to define 

their quantities in the skin 1 week after erythemal UV exposure, both in 

response to the burn alone and also during arbovirus infection. When these 

three cell populations were assessed using flow cytometry, we found that there 

were significantly more endothelial cells in the skin of mice 1-week post-UV 

exposure, compared to resting mice (Figure 4.12A). However, this population as 

a percentage of all live cells was reduced back to normal levels in UV-exposed 

mice by 16hpi. Unexpectedly, there was no significant change in the proportion 

of fibroblasts or endothelial cells 1-week post-UV exposure and/or SFV infection 

(Figure 4.12B-C). Despite the requirement for CD45- cell proliferation during 

tissue regeneration, we found no increase in epithelial cells or fibroblasts, and 

the increase in endothelial cells in the skin observed at 1-week post-UV was 

reversed with the addition of SFV infection. However, this could be due to 

expansion in numbers of other cell types in the skin, e.g. macrophages, which 

may lead to the CD45- compartment not appearing any larger. The expansion of 
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the skin layers (Figure 4.1) indicates that there are many more cells overall in 

the skin following UV-exposure. 

 

 
Figure 4.12 | UV-exposed skin, 1wk post-UV, exhibits higher numbers of 
endothelial cells 
(A-C) Endothelial cell (CD45-CD31+) (A), fibroblast (CD45-Vimentin+) (B) and epithelial 

cell (CD45-EP-CAM+) (C) numbers in skin measured by flow cytometry at 16hpi. Gating 

strategy used during analysis outline in Section 2.19.5. Numbers represent percent of 

indicated cell type of all live cells. Prior to infection, mice were either left unexposed or 
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were exposed to an erythemal dose of UV on the skin on the upper side of the foot. All 

mice were then infected 1wk post-exposure at the same site with 104 PFU of SFV4 in 

the presence or absence of a mosquito bite. (n = 4) 

Plots show the median value ± interquartile range. Data were analysed using Kruskal-

Wallis test with Dunn’s multiple comparison test (ns = not significant, *P < 0.05). 

 

ARG1 encodes the Arginase 1 protein, a hallmark of the wound-healing M2 

macrophages. To further characterise the wound-healing phenotype of the skin 

at 1-week post-UV, we investigated expression of the ARG1 gene using qPCR. 

Levels of ARG1 were first assessed in the skin from mice infected with 104 PFU 

of SFV4 at resting skin or in skin exposed to UV between 24h-1 week prior. 

There was no significant increase in ARG1 expression in the skin until 1-week 

post-UV exposure, at which point levels of the gene had increased 100-fold 

compared to infected, resting skin (Figure 4.13A). However, there was an 

increasing trend in ARG1 expression over time post-burn, which was particularly 

apparent by 72h post-UV exposure. When we investigated ARG1 expression in 

mice infected with SFV at later timepoints post-UV, we found that levels of 

ARG1 begin to return to normal in mice infected 2 or 3 weeks post-UV (Figure 

4.13B).  
 
While ARG1 is strongly associated with M2 macrophages, fibroblasts have also 

been shown to express ARG1 during wound-healing. Therefore, we set out to 

identify whether the increase in ARG1 expression observed at 1-week post-UV 

was due to expression by immune cells or CD45- cells, which include 

fibroblasts. To investigate this, we separated out CD45+ and CD45- cells from 

the skin of mice infected in vivo with 104 PFU of SFV4 1-week post-UV and 

used qPCR to quantify the levels of ARG1 expression in each cellular 

compartment. As expected, there was significantly higher levels of ARG1 

expression in immune cells in the skin of mice exposed to UV 1-week before 

infection compared to infected, unexposed mice (Figure 4.13C). Interestingly 

though, the CD45- compartment in the skin of UV-exposed mice had also 

significantly upregulated ARG1, compared to the same cells in the unexposed 

mice (Figure 4.13D). Together, the data from this figure shows that ARG1 

expression is increased in the skin of mice 1-week post-erythemal UV 
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exposure, and that this is observed in both immune cells and CD45- cells, 

including fibroblasts. 

 

 
Figure 4.13 | CD45+ and CD45- cells in the skin express more ARG1, a key 
signalling molecule involved in wound-healing, at 1wk post-UV exposure 
(A-B) ARG1 copy number in inoculation site (skin) 24hpi. Prior to infection, mice were 

either left unexposed or were exposed to an erythemal dose of UV on the skin on the 

upper side of the foot. All mice were then infected at either 24h, 48h, 72h or 1 week 

post-exposure (A) or 1 week, 2 weeks or 3 weeks post-exposure (B) at the same site 

with 104 PFU of SFV4 in the presence of a mosquito bite. (n ≥ 6) 

(C-D) ARG1 copy number in CD45+ (C) or CD45- cells (D) isolated from infected 

unexposed or UV-exposed mice. CD45+ and CD45- fractions were separated using 

MACS separation.  

Gene expression measured by qPCR. Plots show the median value ± interquartile 

range. Data were analysed using Kruskal-Wallis test with Dunn’s multiple comparison 
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test (A-B) or Mann-Whitney test (C-D) (ns = not significant, *P < 0.05, **P < 0.01, ***P 

< 0.001). 

 

4.6 SFV does not preferentially target either CD45- or CD45+ 
cells during UV-mediated enhancement of infection 1-week 
post-UV  
In Figures 4.11 And 4.12 we had found that there were significantly more 

macrophages and endothelial cells in the skin by 1-week post-UV and that this 

expanded frequency was seemingly reversed during SFV infection of UV-

exposed skin, suggesting that the cells may have been infected and killed by 

virus, or that expression of specific cell markers used for gating had been 

altered. Therefore, we next investigated whether either immune cells (CD45+) 

or CD45- cells were disproportionately infected with virus during UV-mediated 

enhancement of infection in mice exposed to UV 1 week prior. Mice were 

infected with 104 PFU of SFV4 in unexposed skin or skin which had been 

exposed to erythemal UV 1-week prior. Cells from this skin were then isolated 

and separated into CD45+ and CD45- populations. Flow cytometry was used on 

a sample of each of these populations to confirm that the CD45+ fraction was 

enriched with CD45+ cells and the CD45- fraction had all CD45+ cells removed 

(Figure 4.14a-B). qPCR was used to quantify quantities of virus RNA present in 

each of these fractions. We found no significant difference in the quantities of 

virus between immune cells and CD45- cells in either unexposed mice or mice 

infected 1-week post-UV (Figures 4.14C-D). However, while this approach can 

be useful to easily identify changes in virus burden, there are many distinct cell 

types within both the CD45+ and CD45- fractions. Thus, small changes in virus 

quantities in one cell type e.g. macrophages (CD45+) or fibroblasts (CD45-), 

could be masked by all of the other cell types contained within that fraction. 
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Figure 4.14 | Virus burden in leukocytes is comparable to that in CD45- 
cells during enhancement of infection at 1-week post-UV exposure 
(A-D)  Skin on the upper left feet of mice were either exposed to a single erythemal UV 

dose or left unexposed. All mice were infected 1 week post UV exposure with 104 PFU 

of SFV4 at the exposed site in the presence of a mosquito bite. Skin from the 

inoculation site was collected 6hpi and digested to isolate single cells. Magnetic 

separation was used to separate cells expressing CD45 (CD45+) from the remaining 

cells (CD45-). (n = 8) 

(A, B)  Cells from the CD45+ (A) and the CD45- (B) fractions were stained with 

antibodies against CD45 and CD11b and analysed using flow cytometry. Numbers 

represent percentage of total live cells. Plots contain data from one individual but are 

representative of all samples and show the gating strategy used throughout. 

(C, D) SFV RNA (E1 gene) copy number in the CD45+ and CD45- fractions in 

unexposed (C) and UV-exposed (D) mice were determined at 6hpi by qPCR.  

Plots show the median value ± interquartile range (C-D). Data were analysed using 

Mann-Whitney test (ns = not significant, *P < 0.05, ***P < 0.001). 

 

UV exposure of skin makes several changes to individual cells over time, 

including mutations to DNA which can lead to skin cancer338,340,341. Therefore, 

we considered whether such changes on a cell-by-cell (cell autonomous) basis 

could make cells more susceptible to arbovirus infection, 1 week after UV 
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exposure of the skin. While we had shown that this was not the case at 24h 

post-UV (Chapter 3), this timepoint may have been too early for any changes 

caused by UV to alter the inherent permissiveness of cells to become infected 

and replicate virus.  

 

To investigate this at 1-week post-UV, we collected skin from resting mice or 

mice exposed to UV 1 week before. The skin was digested to collect the cells 

from the tissue. These cells were infected in vitro and RNA was extracted at 

16hpi to analyse the quantities of virus RNA present in the cells using qPCR. 

The quantities of virus by 16hpi were similar in the cells taken from unexposed 

mice compared to those taken from mice exposed to UV 1-week prior to 

infection (Figure 4.15C). We then repeated this experiment but separated the 

skin cells into CD45+ and CD45- populations and infected each population 

separately, to determine whether either individual population was more 

susceptible following UV exposure. Separation of the two fractions was 

confirmed using flow cytometry (Figure 4.15A-B). When we examined quantities 

of virus RNA in each cellular compartment, we found that there was no 

significant difference in the virus burden by 16hpi between immune cells and 

CD45- cells from either UV-exposed mice or unexposed mice (Figure 4.15D). 

Additionally, there was no difference in the quantities of SFV RNA in immune 

cells from unexposed mice compared to immune cells from mice exposed to UV 

1-week prior to infection. The same was true for CD45- cells. SFV infection was 

not enhanced ex vivo, suggesting that cells are not made more inherently 

susceptible by UV exposure at 1-week post-UV, and that the mechanism driving 

this effect only occurs in vivo. 
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Figure 4.15 | No inherent difference in permissiveness of cells to 
arbovirus infection 1 week after erythemal UV exposure 
(A-D)  Mice were either exposed to a single erythemal UV dose or left unexposed. Skin 

from the exposed site was collected 1wk post-exposure and digested to isolate single 

cells. Cells were then infected with SFV4 in vitro either immediately, or following 

magnetic separation into immune cell (CD45+) and stromal cell (CD45-) compartments. 

Quantities of virus RNA were analysed at 16hpi. (n = 8) 

(A, B) Cells from the CD45+ (A) and the CD45- (B) fractions after CD45+ separation. 

(C) SFV RNA (E1 gene) copy number in all cells taken from skin of UV-exposed mice 

compared to unexposed mice at 16hpi in vitro. (D) SFV RNA (E1 gene) copy number in 

CD45+ and CD45- fractions from unexposed (C) and UV-exposed (D) mice at 16hpi in 

vitro.  

Gene expression measured by qPCR. Plots show the median value ± interquartile 

range (C-D). Data were analysed using unpaired t-test (C) or Kruskal-Wallis test with 

Dunn’s multiple comparison test (D) (ns = not significant). 

 

4.7 An increase in infected fibroblasts present in mice exposed 
to UV 1-week prior to infection 
While the results from Figure 4.14 showed that there is no difference in the virus 

burden in immune cells vs CD45- cells of UV-exposed mice, we still did not 

have an explanation for the reduction in macrophage and endothelial cell 
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numbers in the skin between mice exposed to UV 1 week prior and mice 

infected with SFV at UV-exposed skin 1-week post-UV. One explanation for this 

reduction could be that these cell types had been infected with SFV, resulting in 

cell lysis and death. Therefore, we used a fluorescent strain of SFV, SFV6-

mCHERRY, and flow cytometry to identify infected cell types in mice infected 

with SFV in resting skin or in skin exposed to UV 1-week prior. We first looked 

at the three main immune cell types which are infected by SFV within the first 

24h of infection. Surprisingly, we did not find any change in the number of SFV-

infected monocytes, macrophages or DCs in mice exposed to UV 1-week prior 

to infection, compared to infected, unexposed mice (Figure 4.16A-C).  

 

 
Figure 4.16 | No difference in virus burden in leukocytes during UV-
mediated enhancement of infection 1wk post-UV 
(A-C) Number of infected monocytes (CD45+Ly6C-CD11c-MHCII+) (A), macrophages 

(CD45+Ly6G-CD11b+MerTK+) (B), DCs (CD45+Ly6C-CD11cintMHCII+) (C), measured by 

flow cytometry at 16hpi. Gating strategy used during analysis outline in Section 2.19.5. 

Numbers represent percent of indicated SFV6-mCHERRY+ infected cell type of all live 

cells. Prior to infection, mice were either left unexposed or were exposed to an 

erythemal dose of UV on the skin on the upper side of the foot. All mice were then 

infected 1wk post-exposure at the same site with 103 PFU of SFV6-mCHERRY in the 

presence or absence of a mosquito bite. (n = 4) 

Plots show the median value ± interquartile range. Data were analysed using Mann-

Whitney test (ns = not significant). 

 

We next assessed SFV6-mCHERRY infection of key CD45- cell populations, 

endothelial cells, fibroblasts and epithelial cells. Interestingly, there was no 
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significant increase in the number of infected endothelial cells between UV-

exposed mice and unexposed mice, despite this being the cell type which had 

been shown to be ablated following SFV infection of UV-exposed mice earlier in 

this chapter (Figure 4.17A). There was also no difference in the number of 

infected epithelial cells between the two groups (Figure 4.17C). However, there 

were significantly more infected fibroblasts in UV-exposed mice by 16hpi, 

compared to unexposed mice (Figure 4.17B).  
 

 
Figure 4.17 | SFV preferentially infects fibroblasts in UV-exposed skin 
during UV-mediated enhancement of infection 1wk post-UV 
(A-C) Number of infected endothelial cells (CD45-CD31+) (A), fibroblasts (CD45-

Vimentin+) (B) and epithelial cells (CD45-EP-CAM+) (C), measured by flow cytometry at 

16hpi. Gating strategy used during analysis outline in Section 2.19.5. Numbers 

represent percent of indicated SFV6-mCHERRY+ infected cell type of all live cells. Prior 

to infection, mice were either left unexposed or were exposed to an erythemal dose of 

UV on the skin on the upper side of the foot. All mice were then infected 1wk post-

exposure at the same site with 103 PFU of SFV6-mCHERRY in the presence or 

absence of a mosquito bite. (n = 4) 

Plots show the median value ± interquartile range. Data were analysed using Mann-

Whitney test (ns = not significant, *P < 0.05). 

 

4.8 Summary and conclusions 
As introduced earlier, the inflammatory state at the skin early following a 

cutaneous wound switches to a largely anti-inflammatory, wound healing 

environment at later timepoints to facilitate tissue repair361. This involves 
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changes mediated by both leukocytes and CD45-ve cells, including fibroblasts, 

endothelial cells and epithelial cells. Therefore, it is likely that the cellular and 

molecular environment in the skin is extremely different at 1-week post-UV, 

compared to 24h post-UV. This led us to hypothesise that mice would be more 

susceptible to arbovirus infection at 1-week post-UV and that the mechanisms 

driving this are distinct from those which contribute to the enhanced arbovirus 

infection observed at 24h post-UV. 

 
We first set out to characterise any changes to the skin’s architecture between 

1-3 weeks after an erythemal UV exposure, in the absence of virus, by 

examining skin histology and vascular permeability. We found that the layers of 

the skin are much thicker in mice exposed to UV 1-week or 2 weeks prior, 

compared to resting skin, before returning to normal thickness by 3 weeks post-

exposure (Figure 4.1). This corroborates findings by other groups, which have 

shown that hyperplasia is clear by 1-week post-exposure, before beginning to 

resolve around 2 weeks post-UV in mice232,240,360. Hyperplasia is not only a 

hallmark of UV exposure in mice, but humans also362,363 and involves the 

proliferation of keratinocytes and other cell types to better protect the skin from 

further UV exposures232,343. Keratinocyte proliferation in particular is also 

required to rebuild the epidermal layer210. 

 

Upon examination of the vascular permeability in UV-exposed skin at 1-week 

post-UV, we found that oedema was increased compared to rest, but also to an 

even higher level than mice exposed 24h prior, with no additional effect 

observed following the addition of a mosquito bite, a known inducer of 

permeability itself (Figure 4.2). This increased oedema is associated with an 

observed increase in virus RNA quantity at 1 week compared to infection at 24 

hours post UV (Figure 4.3). During wound healing, macrophages produce a 

number of effector molecules, including VEGF, which act on endothelial cells to 

induce vascular permeability364. Although we did not examine VEGF expression 

in UV-exposed skin, it is likely that the mechanism driving vascular permeability 

is different at 1-week post-UV than 24h post-UV, which may explain the differing 

levels of permeability between the two timepoints. Regardless of the molecular 

driver, increased vascular permeability in the skin, like that observed at 1-week 

post-UV, can allow for more efficient entry of leukocytes, some of which may be 



 154 

permissive to arbovirus infection and/or drive programs that increase cellular 

permissiveness to infection. 

 

In addition to the quantitative measurements made based on the skin of mice 

exposed to UV 1-week prior, anecdotally, during skin collection we also noted 

the visual appearance of the UV-exposed skin to be flaky and peeling by this 

timepoint with the skin stretched tightly over the limb, causing restriction in the 

motility of the foot joint. Visible erythemal inflammation of the skin, readily 

observable at 24h post-UV, was no longer observed at 1 week. This observation 

is also indicative of the wound going through the healing process. Together, the 

changes to the skin of mice exposed to UV 1-week prior shown here indicate 

that the skin is undergoing wound-healing by 1-week post-UV and possesses 

features that may modulate susceptibility to virus infection. 

 

Subsequently, we demonstrated that susceptibility to SFV infection is 

significantly higher in mice exposed to UV 1-week prior to infection, with 

increased quantities of virus in the skin and blood by 24hpi (Figure 4.3). 

Interestingly, mice are still more susceptible to infection when infected 2 weeks 

post-UV but this abates by 3-weeks post-UV (Figure 4.4). This mirrors the 

resolution of the burn wound by 3 weeks post-UV shown in Figure 4.1, 

suggesting that the processes taking place in the skin during wound healing at 

1-week post-UV are linked to the increase in susceptibility observed in these 

mice at this timepoint. 

 

Next, we investigated whether infection with a more medically relevant virus, 

ZIKV, is also enhanced 1-week post-UV exposure. While quantities of virus in 

the skin, spleen and blood of mice were the same between non-UV exposed 

mice and those exposed to an erythemal dose of UV 1-week prior, the UV 

exposed mice did experience a much more clinically severe course of infection 

(Figure 4.5).  

 

We had to use the immunodeficient mouse model, Ifnar-/- in order to study ZIKV 

in vivo. However, the use of Ifnar-/- mice does bring with it some limitations 

which may explain the results observed here. In both groups, there were very 

low quantities of virus in the skin but high quantities in the spleen and blood, 
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and these were much higher than comparative experiments with SFV in WT 

mice. This suggests that the virus rapidly spread from the inoculation site in 

both groups. However, this was not enhanced at these sites with the addition of 

UV. The lack of difference between the two groups may be attributed to the 

extreme susceptibility of Ifnar-/- mice to virus infection, because they lack the 

capacity to respond to Type I IFN, the antiviral system365. This could negate any 

impact that UV exposure may have on an immunocompetent model at 1-week 

post-UV. However, as ZIKV does not cause clinical disease in WT mice, this 

cannot be studied. Nevertheless, the virus only caused clinical signs in mice 

which had been exposed to UV 1-week before. It is important to note that all 

mice were clinically well following the UV exposure and only deteriorated 

following virus infection, suggesting that it was not the UV exposure alone which 

was causing the illness. These results may indicate that UV exposure drives an 

increase in the spread of virus to the brain, as viral encephalitis is the main 

cause of pathology following ZIKV infection. However, during the planning of the 

experiment we chose not to collect the brain as we believed 24hpi would be too 

early for the virus to spread to the brain. Therefore, this experiment will need to 

be repeated and the brains examined for virus RNA to definitively conclude this. 

 

The components of the immune system at the skin during wound healing are 

characterised as being anti-inflammatory, as resolution of the inflammatory 

response is critical for efficient repair and closure of the wound. Therefore, we 

considered whether suppression of the antiviral immune response in the skin at 

1-week post-UV may explain the increase in susceptibility to infection observed 

at this stage. When we interrogated the expression of genes associated with the 

Type I IFN system, including IFN-β and several prototypic anti-viral ISGs, during 

SFV infection of mice exposed to UV 1-3 weeks prior, we found that there was a 

robust induction of these at timepoints where virus quantities also peak, in mice 

1-week or 2 weeks post-exposure (Figure 4.6). In fact, this occurs to a much 

higher level than during SFV infection in non-UV exposed mice. This suggests 

that the Type I IFN is not suppressed in UV-exposed skin during arbovirus 

infection, however, it is not nonetheless powerful enough to overcome the 

impact of erythemal UV exposure on raising susceptibility to arbovirus infection. 
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As shown in Section 4.2 of this chapter, the skin possesses characteristics of 

wound healing at 1-week post-UV. This led us to consider whether related 

processes could be contributing to the enhanced susceptibility to virus infection 

observed at this timepoint. Proliferation of a range of cells, including fibroblasts, 

epithelial and endothelial cells is essential for rebuilding damaged cutaneous 

tissue210. As SFV is also considered an oncolytic virus, with a characteristic 

ability to preferentially replicate within proliferating cells, we decided it would be 

insightful to examine the presence of proliferating cells in the skin of UV-

exposed mice at 1-week post-UV. Consequently, we found that there are more 

proliferating cells in the skin of mice exposed to UV 1-week prior (Figure 4.7). 

Additionally, there are more infected, proliferating cells than infected, non-

proliferating cells present in the skin of these mice during infection, suggesting 

that SFV targets proliferating cells during UV-mediated enhancement of 

infection at 1-week post-UV (Figure 4.8). Importantly, this was not found to be 

the case, in the previous chapter, during infection at 24h post-UV, despite there 

being more proliferating cells in those mice also (Section 3.4). This suggests 

that SFV utilises proliferating cells for replication at 1-week post-UV and, since 

there are more of them, this could be contributing to enhanced virus infection in 

UV-exposed skin at this timepoint. The reason why SFV infects proliferating 

cells at 1-week post-UV but not at 24h post-UV is yet to be explained. However, 

this could be due to the phenotype of the proliferating cell types. This may mean 

that the cell types which are highly proliferative during wound-healing, 

fibroblasts, endothelial cells and keratinocytes, may be targeted by the virus. 

Whereas, leukocytes, which are generally terminally differentiated once they 

reach the skin, may not be targeted by the virus at 1-week post-UV208. However, 

it is worth noting that macrophages have been shown to proliferate locally in the 

tissue, rather than migrating from the blood during Th2-associated inflammatory 

responses366. Therefore, it is also possible that some of these proliferating cells 

are macrophages. However, based on our results alone we cannot definitively 

conclude the cell identities of the proliferating cells. This could be elucidated by 

combining the EdU assay, used to identify proliferating cells, with a multi-

parameter flow cytometry panel to stain for cell markers to allow for the 

identification of proliferating cell types.  

 



 157 

We also sought to identify changes to the frequency of key cell types present in 

the skin at 1-week post-UV. Initially, we identified an increase in the expression 

of both CXCL2 and CCL2, which attract neutrophils and monocytes respectively 

(Figure 4.9). However, this did not necessarily correspond to an increase in the 

numbers of these cells present in the skin. In fact, while there were significantly 

more neutrophils present in UV-exposed mice at 16hpi, compared to infected, 

non-UV exposed mice, there was no change in the number of monocytes 

(Figure 4.10). While neutrophils can contribute to inflammation in the skin, 

through the production of cytokines, they are not permissive to SFV infection. 

Therefore, they can’t act as cellular targets for SFV replication or as a reservoir 

for the virus, and so won’t be directly responsible for the increase in virus 

replication observed in the skin of UV-exposed mice at 1-week post-UV. 

Nevertheless, they can contribute to altered immunity at the skin in an indirect 

way.  

 

Although neutrophils are commonly associated with the rapid response to a skin 

barrier breach to clear infection and debris, they are also recruited in the skin at 

later timepoints during wound healing367. In UV-exposed skin specifically, they 

have been found at 8-days post-exposure, which supports our findings here that 

they are also present during infection in UV-exposed skin at 1-week post-UV. 
240. At this stage of wound healing, they can contribute to the resolution of 

inflammation and are a vital component of the process, with Cxcr2-/- mice, 

which are unable to recruit neutrophils to the injury site, experiencing impaired 

cutaneous wound healing 368. Of great relevance here is the role neutrophils 

play in producing chemokines to recruit monocytes and macrophages to the 

damaged tissue, to coordinate the wound healing process369. This suggests that 

the increase in neutrophils observed in the skin of mice during infection 1-week 

post-UV may lead to a corresponding increase in the number of virus-

permissive macrophages, despite finding no change in the number of 

monocytes. 

 

As introduced earlier, macrophages are the master coordinators of the wound 

healing response. As such, macrophages are one of the most abundant cell 

types present in wounded skin370. These cells are also susceptible to SFV 

infection, making their abundance in the skin during wound healing a potential 
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contributory factor to enhanced susceptibility to arbovirus infection. However, 

their presence during the wound-healing phase of an erythemal UV burn at 1-

week post-UV had not been investigated. Interestingly, when we interrogated 

macrophage numbers in the skin, UV increases the number of macrophages by 

1-week post-UV, in the absence of virus infection (Figure 4.11). This 

corresponds with findings from Cela et al., who found large granulomas filled 

with macrophages in skin histology of mice by 8 days post-UV240. However, 

when we looked at macrophage numbers in infected, UV-exposed mice, this 

population was ablated back to resting levels (Figure 4.11). This could represent 

a reduction in the number of macrophages due to infection, as SFV does infect 

macrophages. Alternatively, these macrophages could have changed their cell 

marker expression in response to virus infection. Similar to our findings here, a 

reduction in Lyve1+ macrophages following SFV infection in mosquito-bitten 

skin has previously been shown289. However, whether this is due to a change in 

marker expression or due to lytic infection remains to be seen.  
 
DCs are the primary antigen presenting cell in the skin and, therefore, are 

mainly responsible for bridging the innate and adaptive response during wound 

healing and infection371. Interestingly though, we found no change in the number 

of DCs in the skin 1 week after an erythemal UV exposure compared to resting 

skin, either in the absence or presence of virus (Figure 4.11). This might be 

expected, as tissue residency of these cells are highly dynamic e.g. with 

activated skin DC migrating to lymph nodes, while inflammatory chemokine 

expression attracts new DC progenitors.  

 

The increased number of macrophages shown in Figure 4.11 may explain the 

increase in proliferating cells shown in Figure 4.7, as macrophages produce 

growth factors that drive proliferation of cells, including keratinocytes, 

endothelial cells and epithelial cells, during wound healing206. SFV has also 

been shown to preferentially infect proliferating cell types, and so we sought to 

interrogate their presence in the skin of UV-exposed mice. There were more 

endothelial cells in the skin by 1-week post-UV (Figure 4.12). Angiogenesis, the 

formation of new blood vessels, is required to fully repair damaged tissue216. For 

this to happen, endothelial cells must proliferate to form new vessels372. 

Therefore, the expansion of this population in UV-exposed skin observed here 
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is expected. However, this population was reduced when UV-exposed mice 

were infected with SFV, similar to what was observed with the macrophage 

population following infection in UV-exposed skin. Again, this could be due to 

endothelial cells being infected with virus, leading to cell death. 

 

Unexpectedly, there was no change in the number of epithelial cells or 

fibroblasts in the skin of mice exposed to UV 1-week prior, regardless of virus 

infection (Figure 4.12). Expansion of both of these cell populations is essential 

for effective wound healing as these cells are required to rebuild the damaged 

tissue209,373. We would expect the number of keratinocytes, a type of epithelial 

cell, in particular to have increased in UV-exposed mice, as the histology 

images taken from these mice, shown in Figure 4.1, had shown massive 

expansion of the tissue, which is driven by keratinocyte proliferation. However, 

this unexpected finding could be due to there being more CD45+ cells present 

in the skin of UV-exposed mice, skewing the proportion of these CD45- cell 

populations to appear smaller in comparison. Although the live cell count was 

consistent across groups and so this should not have affected the result 

significantly as proportions were calculated based on the total live cells in each 

sample. However, it is possible that some cells have been lost during the 

digestion process used to isolate cells from skin for flow cytometry. 

 

When we explored expression of the key wound healing-associated molecule 

ARG1, we found that levels of ARG1 in the skin gradually increase over time 

following an erythemal UV burn, and which reached statistical significance at 1-

week post-UV (Figure 4.13). We found that expression of ARG1 in UV-exposed 

skin returns to basal levels by 2-3 weeks post-UV, tracking with the resolution of 

the burn by this timepoint shown in skin histology by us, in Figure 4.1, and by 

others232. ARG1 is traditionally associated with M2 macrophages, prevalent in 

the skin during tissue repair, and has long been a marker of this population352. 

At timepoints earlier than this post-UV, macrophages are likely to be skewed 

towards the pro-inflammatory M1 phenotype, which express inducible Nitric 

Oxide Synthase (iNOS), the antagonist of ARG1, rather than ARG1374. The 

trending increase in expression observed between 48-72h post-UV in our model 

likely tracks with the phenotype switch of these macrophages, signalling that the 

skin environment is progressing away from the acute inflammatory phase post-
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burn into the wound-healing phase by 1-week post-UV375. ARG1 kickstarts 

several downstream processes which culminate in collagen production and 

cellular proliferation, two vital processes to repair damaged tissue206. 

 

It has been shown that M2 macrophages are not the only cell type to express 

ARG1 during tissue repair; fibroblasts also express ARG1 during wound 

healing353. Correspondingly, when we interrogated expression of ARG1 in 

CD45- cells, containing fibroblasts, and CD45+ cells, containing macrophages, 

taken from skin exposed to UV 1-week prior, we found that both cell populations 

significantly upregulated expression of ARG1 compared to rest by 1-week post-

UV exposure (Figure 4.13). This further confirms that the skin is undergoing 

wound healing at this timepoint post-UV and suggests that some fibroblasts 

may have developed the ‘macrophage-like’ wound healing phenotype by 1-

week post-UV.  

 

Interestingly, it has been argued that polarisation of macrophages towards an 

M2 phenotype may be of harm to the host during viral infection. Whereas M1 

macrophages are highly phagocytic and produce anti-viral type I IFNs, the anti-

inflammatory state driven by the M2 macrophage may be of great benefit to the 

virus in terms of avoiding immune clearance. In fact, some viruses, including 

HCMV and SARS-CoV-2, actively drive or are associated with M2 

polarisation376,377. Additionally, M2 macrophages have been shown to be 

ineffective in controlling respiratory syncytial virus (RSV) in vitro, while M1 

macrophages were able to reduce quantities of the virus 378. Although, deletion 

of ARG1 in macrophages and neutrophils in mice led to enhanced clearance of 

the two arthritogenic arboviruses CHIKV and RRV in the joints of mice, the 

tissues where these viruses cause pathology379. Furthermore, the role of M2 

macrophages, or ARG1 expression more generally, during arbovirus infection in 

the skin remains to be elucidated. Therefore, it is not clear what affect the 

increased expression of ARG1, be it by macrophages or fibroblasts, in the skin 

of UV-exposed mice at 1-week post-burn may have on the increased 

susceptibility to arbovirus infection observed in our study.  

 

Based on our earlier observations, from Figure 4.11 and 4.12, that macrophage 

and endothelial cell numbers were reduced following SFV infection at UV-
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exposed skin, we considered whether this drop could be due to these cell types 

being infected by virus. Therefore, we investigated whether either CD45- cells, 

which include endothelial cells, or CD45+ cells, which include macrophages, 

were disproportionately infected by virus during UV-mediated enhancement of 

infection at 1-week post-UV. Although, we found that the quantities of virus were 

equal between the two populations (Figure 4.14). Alternatively, if both 

macrophages and fibroblasts are infected, this would lead to equal virus burden 

between CD45+ and CD45- cells, as observed here. Additionally, we ruled out 

the idea that UV was simply making cells more permissive to infection on a per 

cell basis, by showing that cells from UV-exposed mice were not more 

susceptible to arbovirus infection when infected in vitro (Figure 4.15). Together, 

this led us to hypothesise that the increase in susceptibility to arbovirus infection 

in mice exposed to UV 1 week prior, may be partially explained by the presence 

higher numbers of virus-permissive cells in UV-exposed skin during infection, 

due to the ongoing wound-healing process.   

 

Therefore, we concluded our investigations into the mechanism driving 

enhancement of infection at this timepoint by examining whether there were any 

differences in the numbers of specific cell populations infected with SFV, in UV-

exposed mice compared to non-exposed mice. While we were most interested 

in macrophages and endothelial cells, due to our earlier findings that these 

populations dropped in number following SFV infection of UV-exposed skin, we 

explored several other cell populations, both within the CD45+ and CD45- 

fractions. However, there was no change in the number of infected monocytes, 

macrophages, DCs, endothelial cells or epithelial cells by 16hpi in the skin of 

mice exposed to UV 1-week prior to infection, compared to infected, non-

exposed mice (Figure 4.16 and 4.17). Interestingly though, there were more 

infected fibroblasts in UV-exposed skin during infection, compared to infected, 

non-exposed mice. While these results were not as we had expected based on 

the findings from Figures 4.11 and 4.12, it is possible that we missed the 

timepoint at which macrophages and endothelial cells are infected. These cells 

may have been infected earlier post-infection and have died by 16hpi, 

explaining the reduction observed in their numbers following infection. Further 

studies at different time points could therefore be informative, although due to 
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effort required to undertake such experiments, were outside the scope of this 

study.  

 

Nevertheless, the presence of more infected fibroblasts in the UV-exposed mice 

suggests that infection of these could be contributing to the enhanced infection 

phenotype observed at 1-week post-UV. Additionally, fibroblasts are one of the 

key proliferative cell types in the skin during tissue repair. Therefore, it may be 

that the proliferative cells that are targeted by the virus, as shown in Figure 4.8, 

are fibroblasts and that this targeting of proliferating cells by SFV during the 

healing of the UV burn is contributing to the higher quantities of virus observed 

in these mice. However, further investigation to phenotype the infected, 

proliferating cells must be done to determine whether this is true.  
 

Overall, this chapter has shown that mice exposed to an erythemal dose of UV 

1-week prior to infection are much more susceptible to arbovirus infection. 

Although there is limited existing knowledge around the kinetics of healing of a 

UV burn, we have shown that UV-exposed skin at this timepoint is characterised 

by several features of wound healing, including increased cell proliferation and 

ARG1 expression. Furthermore, we have found evidence that SFV benefits 

from this wound healing environment, by infecting proliferating cells and 

fibroblasts.  
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Chapter 5: Repeated sub-erythemal UV exposure in 
vivo is sufficient to increase host susceptibility to SFV 

infection 
 
 
 
 

  



 164 

5.1 Introduction 
The first two results chapters of this thesis have explored the impact of a single 

erythemal UV exposure on host susceptibility to arbovirus infection. However, 

people are exposed to varying quantities of UV from the environment. This most 

commonly takes the form of regular repeated exposures to lower quantities of 

UV. Typically, this occurs as individuals carry out general daily tasks outdoors. 

This type of exposure leads to photoadaptation, including thickened skin and 

tanning, or melanisation, of the skin220.  

 

Exposure to UV purposely, either outdoors or via tanning beds, with the aim of 

getting a suntan is a common practice in many parts of the world, particularly in 

Western nations380. Despite common misconceptions, exposure of the skin to 

tanning doses of UV is not safe, as the cellular processes that result in the 

tanned appearance of the skin, or melanisation, are driven by UV-induced DNA 

and cell damage220. As such, recreational tanning still puts an individual at 

higher risk of UV-associated conditions, such as skin cancer381.  

 

The extent of UV exposure that an individual experiences is highly variable and 

depends on a number of factors. For one, this can differ based on the region of 

the world a person lives in and the daily activities they partake in224,247. For 

example, an individual who works outdoors in Australia, a country with a high 

UV index, is exposed to more UV on average than an individual who works 

indoors in England, where the UV index is much lower224. Furthermore, 

individual UV exposure is estimated to increase by 30% when an individual is 

on holiday in a sunny climate382. A person’s ability to tan following a UV 

exposure also largely depends on their skin tone, with the palest tones being 

more likely to burn than tan220,383. Thus, the level of exposure that a specific 

individual experiences is highly variable, as is their response to UV exposure, 

which is largely driven by genetics. Together, this makes exposure to UV a key 

environmental variable that may have the potential to assist in risk stratification 

of patients infected with mosquito-borne viruses. As such, it is key that we better 

define how differing intensities of UV exposure alters host susceptibility to virus.  

 



 165 

While the impact of higher dose UV exposures on immunity at the skin have 

been studied, there is relatively little understanding about the impact that 

repeated, sub-erythemal doses of UV have in this capacity. However, it has 

been shown that the impact of a single, erythemal UV exposure, of the kind we 

investigated in Chapters 3 and 4, and repeated, low level UV exposures on 

immune responses, particularly the innate component, are very different240. 

Repeated low doses of UV have limited impact on upregulating the expression 

of pro-inflammatory cytokines or inducing myeloid cell recruitment. Instead, the 

most obvious cutaneous changes include a thickening of the epithelium and an 

upregulation of antimicrobial peptides. Furthermore, exposure of mice to a sub-

erythemal UV dose prior to infection with the Leishmania parasite has been 

shown to alter innate immune components during subsequent infection, 

including an increase in mast cells384. However, whether these changes 

following sub-erythemal UV exposure of skin impacts Leishmania infection 

outcomes remains to be seen. 

 

5.1.1 Hypothesis and aims 
In summary, due to the large variability in individual exposure to UV, we thought 

it vital to investigate whether host susceptibility to arbovirus infection is also 

altered following sub-erythemal dose(s) of UV. Based on our observed findings 

that type I IFNs are induced over time in UV exposed skin and the findings of 

Cela et al. that suggests skin adopts a photoadaptive state, lacking prototypic 

pro-inflammatory signature (e.g. myeloid cell recruitment), following repeated, 

sub-erythemal UV exposures240, we hypothesised that susceptibility to arbovirus 

infection would not be enhanced in the skin following this type of exposure.  

 

Therefore, this short chapter aims to: 

 

1) Determine whether repeated, sub-erythemal doses of UV are 
sufficient for enhancing subsequent SFV infection 

2) Characterise the inflammatory profile of the skin during infection in 
skin previously exposed to repeated, sub-erythemal doses of UV  

3) Determine the lower limits of the UV dose required for UV-mediated 
enhancement of infection 
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5.2 Exposure of skin to repeated, sub-erythemal doses of UV 
drives epidermal thickening but does not induce oedema 
To determine whether a lower, sub-erythemal dose of UV exposure has an 

impact on arbovirus infection outcome, we adopted a previously developed in 

vivo model240, in which the skin on the upper side of the left foot of C57BL/6 

mice were exposed to a sub-erythemal dose of UV, measuring 20mJ/cm2, three 

times every 48-hours, before being culled or infected 24h after the final dose. 

Each of these doses of UVR was equivalent to 0.1 MEDs. This regimen of 

exposures models a tanning exposure to UV in humans, rather than sunburn we 

had modelled in previous chapters.  

 
Before investigating whether this type of UV exposure impacts host 

susceptibility to arbovirus infection, we sought to characterise any changes to 

the structure of the skin following these exposures, as we had done previously 

24h and 1-week after exposure to an erythemal dose of UV. We hypothesised 

that repeated exposure to sub-erythemal doses of UV would not have as 

extreme effects on the structure of the skin as an erythemal dose had been 

shown to have in previous chapters. To investigate this, we examined skin 

histology taken from these mice at the end of the treatment regime, 24h after 

the final dose. The UV-exposed skin shows some evidence of an inflammatory 

cell infiltrate in the dermis (indicated by the arrow), compared to the unexposed 

skin (Figure 5.1A). Furthermore, the epidermis appears to be thicker following 

UV-exposure. This observation was confirmed via measurements of the skin 

layers using the imaging software QuPath (Figure 5.1B). This analysis also 

showed that the subcutaneous fatty layer was considerably thinner in the UV-

exposed mice. These results indicated that repeated, sub-erythemal exposures 

of the skin to UV does drive epidermal thickening and an infiltrate of cells, 

although smaller than that observed 24h after an erythemal exposure.  
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Figure 5.1 | Repeated sub-erythemal UV exposure causes epidermal 
thickening and cellular infiltrate 
(A) Histology of resting skin from dorsal region of C57BL/6 mice or skin exposed to a 

sub-erythemal UV dose to dorsal region three times at intervals of 48 hours. Skin 

collected 24h after final exposure. Sections stained with H&E. Yellow arrow indicates 

cell infiltrate. Images shown are representative of the group. Scalebars measure 100 

µm. Slides scanned at 20x magnification. 

(B) Measurements of epidermis, dermis and fatty layer thickness were taken from 10 

areas per condition using QuPath (n = 3). Plots show the median value ± interquartile 

range. Data were analysed using Mann-Whitney test (ns = not significant, ***P < 0.001, 

****P < 0.0001). 

 

As discussed in earlier chapters, induction of vascular permeability is a key 

mechanism by which arbovirus infection is enhanced by a mosquito bite126,134. 

The resultant increase in oedema associated with vascular permeability can be 
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measured and can be used to indicate whether a factor has the potential to 

modulate susceptibility to arbovirus infection. As before, we used Evan’s blue 

dye to quantify the level of oedema in the skin and measured this in the skin of 

resting mice or following repeated, sub-erythemal UV exposures alone or with 

the addition of a mosquito bite at the end of the treatment regime. Interestingly, 

there was no difference in oedema at the skin in UV-exposed mice, compared 

to resting mice (Figure 5.2). However, when UV-exposed mice were also 

exposed to mosquito biting, there was a significant increase in levels of oedema 

compared to both resting mice and non-bitten, UV-exposed mice. Therefore, 

since oedema was only increased in mice exposed to a mosquito bite, as well 

as UV, it is likely that this is being driven by the bite, a known inducer of 

vascular permeability.  

 

 
Figure 5.2 | Vascular permeability is only induced in skin following 
repeated, sub-erythemal UV exposure, when exposed skin is also bitten 
by Aedes aegypti 
Mice were exposed to a sub-erythemal UV dose to upper left foot three times at 

intervals of 48 hours. 24h after the final UV exposure, mice were injected s.c. with 

Evans blue to scruff of neck, distant from the UV-exposed site. Mice were then 

exposed to mosquito bites at the UV-exposed site. The extent of oedema was 

assessed by quantification of Evan’s blue dye leakage into skin at 3 h post-biting via 

colorimetric assay (n = 8). 

Plots show the median value ± interquartile range. Data were analysed using Kruskal-

Wallis test with Dunn’s multiple comparison test (*P < 0.05, **P < 0.01). 
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5.3 Repeated, sub-erythemal doses of UV only enhanced 
subsequent arbovirus infection in combination with Aedes 
aegypti bite 
Since repeated sub-erythemal UV exposure did not induce extreme structural 

changes or oedema in skin, we hypothesised that the outcome of arbovirus 

infection in these mice would not be significantly altered. To examine this, we 

exposed mice to a sub-erythemal dose of UV every 48 hours, three times, and 

then, 24h after the final exposure, infected mice at the UV-exposed site with 104 

PFU of SFV4 at mosquito bitten skin. To determine whether infection was 

enhanced in these mice, we collected skin, from the inoculation site, and serum 

at 24hpi. To detect the presence of SFV in the skin, we used qPCR to quantify 

expression of the virus gene, E1. There was significantly more virus RNA by 

24hpi in the skin of mice exposed to repeated, sub-erythemal doses of UV prior 

to infection and exposed to mosquito bites during infection, compared to 

unexposed mice infected alongside a mosquito bite alone (Figure 5.3A). A 

plaque assay was used to quantify the quantities of infectious virus in the serum 

by 24hpi. Viremia followed the same trend as had been observed in the skin; 

UV-exposed mice, infected alongside a bite, had significantly higher quantities 

of infectious virus in the serum by 24hpi than non-UV exposed mice, which 

were also exposed to biting mosquitos (Figure 5.3B). This data disproved our 

hypothesis, showing that exposing mice to repeated, sub-erythemal doses of 

UV prior to infection causes an increase in host susceptibility to arbovirus 

infection, in the presence of a mosquito bite.  
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Figure 5.3 | Repeated sub-erythemal UV exposure results in enhancement 
of arbovirus infection, in combination with Aedes aegypti bite 
(A-B) SFV RNA (E1 gene) copy number in inoculation site (skin) (A) and viral titres in 

the serum (B) 24hpi. Prior to infection, mice were either left unexposed or had the skin 

of their left upper foot exposed to a sub-erythemal UV dose three times at intervals of 

48 hours before being infected with 104 PFU of SFV4 in the presence of a mosquito 

bite. (n ≥ 6) 

Gene expression measured by qPCR. Plots show the median value ± interquartile 

range. Data were analysed using Mann-Whitney test (**P < 0.01). 

 

In our previous experiments looking at the impact of erythemal UV on arbovirus 

infection at 24h and 1-week post-UV, we had found that erythemal UV exposure 

was able to enhance arbovirus infection in the presence or absence of a 

mosquito bite. However, the mosquito bite is a known enhancer of arbovirus 

infection. Additionally, in our last experiment which found that infection is also 

enhanced following sub-erythemal UV exposures, both groups of mice had 

been exposed to mosquito bites, with the only variable between the groups 

being the addition of repeated, sub-erythemal UV exposures. Therefore, we 

wanted to determine whether susceptibility to arbovirus infection could be 

modulated by this low dose UV regime alone. To investigate this, mice were 

exposed to repeated, sub-erythemal doses of UV, as before, and then infected 

48h after the final exposure with 104 PFU of SFV4 at the exposed site. 

However, this time we did not include mosquito bites in the infection step and so 

could determine whether repeated, sub-erythemal UV exposure is able to 
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enhance infection by itself. Surprisingly, when we examined quantities of virus 

RNA in the skin by 24hpi, we found that the UV-exposed mice had significantly 

less virus present, compared to infected, unexposed mice (Figure 5.4A). There 

was no difference in the quantities of virus RNA in the spleen between the two 

groups, which both exhibited very low quantities of virus RNA in this organ 

(Figure 5.4B). Most importantly in terms of clinical disease, the quantity of 

infectious virus in the serum by 24hpi was not significantly different, as 

determined by plaque assay (Figure 5.4C). Together with our studies above, 

this demonstrates that repeated, sub-erythemal UV exposures only enhance 

host susceptibility to arbovirus infection when the infection takes place 

alongside a mosquito bite.  

 

 
Figure 5.4 | Aedes aegypti bite required for increased susceptibility to 
arbovirus infection in mice exposed to repeated sub-erythemal UV prior to 
infection 
(A-C) SFV RNA (E1 gene) copy number in inoculation site (skin) (A) or spleen (B) and 

viral titres in the serum (C) 24hpi. Prior to infection, mice were either left unexposed or 

had the skin of their left upper foot exposed to a sub-erythemal UV dose three times at 

intervals of 48 hours before being infected with 104 PFU of SFV4 24h after the final 

exposure. (n ≥ 6) 

Gene expression measured by qPCR. Plots show the median value ± interquartile 

range. Data were analysed using Mann-Whitney test (**P < 0.01). 
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5.4 Exposure of skin to repeated, low doses of UV drives 
monocyte recruitment and ISG induction during arbovirus 
infection 
Next, we wanted to explore the molecular processes that may be driving the 

enhanced susceptibility to arbovirus infection observed in mice exposed to 

repeated, sub-erythemal UV exposures prior to infection. To investigate the 

mechanism, all experiments included mosquito biting in the protocol, to ensure 

we were investigating the enhanced phenotype following repeated, sub-

erythemal UV exposures, as observed in Figure 5.3.  

 

Initially, we set out to characterise the Type I IFN response in these mice, to 

determine whether suppression of this system may be involved. We used qPCR 

to assess expression of the Type I IFN, IFN-β, and several prototypic ISGs in 

the skin of infected mice, during enhancement of infection at 24hpi. Levels of 

IFN-β in the skin during infection were significantly higher in mice exposed to 

repeated, sub-erythemal UV exposures prior to infection, compared to 

unexposed mice (Figure 5.5A). Correspondingly, this led to an increase in 

expression of the ISGs IFIT1 and CXCL10, and a trending increase in 

expression of two others, ISG15 and RSAD2 (Figure 5.5B). Therefore, the Type 

I IFN system appears to be effectively induced during infection in these mice 

and is not suppressed. However, despite the presence of this antiviral response, 

mice are still more susceptible to SFV infection.  

 

 
Figure 5.5 | Expression of IFN-β and ISGs induced during infection of mice 
exposed to repeated sub-erythemal doses of UV 
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(A-B)  IFN-β (A) or ISG (C) gene expression in inoculation site (skin) 24hpi. Prior to 

infection, mice were either left unexposed or had the skin of their left upper foot 

exposed to a sub-erythemal UV dose three times at intervals of 48 hours. Mice were 

infected with 104 PFU of SFV4 in the presence of a mosquito bite 24 hours after the 

final UV exposure. Gene expression was measured in the skin by qPCR. (n = 6) 

Plots show the median value ± interquartile range. Data were analysed using Mann-

Whitney test (ns = not significant, *P < 0.05). 

 
We had put forward, in Chapter 3, that recruitment of myeloid cells in response 

to an erythemal UV exposure contribute to UV-mediated enhancement of 

infection by 24h post-UV. Therefore, it was important to investigate whether 

neutrophil and/or monocyte numbers change following repeated, sub-erythemal 

UV exposures as well. We had shown in Figure 5.2 that oedema was increased 

in mice exposed to repeated, sub-erythemal UV exposures, together with 

mosquito bites, and increased vascular permeability facilitates the entry of 

myeloid cells to the skin126. Therefore, we hypothesised that there may also be 

an increase in myeloid cells in the skin of these mice as well. To begin with, we 

quantified the expression of the two main chemokines which attract myeloid 

cells to the skin; CXCL2 which is the chemoattractant for neutrophils and CCL2 

which attracts monocytes. However, there was no significant difference in the 

expression of either of these by 24hpi in the skin of mice exposed to repeated, 

sub-erythemal doses of UV prior to infection, compared to unexposed mice 

(Figure 5.6A). Nevertheless, increased expression of these chemokines could 

have occurred earlier than the timepoint we looked at. Consequently, we still 

investigated the numbers of neutrophils and monocytes in the skin by 16hpi 

using flow cytometry (Figure 5.6B). Interestingly, there was no significant 

difference in the number of neutrophils between UV-exposed mice and 

unexposed mice by this timepoint (Figure 5.6C). However, there were 

significantly more monocytes in the skin of UV-exposed mice by 16hpi 

compared to unexposed mice (Figure 5.6D). Therefore, while there was no 

change in the number of neutrophils, mice which had been exposed to multiple, 

sub-erythemal doses of UV prior to infection had more monocytes in the skin 

during infection, and as these cells are virus-permissive, this could be 

contributing to the enhanced infection observed in these mice. 
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Figure 5.6 | Repeated sub-erythemal UV exposure does not change 
expression of myeloid cell chemoattractants but does increase 
recruitment of monocytes 
(A) Chemokine gene expression in inoculation site (skin) 24hpi. (B) Neutrophil 

(CD45+CD11b+Ly6Ghi) and monocyte (CD45+CD11b+Ly6C+) migration to skin in these 

mice, measured by flow cytometry at 16hpi. (C) Numbers represent percent of Ly6C+ or 

Ly6Ghi cells of all live cells. Prior to infection, mice were either left unexposed or had 

the skin of their left upper foot exposed to a sub-erythemal UV dose three times at 

intervals of 48 hours. Mice were infected with 104 PFU of SFV4 in the presence of a 

mosquito bite 24 hours after the final UV exposure. (n = 4-6). 

Gene expression measured by qPCR. Plots show the median value ± interquartile 

range. Data were analysed using Mann-Whitney test (A) or Kruskal-Wallis test with 

Dunn’s multiple comparison test (C) (ns = not significant, ****P < 0.0001). 
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Earlier in this thesis, we had found that there are more proliferating cells in the 

skin by 1-week post-erythemal UV and that SFV preferentially infects these 

cells, which likely contributes to UV-mediated enhancement of infection at this 

timepoint. Therefore, it was important to determine whether there is any change 

to cellular proliferation in the skin of mice exposed to repeated, sub-erythemal 

UV exposures to see if this exposure regimen also drives cellular proliferation. 

We used the fluorescently tagged DNA binding agent EdU to detect and count 

proliferating cells in these mice, using flow cytometry. Although there was no 

significant difference in the number of proliferating cells in the skin of UV-

exposed mice, compared to bite-alone mice or resting mice, there was a clear 

trending increase in EdU+ cells (Figure 5.7). Therefore, exposure of the skin to 

multiple, sub-erythemal doses of UV appears to drive proliferation of cells in the 

skin. 

 

 
Figure 5.7 | Proliferation of cells does not change in skin exposed to 
repeated sub-erythemal doses of UV 
EdU+ cells in the skin as a percentage of total live cells. Prior to infection, mice were 

either left unexposed or were exposed to a sub-erythemal UV dose three times at 

intervals of 48 hours. All mice were then infected 24h after the final exposure at the 

same site with 103 PFU of SFV6-mCHERRY in the presence of a mosquito bite. Skin 

from the exposed site was collected 24h post-exposure and digested to isolate single 

cells. Cells were incubated with EdU, a thymidine nucleoside analogue, for 2 hours. 

EdU+ cells were then tagged with a fluorophore using Click-IT chemistry so that 

proliferating cells could be identified using flow cytometry. (n = 4)  

Plots show the median value ± interquartile range. Data were analysed using Kruskal-

Wallis test with Dunn’s multiple comparison test (ns = not significant). 
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As there was a trending increase in proliferating cells in the skin of mice 

exposed to repeated, sub-erythemal doses of UV, SFV could be targeting the 

population of proliferating cells that are present at this timepoint and 

contributing to enhancement of infection in this way. Therefore, it was important 

to assess whether there were more infected, proliferating cells in the skin of 

mice exposed to multiple, sub-erythemal doses of UV prior to infection. To do 

this, we infected UV-exposed mice with a strain of SFV, mCHERRY-SFV6, 

which encodes a fluorescent protein and so can be detected using flow 

cytometry. This allowed us to identify cells that were proliferating and whether 

they express virus encoded gene products. First, we confirmed that this strain of 

SFV is also enhanced by repeated, sub-erythemal UV exposures. These mice 

did have significantly higher quantities of virus RNA in the skin compared to 

non-exposed mice (Figure 5.8A).  When we counted the number of infected, 

proliferating cells, there was no difference in the number of these cells present 

in the skin of mice exposed to repeated, sub-erythemal doses of UV prior to 

infection and unexposed mice (Figure 5.8B). Furthermore, there is no change in 

the number of infected, non-proliferating cells between UV-exposed and 

unexposed mice (Figure 5.8C). To confirm that SFV does not preferentially 

infect proliferating cells in this model, we calculated the ratio of infected, 

proliferating cells to infected, non-proliferating cells. As expected, we found that 

the ratio was less than 1 (Figure 5.8D). Together, this data suggests that SFV 

does not preferentially infect proliferating cells during UV-mediated 

enhancement of infection in mice exposed to multiple, sub-erythemal doses of 

UV prior to infection.  
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Figure 5.8 | SFV does not preferentially infect proliferating cells during UV-
mediated enhancement of infection following repeated sub-erythemal 
doses of UV 
(A-D) Prior to infection, mice were either left unexposed or were exposed to a sub-

erythemal UV dose three times at intervals of 48 hours. All mice were then infected 24h 

post-exposure at the same site with 103 PFU of SFV6-mCHERRY in the presence or 

absence of a mosquito bite. Skin from the exposed site was collected 24h post-

exposure and digested to isolate single cells. Cells were incubated with EdU, a 

thymidine nucleoside analogue, for 1-2. EdU+ cells were then tagged with a 

fluorophore using Click-IT chemistry. Proliferating cells (EdU+) and infected cells (SFV-

mCHERRY+) could then be identified using flow cytometry. (n = 4)  

(A) SFV RNA (E1 gene) copy number in inoculation site (skin) was measured at 24hpi 

by qPCR. 

(B-C) Cells were first gated on SFV+ and then split into ‘infected, proliferating cells’ 

(SFV+EdU+) (B) or ‘Infected, non-proliferating cells’ (SFV+EdU-) (C). 
(D) Ratio of ‘infected, proliferating cells’ to ‘infected, non proliferating cells’. Ratio >1 = 

virus preferentially infecting ‘proliferating cells’. Ratio <1 = virus preferentially infecting 

‘non-proliferating cells’. 
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Plots show the median value ± interquartile range. Data were analysed using Mann-

Whitney test (ns = not significant, P < 0.05). 

 

5.5 A single sub-erythemal UV exposure is sufficient for 
enhancement of arbovirus infection 
Following the unexpected finding that repeated sub-erythemal exposure to UV 

resulted in increased susceptibility to SFV infection, we considered whether just 

one exposure to this sub-erythemal dose of UV can enhance infection. Here, we 

exposed mice to a single sub-erythemal dose of UV, rather than repeating the 

sub-erythemal doses, and then infected the mice 24h after this single UV 

exposure with 104 PFU of SFV4 at the UV-exposed site alongside a mosquito 

bite. Interestingly, the UV-exposed mice had significantly more virus RNA in the 

skin by 24hpi, compared to unexposed mice (Figure 5.9A). However, the timing 

of the infection post-UV exposure appears to be critical in terms of deciding 

whether susceptibility to arbovirus infection is increased or not. As, when mice 

were infected 1-week after the single sub-erythemal UV dose, there was no 

significant difference in the quantities of virus RNA in the skin by 24hpi, 

although there was still an increasing trend (Figure 5.9B). Therefore, although a 

single sub-erythemal dose of UV at the skin is sufficient to enhance subsequent 

arbovirus infection, the time period post exposure does not extend up to 1 

week.  

 

 
Figure 5.9 | Susceptibility to arbovirus is increased 24h after a single sub-
erythemal dose of UV 
(A, B) SFV RNA (E1 gene) copy number in inoculation site (skin) 24hpi. Prior to 

infection, mice were either left unexposed or had the skin of their left upper foot 
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exposed to a single sub-erythemal UV dose 24h (A) or 7 days (B) before being infected 

with 104 PFU of SFV4 in the presence of a mosquito bite. (n ≥ 6) 

Gene expression measured by qPCR. Plots show the median value ± interquartile 

range. Data were analysed using Mann-Whitney test (ns = not significant, **P < 0.01). 

 

Often, individuals are only exposed to UV on areas of their skin not covered by 

clothing. Therefore, to conclude our work exploring the extent to which UV 

exposure can enhance arbovirus infection, we wanted to understand whether 

recurring exposure to low levels of UV at one uncovered site could result in 

enhancement of subsequent infection at a distant unexposed site. This aims to 

define whether there is a systemic difference in host susceptibility to virus by 

UV. To investigate this, the right feet of mice were repeatedly exposed to low 

doses of UV and the opposite feet, which had been left unexposed, were then 

infected with SFV4 24h after the final UV exposure. When we quantified 

quantities of virus RNA at the inoculation site, we found that there was no 

difference in the quantity of SFV in the skin by 24hpi in the UV-exposed mice, 

compared to unexposed mice (Figure 5.10A). Additionally, there was no 

difference in quantities of viremia between the two groups of mice either (Figure 

5.10B). Therefore, this suggests that repeated, sub-erythemal UV does not 

appear to have a systemic effect as enhancement does not extend to infections 

that are transmitted at unexposed sites. 

 

 
Figure 5.10 | Enhancement of infection is localised to the UV exposed site 
(A, B) SFV RNA (E1 gene) copy number in inoculation site (skin) (A) and viral titres in 

the serum (B) 24hpi. Prior to infection, mice were either left unexposed or were 

exposed to a sub-erythemal dose on their right upper foot, three times at intervals of 48 

SFV + 
bite

3x
lo

UV + 

SFV + 
bite

 

(o
pposit

e f
oot)

102

103

104

S
FV

 E
1 

co
pi

es
 p

er
 1

07  
18

S
 c

op
ie

s

Skin
ns

SFV + 
bite

3x
lo

UV + 

SFV + 
bite

 

(o
pposit

e f
oot)

103

104

105

S
FV

 E
1 

co
pi

es
 p

er
 1

07  
18

S
 c

op
ie

s

Blood 

ns

A) B)



 180 

hours. All mice were then infected at the opposite foot 24 hours post UV exposure with 

104 PFU of SFV4 in the presence of a mosquito bite. 

Gene expression measured by qPCR. Titres of virus in serum determined by plaque 

assay. (n ≥ 6) for all experiments. Plots show the median value ± interquartile range. 

Data were analysed using Mann-Whitney test (ns = not significant). 

 

5.6 Summary and conclusions 
In this short chapter, we set out to understand whether enhancement of 

arbovirus infection only occurs following erythemal UV exposure, or whether 

lower, sub-erythemal doses of UV can cause increased susceptibility to 

arbovirus infection also. To begin with, we set out to understand the impact this 

type of UV dose had on vascular permeability and skin histology, as we had 

done previously following an erythemal exposure to UV in Chapters 3 and 4. 

Interestingly, oedema was not significantly increased in mice exposed to 

repeated, sub-erythemal exposures only, but was higher in UV-exposed mice 

which had also been bitten by mosquitos at the same site (Figure 5.2). We have 

previously shown that mosquito bites are potent enhancers of oedema120,126. 

Therefore, as repeated, sub-erythemal UV exposures are not enough to induce 

oedema alone, this suggests that it is actually the bite driving vascular 

permeability at the skin, rather than the exposure to this regimen of UV. This 

differs greatly from what we witnessed following an erythemal dose of UV, 

where oedema was increased in the skin up to 1-week post-UV, in the presence 

or absence of a bite. 

 

Although changes to the skin histology of mice exposed to repeated, low doses 

of UV were less extreme than those following an erythemal dose, shown in 

earlier chapters, the skin had undergone epidermal thickening, similar to 1-week 

after an erythemal dose (Figure 5.1). This is a known consequence of UV 

exposure of skin385. Driven by keratinocyte hyperplasia, this is thought to protect 

the skin from subsequent exposures356. Although we did not assess melanin 

production, melanogenesis likely also occurs at this timepoint, causing a tanned 

appearance of the skin following low dose exposures344,386. Of further note, was 

the appearance of an inflammatory infiltrate in the skin, although there were 

less cells present than observed following an erythemal exposure. Although we 

did not phenotype the cells present in this influx, these nucleated cells are likely 
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leukocytes. This is further supported by our later findings that monocytes are 

recruited to the skin of these UV-exposed mice. As monocytes are permissive to 

SFV infection, this influx could be critical to the enhancement of virus infection 

in these mice.   

 

Interestingly, a reduction in the thickness of the subcutaneous fatty layer in the 

UV-exposed skin was also observed. This has been linked with fibrosis, 

especially in mouse models of the fibrotic skin condition systemic 

sclerosis305,306. Skin fibrosis induces the activation and proliferation of resident 

fibroblasts387. In Chapter 4, we demonstrated that fibroblasts are targeted by the 

virus during UV-mediated enhancement of infection at 1-week post-UV. 

Therefore, if this skin fibrosis following repeated, sub-erythemal doses of UV 

also leads to an increase of virus-permissive fibroblasts, this could enhance 

host susceptibility in this scenario also. Although, we did not assess fibroblast 

numbers or infected cell types in this chapter and so this would need to be 

worked on in the future. 

 

Together, these observations were our first indication that exposure to repeated, 

low doses of UV does cause some changes to the skin, including driving an 

inflammatory infiltrate, but not to the same extent as a single, erythemal dose 

has. 

 

Subsequently, we demonstrated that susceptibility to SFV infection is increased 

in mice exposed to repeated, sub-erythemal UV exposures prior to infection and 

then exposed to mosquito bites, evidenced by higher quantities of virus in the 

skin and blood (Figure 5.2). Furthermore, this effect was in addition to the 

enhancement already known to occur when virus is transmitted alongside a 

mosquito bite only. Crucially though, when we investigated whether this 

enhancement occurs when mice are only exposed to UV, and not also bitten by 

mosquitos, we found that enhancement no longer occurs (Figure 5.4). In fact, 

quantities of virus RNA in the skin are lower in UV-exposed mice than 

unexposed mice in this case. Therefore, it appears that enhancement following 

repeated, sub-erythemal UV doses only occurs in bitten skin. Nevertheless, this 

is still of great importance as natural infections are transmitted by mosquitos, 

and so the infection would never occur outside of this scenario anyway. 
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However, this can provide some indication as to the mechanisms that may be 

driving this effect. It is possible that low level UV exposure primes the skin for 

more exaggerated responses to mosquito biting, and it is this indirect effect that 

enhanced virus infection. This links back to our initial finding in this chapter that 

repeated, low doses of UV exposure of the skin alone did not induce oedema, 

but did when combined with a mosquito bite. It is well documented that 

induction of oedema contributes to mosquito-bite enhancement of arbovirus 

infection by facilitating the entry of virus-permissive cells to the inoculation 

site120,126,134. Arbovirus infection is also potently enhanced at both timepoints 

post erythemal UV exposure. Therefore, it could be that this mechanism of cell 

entry via permeable vessels is essential for UV-mediated enhancement of 

infection as well. Furthermore, since repeated, low-dose UV exposure of skin is 

not sufficient for induction of oedema without the addition of a bite, this may 

explain why susceptibility to arbovirus infection is not increased in these mice in 

the absence of a mosquito bite. 

 

These UV-exposed mice still have robust induction of the antiviral Type I IFN 

system, evidenced by an increase expression in IFN-β and several ISGs during 

infection. Therefore, it is unlikely that this low dose UV exposure is suppression 

the Type I IFN system, allowing the virus to escape immune clearance. Rather, 

this antiviral defence mechanism is activated but is not sufficient at controlling 

the virus in UV-exposed skin. This is similar to what was observed during UV-

mediated enhancement of infection in skin exposed to an erythemal dose of UV. 

These mice also had robust induction of a range of prototypic antiviral ISGs, 

however this did not aid the mice in controlling virus replication.  

 

Furthermore, when we interrogated myeloid cell recruitment during infection of 

mice previously exposed to regular, sub-erythemal UV doses prior to infection, 

we found that there was no change in the number of neutrophils present in the 

skin during infection (Figure 5.6). This varies greatly from what was observed in 

mice exposed to erythemal UV either 24h or 1-week prior to infection, where 

there was an increase in neutrophil numbers. Importantly though, we found that 

there are more monocytes in the skin of UV-exposed mice, compared to 

unexposed mice, despite there being no change in expression of the monocyte 
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chemoattractant, CCL2. This finding, together with the data from the previous 

figure, suggests that susceptibility to arbovirus infection could be increased in 

mice exposed to repeated, low doses of UV and also mosquito bites due to 

recruitment of virus-permissive monocytes, despite having a robust Type I IFN 

response during infection. Furthermore, as enhancement of infection is only 

observed in mice also exposed to mosquito bites, it appears that these low-level 

exposures to UV prime the skin for more exaggerated responses to the 

mosquito bite, including increased leukocyte recruitment, which is of use to the 

virus. However, further investigation is required to confirm this. In the future, we 

could phenotype infected cells using the fluorescent strain of SFV we have used 

previously, SFV6-mCHERRY, to determine whether the increase in monocytes 

in the skin during infection also leads to more monocytes being infected in UV-

exposed skin. 

 

We also discounted the role of hyperproliferation in response to repeated, low 

doses of UV in driving enhanced infection in these mice. This level of UV 

exposure did drive a slight increase in cell proliferation but not to the same 

extent as was observed following an erythemal exposure in earlier chapters. 

Furthermore, there was no change in the numbers of infected, proliferating cells 

(Figures 5.7 and 5.8). This further extricates the phenotype of skin exposed to 

several, low doses of UV from that following a single, erythemal exposure, 

where UV does drive a large increase in cells proliferation and this appears to 

contribute to the increase in susceptibility at 1-week post-UV.  

 

Finally, we sought to understand the limit of UV-mediated enhancement of 

infection by determining what the lowest dose required for this phenotype is. We 

found that a single, sub-erythemal dose of UV given 24h prior to infection 

results in increased susceptibility to the virus (Figure 5.9). However, mice were 

no longer susceptible 1-week after a single exposure. This suggests that while 

one low dose of UV is sufficient to enhance subsequent arbovirus infection, the 

exposure must occur soon before the infection takes place. Nevertheless, this 

display of the effect that this minimal dose of UV can have on arbovirus 

infection, shows the power of UV exposure of the skin in this capacity. 

Furthermore, these findings warrant further investigation regarding how long 
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after a low dose UV exposure enhancement lasts e.g. at 48h or 72h post-

exposure. 

 

We concluded this chapter by determining whether UV-mediated enhancement 

of infection following repeated, low doses of UV is localised to the UV-exposed 

site. Interestingly, the increase in susceptibility is confined to the skin where the 

UV exposure occurred (Figure 5.10). This suggests that, if this work translates 

to humans, enhancement of infection could be avoided by using protective 

interventions to avoid sunburn, either by covering exposed skin in clothing or by 

using sunscreen to block UVR reaching the skin. However, it is worth noting this 

chapter has made it clear that a single, erythemal dose of UV appears to have 

more extreme effects than the course of repeated, sub-erythemal doses of UV 

do. Therefore, we will also need to test whether the enhanced infection 

observed in mice exposed to an erythemal dose of UV is localised to the burn 

site in the same way, as it is more likely that the more severe exposure will drive 

a systemic effect.  

 

The data reported in this chapter illustrates that exposure to even low doses of 

UV can lead to enhancement of subsequent arbovirus infection. This presents a 

novel risk posed by UV exposure in addition to those already known. However, 

we also showed that UV exposure only enhances local infection at the skin site 

where UV exposure occurs, as this effect was not observed when the infection 

site was distant from the site of UV exposure. This suggests that the threat, at 

least from low-dose exposure, can be mitigated by protecting the skin from UV 

exposure e.g. covering exposed regions of skin when outdoors in sunny 

environments. 

 

The findings in this chapter are perhaps even more important in terms of public 

health than what we have shown in previous chapters, as people in areas of 

endemicity are repeatedly exposed to daily, sub-erythemal doses of UV. 

Furthermore, individuals often believe that tanning of the skin, through 

intermittent exposure to lower doses of UV, is less dangerous than more 

extreme UV exposure which causes sunburn, with some individuals even 

partaking in deliberate tanning388–390. Therefore, this could significantly increase 
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the risk of developing more severe disease if infected at UV exposed skin for 

either locals or those visiting, in areas where these viruses circulate.  
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Chapter 6: Treatment of UV burn with anti-inflammatory 
steroid cream offers some protection from UV-mediated 

enhancement of infection in vivo 
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6.1 Introduction 
Our findings in the previous chapters suggest that the inflammatory processes 

in UV-exposed skin likely contribute to UV-mediated enhancement of infection in 

mice. This led us to consider whether therapeutically dampening inflammation 

in the skin of UV-exposed mice would attenuate the increase in susceptibility to 

arbovirus infection observed in these mice. For this, we turned to two 

treatments which limit inflammation in UV exposed skin: topical steroids and 

vitamin D injections. 

 
In most cases, sunburn does not require treatment and resolves by itself. 

Instead, pain and discomfort can be managed e.g. by cooling the affected 

skin226. Patients with more severe cases of sunburn, such as those that cover 

large areas, or exposure that causes blistering, can be treated with topical 

immunomodulators. Due to their anti-inflammatory effect, the standard of care 

for these patients is topical corticosteroid treatment, applied to the burn at least 

twice a day391. However, the evidence of the efficacy of steroids against sunburn 

is limited226. Multiple studies have shown that they have limited effect, 

evidenced by failure to either reduce the time to recovery or improve 

symptoms392,393. Nevertheless, they are still commonly used to reduce the pain 

and oedema associated with the burn. 

 

Much of the research done on evaluating steroids as a sunburn treatment have 

focused on observations of their effects on reducing symptoms in humans e.g. 

erythema and oedema, rather than investigating the impact they have on the 

molecular processes in the skin following sunburn. However, steroids are known 

to have a number of effects, including as anti-inflammatories. They bind the 

glucocorticoid receptor in the cytoplasm, leading to interactions with 

glucocorticoid response elements in the genome, which drives upregulation of 

an anti-inflammatory gene expression programme, and the inhibition of pro-

inflammatory transcription factors, including NFkB394. As well as these directly 

immunosuppressive effects, they also limit proliferation and exhibit 

vasoconstrictive activity, largely through histamine inhibition395. They are 

regularly used in the treatment of a number of anti-inflammatory skin conditions 

as a result, including eczema and sometimes in psoriasis258,396. These anti-
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inflammatory effects inform the rationale behind treating sunburn with topical 

steroids. 

 

More recently, experimental vitamin D injections have been suggested as a 

treatment for sunburn. In mice, i.p. injection of a type of vitamin D, calcifediol, 

the precursor to the active form of vitamin D, after an erythemal UV exposure, 

significantly reduced inflammation compared to untreated mice, resulting in the 

UV skin damage healing more quickly397. It was suggested that this effect was a 

result of promoting the anti-inflammatory activity of M2 macrophages by driving 

autophagy, the process by which cells recycle cellular structures and proteins, 

in these cells. When a similar intervention was trialled in humans, vitamin D 

drove lower expression of inflammatory cytokines in the skin, decreased skin 

erythema and increased expression of the anti-inflammatory, M2 macrophage-

linked gene ARG1398. However, not all patients who were given vitamin D 

responded to the treatment in this way. Nevertheless, these studies together 

suggest that vitamin D injection can dampen inflammation in the skin following 

an erythemal exposure. 

 

6.1.1 Hypothesis and aims 
Based on the evidence put forward here, we hypothesised that treatment with 

either a vitamin D injection or topical steroids at the burn site following an 

erythemal UV exposure would reduce inflammation and protect from UV-

mediated enhancement of infection at 1-week post-UV as a result. 

 

To fully investigate this, this chapter aims to: 

 

1) Characterise the skin of mice treated with either a vitamin D 
injection or topical steroids at the burn site following an erythemal 
UV exposure to determine whether either treatment dampens 
inflammation in the skin 

2) Determine whether either of these treatments alter host 
susceptibility to SFV infection in mice exposed to UV 1-week prior 
to infection 

3) Investigate the mechanism driving any alterations to susceptibility 
observed in treated mice 
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6.2 Development of an in vivo model to test treatments to 
reverse UV-mediated enhancement of infection 
We adapted our original in vivo UV exposure model used in previous chapters 

to test the impact of either vitamin D treatment or steroid treatment on UV-

mediated enhancement of infection. To investigate vitamin D treatment, mice 

were exposed to an erythemal dose of UV, equivalent to 2 MED or 400mJ/cm2, 

on the back (for histology) or the upper side of the left foot (for all other 

experiments). 1h after the UV exposure, mice were injected with 5ng of vitamin 

D in the 25-hydroxy vitamin D3 form s.c. at the burn site (Figure 6.1A). This form 

of vitamin D is the inactive vitamin D precursor which requires minor enzymatic 

processing to generate the active form399. We chose to inject s.c. instead of i.p. 

with the aim of localising any anti-inflammatory effect the vitamin D may have to 

our site of interest, the skin. Following one week of treatment, mice were 

exposed to biting mosquitos and infected with SFV at the burn site. We choose 

this time point as it has been demonstrated that vitamin D treatment shows 

some efficacy in reducing UV-induced inflammation by day 5 post-UV and 

onwards397. Therefore, we chose to inject vitamin D 1h after the burn had been 

administered, as had been done in the previous study, but waited to infect the 

mice until 1-week post-UV. Additionally, this was the same timepoint 

investigated in Chapter 4, when host susceptibility to arbovirus infection peaks 

post-UV. This allowed us to explore whether the treatment was effective at 

reversing UV-mediated enhancement of arbovirus infection. 
 

We also developed an adapted version of the standard of care treatment for 

sunburn in humans, a regimen of topical corticosteroids at the burn site, to treat 

the UV-exposed mice. Following an erythemal UV exposure, as described 

above, clobetasol propionate corticosteroid cream (Dermovate® Ointment, 

GSK) was applied to the burn site twice daily for 5 days, with the first treatment 

taking place 1h post-UV (Figure 6.1A). This treatment regimen was developed 

under the guidance of a clinical dermatologist to best model the human 

treatment course. When virus infections were required, mice were exposed to 
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mosquito bites at the burn site and infected with SFV s.c. at the same site, 1-

week post-UV exposure.  

 

When we piloted each of these treatments in a small number of mice, in the 

absence of virus, we observed that the mouse treated with vitamin D post-UV 

appeared to have a slightly smaller burn lesion than the untreated, UV-exposed 

mouse (Figure 6.1B). Yet, the steroid treatment seemed to have the most 

significant effect on reducing the size of the wound and helping it to heal more 

quickly. This indicated that these treatments may successfully reduce 

inflammation at the burn site and, as a result, potentially limit UV-mediated 

enhancement of infection.  
 

 
Figure 6.1 | Treatment of UV burn with Vitamin D or steroids visibly 
improved burn lesion in mice 

Resting hiUV + Vit D + steroids

A)

B)
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(A)  Graphical depiction of treatment regime. Mice were exposed to erythemal dose of 

UV and either injected s.c. at the burn site with 5ng of Vitamin D in mineral oil 1h post-

exposure or the burn site was treated with topical steroids twice daily for 5 days with 

the first treatment administered 1h post-exposure, to replicate human sunburn 

treatments. For infection models, 1wk after the UV exposure, the burn site was 

exposed to biting mosquitos and injected s.c. with 104 PFU SFV4.  

(B) Picture showing resting skin or the UV burn sites of mice which had been UV 

exposed ± Vitamin D or steroid treatment. 

 

6.3 Vitamin D injections post-UV do not reverse UV-mediated 
enhancement of infection 
Once the in vivo treatment model was established we first set out to investigate 

the impact of vitamin D on UV-exposed skin, in the absence of virus. We began 

by examining skin histology to confirm whether the changes observed in the 

appearance of the burn site following treatment were supported with evidence 

of structural changes in response to treatment. Skin histology from mice treated 

with vitamin D after UV-exposure shared appeared to be more similar to skin 

from untreated, UV-exposed mice than resting skin (Figure 6.2A). The layers of 

the skin were measured to investigate this further in an unbiased manner. 

Vitamin D treatment significantly reduced the thickness of the epidermis of UV-

exposed skin back to normal thickness (Figure 6.2B). Additionally, there was a 

decreasing trend in the thickness of the dermis also. However, the inflammatory 

expansion of the fatty layer in UV-exposed skin persisted even after vitamin D 

treatment. Furthermore, there appeared to be an increase in nucleated cells in 

the dermis and fatty layer of UV exposed mice and this was not alleviated 

following vitamin D treatment. These nucleated cells were likely leukocytes. 

However, further investigation was needed to confirm this, e.g. using flow 

cytometry. Nevertheless, a single injection of vitamin D following an erythemal 

UV exposure limited the thickening of the epidermis observed in the skin by 1-

week post-UV. 

 

The weight of the mice was also regularly monitored following UV exposure ± 

vitamin D injections to assess the clinical signs of UV exposure and response to 

treatment. The weight of mice given vitamin D injections did not differ from 

untreated mice (Figure 6.2C). Together, this indicates that the treatment was 
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well tolerated by the mice and significantly reduced epidermal thickening, a 

marker of inflamed, UV-exposed skin. This suggested that vitamin D treatment 

had some ability to suppress the inflammatory responses in UV-exposed skin 

and may therefore also modulate UV-mediated enhancement of infection as a 

result.   

 

 
Figure 6.2 | Vitamin D treatment of UV burn reversed epidermal thickening, 
a hallmark of inflammation, and was well tolerated 
(A) Histology of resting skin or skin exposed to erythemal UV ± Vitamin D injection 1h 

post-UV. Skin taken from the dorsal region of C5BL/6 mice 1-week post-UV exposure. 

Sections stained with H&E. Images shown are representative of the group. Scalebars 

measure 100 µm. Slides scanned at 20x magnification. 
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(B) Measurements of epidermis, dermis and fatty layer thickness were taken from 10 

areas per condition using QuPath.  

(C) Percentage weight change after treatment of mice in each treatment group, based 

on initial weight. 

Plots show the median value ± interquartile range. Data were analysed using Kruskal-

Wallis test with Dunn’s multiple comparison test (ns = not significant, ***P < 0.001, 

****P < 0.0001). 

 
Another important feature of UV-exposed skin by 1-week post-UV, shown in 

Chapter 4, was the change to myeloid cell number by this timepoint. There was 

an increase in the number of neutrophils, which contribute to the inflammatory 

processes taking place during wound-healing, and a reduction in the number of 

monocytes, compared to skin exposed to a mosquito bite alone. This led us to 

investigate how vitamin D treatment impacts the numbers of these two cell 

types in the skin 1-week post-UV exposure using flow cytometry (Figure 6.3A). 

As expected, there were significantly more neutrophils in UV exposed mice 

irrespective of vitamin D treatment. This correlates with the evidence of the 

inflammatory infiltrate observed in the skin of these mice in Figure 6.2. 

Monocyte frequency in the skin of mice exposed to UV and mosquito bites was 

slightly reduced, although this might not reflect an absolute decrease in 

numbers, but rather relative decrease in frequency, due to large infiltrate of 

neutrophils (Figure 6.3B). Importantly, Vitamin D treatment did not have any 

significant effect on numbers of either neutrophils or monocytes in the skin. 

 



 194 

 
Figure 6.3 | Vitamin D does not impact recruitment of myeloid cells in 
response to UV burn 
(A-B) Skin on the upper left feet of mice skin exposed to erythemal UV ± Vitamin D 

injection 1h post-UV. Burn site was exposed to biting mosquitos 1 week after UV 

exposure. Skin was collected 16hpi and digested to isolate single cells. (n=3).  

(A)  Cells were stained with antibodies against CD45, CD11b, Ly6C and Ly6G and 

analysed using flow cytometry. 

(B)  Monocyte (Ly6C+) and neutrophil (Ly6Ghi) migration to skin measured by flow 

cytometry at 16hpi. Numbers represent percent of Ly6C+ or Ly6Ghi cells of all live cells. 

Plots show the median value ± interquartile range. Data were analysed using Kruskal-

Wallis test with Dunn’s multiple comparison test (ns = not significant, **P < 0.01). 

 

Despite there being no change in myeloid cell numbers, the amelioration of 

inflamed skin size/depth by 1-week post-UV, shown in the Figure 6.2, led us to 

hypothesis that vitamin D treatment following UV-exposure may have some 

effect in preventing UV-enhancement of SFV infection. To investigate this, we 

infected mice with 104 PFU of SFV4 at the burn site 1-week post-UV and/or 

vitamin D injection. Quantities of virus RNA in skin by 24hpi were assessed 
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using qPCR. Mice exposed to erythemal UV 1-week prior to infection had 

significantly higher quantities of virus RNA in the skin, as expected (Figure 

6.4A). Unexpectedly though, there was no significant difference in virus 

quantities in mice treated with vitamin D following UV exposure, compared to 

untreated, UV-exposed mice. However, interestingly there was a significant 

reduction in SFV RNA in the skin of control mice treated with vitamin D 1-week 

prior to infection, compared to mice infected at resting skin.  

 

To further assess any potential impact vitamin D treatment has on arbovirus 

infection in UV-exposed skin, a plaque assay was used to quantify the 

quantities of infectious virus in the serum of mice by 24hpi. The same trends 

were observed in the quantities of viremia of these mice, as had been detected 

in the skin. There was more infectious virus in the serum of mice exposed to UV 

1-week prior to infection (Figure 6.4B). Quantity of virus in the serum of vitamin 

D treated, UV-exposed mice were not significantly different from untreated, UV-

exposed mice. Again, there was a significant reduction in serum virus of control 

mice treated with vitamin D 1-week prior to infection, compared to mice infected 

at resting skin.  

Together, this shows that, despite the reduction in skin thickness shown in 

Figure 6.2, treatment of the UV burn with vitamin D, did not reduce quantities of 

virus in the skin or viremia in UV-exposed mice, therefore offering no protection 

from UV-mediated enhancement of arbovirus infection. 
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Figure 6.4 | Vitamin D treatment of UV burn did not reverse UV-mediated 
enhancement of infection but did protect from SFV infection in resting 
skin 
(A-B) SFV RNA (E1 gene) copy number in inoculation site (skin) (A) and viral titres in 

the serum (B) 24hpi. Prior to infection, mice were either left unexposed or were 

exposed to an erythemal dose of UV on the skin on the upper side of the foot and 

treated with 5ng of vitamin D s.c. 1h post-UV. All mice were then infected 1wk post-

exposure at the same site with 104 PFU of SFV4 in the presence of a mosquito bite. (n 

= 6) 

Gene expression measured by qPCR. Titres of virus in serum determined by plaque 

assay. Plots show the median value ± interquartile range. Data were analysed using 

Kruskal-Wallis test with Dunn’s multiple comparison test (ns = not significant, *P<0.05, 

**P < 0.01). 

 

6.4  Topical steroid treatment of UV burn limits its ability to 
enhance viremia  
Once we had established that vitamin D treatment of the UV burn did not affect 

the increase in host susceptibility to SFV infection observed at 1-week post-UV, 

we moved on to investigate whether steroid treatment of the UV-exposed site 

may have an impact. First, it was important to establish whether our topical 

corticosteroid regime reduced inflammation at UV-exposed skin, in the absence 

of virus. In Section 6.2, we observed that the steroid-treated burn looked 

significantly less red than the untreated burn. We explored this further by 

assessing skin histology from these mice 1-week post-UV to identify whether 

treatment resulted in any structural changes. These images showed that steroid 

treated, UV-exposed skin looks more similar to resting skin than untreated, UV-

exposed skin (Figure 6.5A). We confirmed this by measuring the thickness of 

each skin layer. The thickening of the epidermis and fatty layers of the skin 

observed in UV-exposed mice at 1-week post-UV had been ablated back to 

normal levels following steroid treatment (Figure 6.5B). There was also a trend 

for decreasing thickness of the dermis following steroid treatment. This 

suggests that treatment of the UV burn with topical corticosteroids reversed 

much of the structural damage done to the skin by the erythemal UV exposure, 

as assessed at 1-week post-UV.  

We also assessed health by weighing the mice daily. Unexpectedly, we noted 

that steroid treatment alone caused significant weight loss in mice, although not 
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enough to provoke welfare concerns (Figure 6.5C). Therefore, while steroid 

treatment reduced signs of inflammation in the skin to a greater extent than 

vitamin D treatment did, the repeated treatment with topical corticosteroids, 

which have known effects on multiple cellular pathways, appeared to be less 

well tolerated by mice. 

 

 
Figure 6.5 | Topical steroid treatment of UV burn limited the damage done 
to skin by erythemal UV exposure but did cause weight loss 
(A) Histology of resting skin or skin exposed to erythemal UV ± topical steroid 

treatment of burn twice daily, starting 1h post-UV. Skin taken from the dorsal region of 

C5BL/6 mice 1 week post-UV exposure. Sections stained with H&E. Images shown are 

representative of the group. Scalebars measure 100 µm. Slides scanned at 20x 

magnification. 
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(B) Measurements of epidermis, dermis and fatty layer thickness were taken from 10 

areas per condition using QuPath.  

(C) Percentage weight change after treatment of mice in each treatment group, based 

on initial weight. 

Plots show the median value ± interquartile range. Data were analysed using Kruskal-

Wallis test with Dunn’s multiple comparison test (ns = not significant, ***P < 0.001, 

****P < 0.0001). 

 

Since treating an erythemal UV burn with topical steroid cream reversed some 

of the UV-associated damage in the skin by 1-week post-UV, we hypothesised 

that steroid treatment of UV-exposed skin may also protect from the increase in 

susceptibility to arbovirus infection observed in these mice by 1-week post-UV. 

To explore this, we infected mice at the steroid treated or untreated burn site 

with 104 PFU of SFV4, alongside mosquito bites, and assessed virus quantities 

in the skin at 24hpi using qPCR. As expected, quantities of virus RNA in the skin 

were significantly increased in mice exposed to UV 1-week prior (Figure 6.6A). 

However, steroid treatment of the UV burn did not significantly reduce SFV 

quantities in the skin compared to untreated, UV-exposed mice. However, 

quantities of virus RNA were sufficiently decreased by steroids to a level which 

was not significantly elevated compared to control, non-UV exposed skin. 

Interestingly, when we assessed virus dissemination to the blood, using a 

plaque assay, we found that viremia was significantly reduced in mice treated 

with steroids post-UV, compared to untreated, UV-exposed mice (Figure 6.6B). 

Therefore, this treatment regimen protects from UV-enhanced dissemination of 

virus to the blood in these mice.  
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Figure 6.6 | Steroid treatment of UV burn protected mice from viremia 
associated with UV-mediated enhancement of infection 
(A-B) SFV RNA (E1 gene) copy number in inoculation site (skin) (A) and viral titres in 

the serum (B) 24hpi. Prior to infection, mice were either left unexposed or were 

exposed to an erythemal dose of UV on the skin on the upper side of the foot and 

treated with topical steroids twice daily, starting 1h post-exposure. All mice were then 

infected 1wk post-exposure at the same site with 104 PFU of SFV4 in the presence of a 

mosquito bite. (n = 6) 

Gene expression measured by qPCR. Titres of virus in serum determined by plaque 

assay. Plots show the median value ± interquartile range. Data were analysed using 

Kruskal-Wallis test with Dunn’s multiple comparison test (ns = not significant, *P<0.05). 

 

Steroids are known to be highly anti-inflammatory and can affect the ability of 

cells to proliferate, which has been suggested earlier in this thesis as a potential 

driving mechanism behind UV-mediated enhancement of infection at 1-week 

post-UV. Therefore, we considered whether the protection against UV-mediated 

enhancement of infection following treatment of the UV burn with topical 

corticosteroids could be due to a change in the number of myeloid cells present 

in the skin at 1-week post-UV. When we quantified these cells using flow 

cytometry, however, there was no significant difference in the number of 

neutrophils or monocytes between steroid-treated, UV-exposed skin and 

untreated, UV-exposed skin (Figure 6.7A-B).  
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Figure 6.7 | Steroid treatment does not impact recruitment of myeloid cells 
in response to UV burn 
(A-B)  Skin on the upper left feet of mice skin exposed to erythemal UV ± topical 

steroid treatment of burn twice daily, starting 1h post-UV. Burn site was exposed to 

biting mosquitos 1 week after UV exposure. Skin was collected 16hpi and digested to 

isolate single cells. (n=3).  

(A)  Cells were stained with antibodies against CD45, CD11b, Ly6C and Ly6G and 

analysed using flow cytometry. 

(B)  Monocyte (Ly6C+) and neutrophil (Ly6Ghi) migration to skin measured by flow 

cytometry at 16hpi. Numbers represent percent of Ly6C+ or Ly6Ghi cells of all live cells. 

Plots show the median value ± interquartile range. Data were analysed using Kruskal-

Wallis test with Dunn’s multiple comparison test (ns = not significant, *P < 0.05, **P < 

0.01). 

 

Type I IFNs are critical for limiting spread of SFV away from the inoculation 

site117. Therefore, we next sought to characterise whether the antiviral Type I 

IFN response was modulated by application of steroids, and if so whether this 

could shed light on the mechanism driving steroid-mediated protection against 

viremia in UV-exposed mice. We quantified expression of IFN-β and the 
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prototypic ISG, RSAD2 in the skin of mice. However, there was no change in 

the expression of either gene between experimental groups (Figure 6.8A-B), 

suggesting that topical steroid did not modulate host IFN response to virus 

and/or UV.  

 

 
Figure 6.8 | Steroid treatment of UV-exposed skin does not drive 
expression of IFN-β or key antiviral ISG, RSAD2, during UV-mediated 
enhancement of infection 
(A-B) IFN-β (A) or RSAD2 (B) copy number in inoculation site (skin) 24hpi. Prior to 

infection, skin on the upper left feet of mice was exposed to erythemal UV ± topical 

steroid treatment of burn twice daily, starting 1h post-UV. All mice were then infected at 

1 week post-exposure at the same site with 104 PFU of SFV4 in the presence of a 

mosquito bite. (n ≥ 6) 

Gene expression measured by qPCR. Plots show the median value ± interquartile 

range. Data were analysed using Kruskal-Wallis test with Dunn’s multiple comparison 

test (ns = not significant, *P < 0.05). 

 
Following the finding that steroid treatment of the burn prior to infection limits 

viremia in Figure 6.6, we considered whether the treatment, although localised 

to the skin, may have systemic effects throughout the body and that this was 

what was restricting the spread of the virus to the blood. Therefore, we 

hypothesised that, if the steroid treatment was having a systemic effect to 

protect from virus, then steroid treatment of the burn site may protect from 

infection at a distant inoculation site, separate from the UV-exposed, steroid 
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treated site. To investigate this, we exposed mice to an erythemal dose of UV 

on the upper side of the left foot and then treated the burn with topical 

corticosteroids, as before. However, when it came to infecting the mice 1-week 

post-UV, we administered the infection i.p., rather than at the burn site. Serum 

was then collected from mice 24hpi to assess whether steroid treatment 

provided systemic protection from arbovirus infection, or whether the effect was 

localised to the treatment site. Here, untreated, UV-exposed mice and steroid-

treated, UV-exposed mice had significantly lower quantities of infectious virus 

present in the serum by 24hpi (Figure 6.9). Therefore, it appears that while UV 

exposure drives an increase in susceptibility to arbovirus infection at the burn 

site, the exposure appears to result in protection from arbovirus infection when 

the virus is inoculated i.p., separate from the burn site. As the steroid treated, 

UV-exposed mice experienced a similar effect, steroids did not significantly 

modulate this protection from virus.  

 

 
Figure 6.9 | UV exposure protects from virus inoculated intra-peritoneally, 
and is not modulated significantly by topical steroids 
Skin on the upper left feet of mice skin exposed to erythemal UV ± topical steroid 

treatment of burn twice daily, starting 1h post-UV. Mice were infected with 104 PFU of 

SFV4 i.p. 1 week after UV exposure. Serum was collected to measure systemic spread 

of virus. Titres of virus in serum determined by plaque assay.  

Plots show the median value ± interquartile range. Data were analysed using Kruskal-

Wallis test with Dunn’s multiple comparison test (ns = not significant, *P < 0.05). 
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6.5 Steroids partially protect against systemic spread of SFV 
during UV-mediated enhancement of infection 
Arboviruses must spread to the blood in order to disseminate to other tissues, 

such as the brain, and cause disease, including arboviral encephalitis101,118–

120,400. While we had identified in Chapters 3 and 4 that there is an increase in 

dissemination of virus to the blood in mice exposed to UV either 24h or 1-week 

prior to infection, we had not investigated whether this drives an increase in 

dissemination to other tissues as a result. Therefore, we hypothesised that mice 

exposed to UV prior to infection would have higher quantities of virus present in 

remote tissues. Furthermore, since steroid treatment of a UV burn had been 

shown to protect from UV-mediated enhancement of viremia by 24hpi, in Figure 

6.6, we considered whether this would protect mice from the systemic spread of 

SFV to other tissues at later stages of infection. To investigate this, mice were 

exposed to an erythemal dose of UV to the upper side of the left foot and the 

burn was either left untreated or was treated with topical corticosteroids for 5 

days, as before. The burn site was infected with SFV4, alongside mosquito 

bites, at 1-week post-UV. However, as the virus takes time to spread 

systemically to remote tissues; when SFV4 infection takes place alongside a 

mosquito bite, the virus disseminates to the brain by 3 days p.i.120. Therefore, 

rather than cull the mice at 24hpi as we had previously done, mice were culled 

at 3 days p.i. instead and samples were collected. 

 

We monitored the weight of the animals each day post-infection, as a sudden 

drop in weight can be indicative of the onset of severe disease. However, none 

of the mice lost more than 20%, the limit of the humane endpoint for this study, 

and there was no significant difference in the weight change between any of the 

groups 3 days p.i. (Figure 6.10A). We also measured virus at the inoculation 

site, the skin, to determine whether there was a difference in residual virus, as 

an indicator of quantities of virus replication at this site. While there was still 

detectable virus in the skin of all three groups of mice by 3 days p.i., there was 

no significant difference between the groups (Figure 6.10B). Finally, we 

assessed quantities of virus in the blood, spleen and brain, by 3 days p.i., to 

interrogate any impact steroid treatment has on virus dissemination around the 

body. Interestingly, there were no plaques formed when we performed a plaque 

assay using the serum from any of the three experimental groups, meaning that 
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there was no infectious virus present in the serum taken from these mice. This 

suggests that any virus left in the blood had likely been neutralised, e.g. by 

antibodies or complement, by 3 days p.i. When we assessed virus RNA present 

in two remote tissues, the spleen and the brain, we found evidence of SFV in 

both tissues taken from all groups (Figure 6.10C-D). However, there was no 

difference in the quantities of virus in the spleen or brain between untreated, 

UV-exposed mice and steroid treated, UV-exposed mice or untreated, 

unexposed mice. Therefore, there does not seem to be any difference in the 

systemic spread of virus in UV-exposed mice, either steroid treated or 

untreated, by 3 days p.i., compared to the normal course of infection. 

 

 
Figure 6.10 | No difference in systemic spread of virus by 3 days p.i. in UV-
exposed mice 
(A-D)  Skin on the upper left feet of mice exposed to erythemal UV ± topical steroid 

treatment of burn twice daily, starting 1h post-UV. The burn site was exposed to biting 
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mosquitos and infected with 104 PFU of SFV4 s.c. 1 week after UV exposure. Mice 

were monitored and culled 3 days p.i. (n=6)  

(A) Percentage weight change after infection of mice in each treatment group, based 

on weight on day of virus inoculation. 

(B-D) SFV RNA (e1 gene) copy number in inoculation site (skin) (B), spleen (C) or 

brain (D) 3 days p.i.  

Gene expression measured by qPCR. Plots show the median value ± interquartile 

range. Data were analysed using Kruskal-Wallis test with Dunn’s multiple comparison 

test (ns = not significant). 

 

The findings of the previous figure led us to consider whether 3 days p.i. was 

too early a timepoint to observe any differences in terms of systemic spread of 

the virus, driven by UV exposure alone or following steroid treatment of the 

burn. Accordingly, we repeated the experiment but culled the mice 1 day later, 

at 4 days p.i. instead. As before, there was no discernible change in the weight 

of the mice over time following infection (Figure 6.11A). When we assessed 

virus quantities in the skin, we found that there was significantly more SFV left 

at the inoculation site by 4 days p.i. in mice exposed to UV 1-week prior to 

infection (Figure 6.11B). Interestingly, quantities of virus in the skin were higher 

in steroid treated, UV-exposed mice compared to untreated, unexposed mice. 

However, treatment of the burn with steroids did significantly reduce the 

quantities of virus RNA in the skin compared to untreated, UV-exposed mice. In 

the spleen, there was no significant difference in quantities of virus by 4 days 

p.i. between mice exposed to UV prior to infection and unexposed mice (Figure 

6.11C). However, mice treated with steroids post-UV did have significantly less 

virus in the spleen compared to untreated, unexposed mice. Most importantly, 

mice exposed to erythemal UV 1-week prior to infection had significantly more 

virus RNA in the brain by 4 days p.i., compared to non-UV exposed mice 

(Figure 6.11D). Furthermore, quantities of virus RNA in the brains of mice which 

had received steroid treatment following UV exposure were not significantly 

different from untreated, UV-exposed mice.  

 

Together, this shows that an erythemal UV exposure of mice 1-week prior to 

SFV infection results in enhanced dissemination of the virus to the brain by 4 

days p.i. Additionally, while corticosteroid treatment of the burn protects from the 

increase in viremia observed in UV-exposed mice by 24hpi (Figure 6.6), this 
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does not translate in to a reduction in the spread of virus by 4 days p.i. to the 

brain, a site of great clinical relevance during arbovirus infection. This is 

perhaps not surprising considering that SFV4, when inoculated at a mosquito 

bite, is a highly neurotropic virus and replicates very efficiently in the brain289. 

Therefore, in this one aspect, it may not be that representative of most 

arbovirus infections transmitted to people. Nevertheless, steroid treatment did 

result in lower quantities of virus in the spleen and inoculation site by this 

timepoint. Therefore, steroids appear to offer partial protection against UV-

mediated enhancement of infection. 
 

 
Figure 6.11 | UV exposure results in higher quantities of viral RNA in brain 
by 4 days p.i. and steroids do not protect from this 
(A-D)  Skin on the upper left feet of mice exposed to erythemal UV ± topical steroid 

treatment of burn twice daily, starting 1h post-UV. The burn site was exposed to biting 
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mosquitos and infected with 104 PFU of SFV4 s.c. 1 week after UV exposure. Mice 

were monitored and culled 4 days p.i. (n=6)  

(A) Percentage weight change after infection of mice in each treatment group, based 

on weight on day of virus inoculation. 

(B-D) SFV RNA (e1 gene) copy number in inoculation site (skin) (B), spleen (C) or 

brain (D) 4 days p.i.  

Gene expression measured by qPCR. Plots show the median value ± interquartile 

range. Data were analysed using Kruskal-Wallis test with Dunn’s multiple comparison 

test (ns = not significant, *P<0.05, **P < 0.01). 

 

As mentioned, there was no infectious virus left in the serum by 3 days p.i., 

suggesting that virus had been effectively neutralised and cleared from the 

blood by this timepoint. Neutralising antibodies in serum act to limit viremia. 
Antibodies against virus epitopes are generated during the adaptive immune 

response against infection401. These can protect the host in a multi-pronged 

manner, both directly and indirectly. Antibodies can bind virus particles, directly 

blocking them from infecting host cells. They can also assist effector leukocytes 

identify virus particles through FcR interactions, by coating the virion to amplify 

the antiviral immune response, a process called opsonisation. Importantly, 

neutralising antibody in the serum are vital for effective control of viremia, 

including during SFV infection402,403.  

 

SFV can traffic via the blood to remote sites, including the brain404. As we had 

shown in the previous figure that there were higher quantities of virus in the 

brain of mice exposed to UV prior to infection, we decided to investigate 

whether the generation of neutralising antibodies in the serum was modulated in 

UV-exposed mice. We also included steroid-treated mice in this experiment to 

determine whether this treatment could counteract any impact UV exposure has 

on the neutralising capacity of serum. We used an adapted version of a 

standard protocol to measure serum-neutralising antibody quantities, in which 

BHK-21 cells are pre-treated with mouse serum before being infected with 

SFV4405. Assessing whether dilutions of serum protected BHK-21 cells was 

used as a readout of the quantities of neutralising antibody present in the 

mouse serum. 
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We found that the serum of mice exposed to UV 1-week prior to infection, 

provided a significantly lower level of protection than unexposed, infected mice 

(Figure 6.12A). This was apparent in UV-exposed mice across multiple dilutions 

of serum (Figure 6.12B). Additionally, the proportion of protected cells was not 

significantly different between untreated, UV-exposed mice and steroid treated, 

UV-exposed mice. These findings suggest that UV exposure of mice prior to 

infection, limits the generation of serum-neutralising antibodies during 

subsequent SFV infection and that steroid treatment of the burn prior to 

infection did not fully restore neutralising antibody production back to normal.  

 

 
Figure 6.12 | UV exposure limits the generation of neutralising antibodies 
in serum  
Capacity of mouse serum in protecting BHK-21 cells from SFV4 infection in vitro, 

indicating neutralising antibody quantities. 

(A-B) BHK-21 cells were pre-treated with serum taken from mice 3 days p.i., at a set 

serum dilution between 1:20 and 1:14580, before being infected 1h later with 5x104 

PFU SFV4. Cells were stained 2 days p.i. with Crystal Violet to identify live cells (% of 

cells protected by serum). A plaque assay had been carried out using the serum 

beforehand to confirm there was no residual infectious virus from the in vivo infection 

left in the serum. Plates were then scanned and analysed using ImageJ to calculate the 

percentage of viable cells as a readout of the protective capacity of the serum.  

The mice which the serum was taken from had been exposed to erythemal UV ± 

topical steroid treatment of burn twice daily, starting 1h post-UV. The burn site was 

exposed to biting mosquitos and infected with 104 PFU of SFV4 s.c. 1 week after UV 

exposure. Mice were monitored and culled 3 days p.i. (n=6) 

Graphs show percentage of viable cells when treated with serum diluted 1:20, a 

representative dilution, (A) or one of a range of dilutions between 1:20 and 1:14580 (B) 
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prior to SFV infection. All cell viability readouts were normalised to background 

readings from uninfected cells.  

Plots show the median value ± interquartile range. Data were analysed using Kruskal-

Wallis test with Dunn’s multiple comparison test (ns = not significant, *P<0.05). 

 

Viral encephalitis is one of the most serious conditions associated with 

arbovirus infection406. If virus crosses the blood-brain-barrier it can cause 

damage, either directly via infection or indirectly due to the onset of 

inflammation in response to the pathogen. Here, we have shown that there are 

higher quantities of virus in the brains of UV-exposed mice by 4 days p.i. (Figure 

6.11). As such, this enhanced infection in mice exposed to UV 1-week prior to 

infection could lead to an increased influx of inflammatory cells into this 

sensitive organ, which has the potential to cause life threatening pathology. 

Therefore, we assessed histology of brains from these mice at 4 days p.i. to 

determine whether there is an increased inflammatory infiltrate to the brain 

during UV-mediated enhancement of infection. Since steroid treatment of the 

UV burn appeared to offer partial protection from this enhancement, we sought 

to understand whether steroids would also impact brain inflammation.  

 

Upon examination of brain histology collected 4 days p.i., we identified blood 

vessels in the brains of UV-exposed mice with large numbers of nucleated cells 

surrounding them (Figure 6.13A). As cells can enter tissues via blood vessels, 

cell clusters at these sites can be indicative of an inflammatory infiltrate. This is 

a defining feature of arboviral encephalitis. Contrastingly, blood vessels in non-

UV exposed mice appeared normal, with limited signs of inflammatory infiltrate. 

Interestingly, steroid treated mice showed minimal cell infiltrate at the vessels, 

suggesting that this treatment of the UV burn prior to infection protects from 

this. To probe this further, we quantified cell density in the cortex of the brain 

using the imaging analysis software, QuPath. UV-exposed mice had 

significantly more cells present in the brain by 4 days p.i., compared to 

untreated, unexposed mice (Figure 6.13B). Interestingly, our analysis confirmed 

that steroid treatment of the burn did reduce the number of cells back to normal 

levels. Therefore, the brains of UV-exposed mice showed signs of increased 

cellular infiltrate at blood vessels and had more cells present in the brain by 4 

days p.i. Furthermore, despite not reducing quantities of virus in the brain back 
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to normal, steroid-treated mice did exhibit reduced cellular infiltrate during 

infection, compared to untreated, UV-exposed mice, which could be of clinical 

benefit during the later stages of SFV infection.  

 
 

 
Figure 6.13 | UV drives inflammatory infiltrate to brain at 4 days p.i. 
(A) Histology of brains from mice exposed to erythemal UV ± topical steroid treatment 

of burn twice daily, starting 1h post-UV and infected with 104 PFU of SFV4 s.c. in the 

presence of mosquito bites 1 week post-UV. Brains collected 4 days p.i . Sections 

stained with H&E. Yellow arrows indicate blood vessels. Images shown are 

representative of the group. Slides scanned at 20x magnification and displayed at 

magnification indicated above images. Scalebars measure 100 µm.  

(B) Cell counts per 300µm2 area of section were taken from 10 areas per mouse, from 

3 mice per condition using QuPath.  

Plots show the median value ± interquartile range. Data were analysed using Kruskal-

Wallis test with Dunn’s multiple comparison test (ns = not significant, *P<0.05, 

****P<0.0001). 

 

T cells are critical for the antiviral response in the brain but are also implicated 

in arboviral encephalitis immunopathology. Therefore, we considered whether 
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these cells are recruited to the brain as part of the increased inflammatory 

infiltrate observed in the brains of UV-exposed mice in the previous figure. To 

investigate this, we analysed expression of the CD8+ T cell chemoattractant 

CXCL10 in the brain of mice at 3 or 4 days p.i. using qPCR. However, there was 

no significant difference in expression of CXCL10 by 3 days p.i. between 

untreated, unexposed mice and untreated, UV-exposed mice or steroid-treated, 

UV-exposed mice (Figure 6.14A-B). Nevertheless, there was a trending 

increase in CXCL10 expression in the brains of mice exposed to UV prior to 

infection by 4 days p.i. and this matches the increase in virus quantities in these 

mice, shown earlier (Figure 6.11). It is likely that these changes did not reach 

statistical significance due to the large amounts of variation evident.  
 

The increased quantities of virus in the brains of UV-exposed mice by 4 days 

p.i. suggests either more efficient dissemination of virus to brain, or perhaps 

also that there is an inadequate antiviral response in the brains of this mice. 

Therefore, we also investigated expression of a key antiviral ISG, RSAD2, to 

interrogate whether perhaps suppression of the antiviral response in the brain 

during UV-mediated enhancement of infection could explain the higher 

quantities of virus observed here. RSAD2 was expressed at similar levels in the 

brain across experimental groups, at days 3 or 4 p.i. (Figure 6.14C-D). 

However, as Type I IFNs are induced by the presence of virus, it would be 

expected that there would be higher expression of ISGs in the brains of UV-

exposed mice by 4 days p.i. due to the increase in virus RNA in the brain by this 

timepoint. Therefore, we cannot completely rule out inhibition of the antiviral 

response in the brain as a mechanism by which susceptibility to arbovirus 

infection is increased in mice following a UV exposure.  
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Figure 6.14 | No change in expression of T cell chemoattractant or key 
antiviral ISG, RSAD2, in brains of UV-exposed mice at 3-4 days p.i. 
(A-D) CXCL10 (A, B) or RSAD2 (C, D) copy number in brain at 3 days p.i. (A, C) or 4 

days p.i. (B, D). 1 week prior to infection, skin on the upper left feet of mice exposed to 

erythemal UV ± topical steroid treatment of burn twice daily, starting 1h post-UV. The 

burn site was exposed to biting mosquitos and infected with 104 PFU of SFV4 s.c. 1 

week after UV exposure. Mice were monitored and culled 3 or 4 days p.i. (n = 6) 

Plots show the median value ± interquartile range. Data were analysed using Kruskal-

Wallis test with Dunn’s multiple comparison test (ns = not significant). 
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6.6 Summary and conclusions 
To conclude our investigations into UV-mediated enhancement of arbovirus 

infection, we sought to understand whether this phenotype could be reversed 

through the use of anti-inflammatory treatments against sunburn. We initially 

tested Vitamin D in this capacity. This molecule has been put forward as a new 

option for treating sunburn, due to the its anti-inflammatory effects on sunburn 

in mice and humans397,407. We hypothesised that this interference by vitamin D 

in the inflammatory processes following a UV exposure could protect from the 

UV-mediated enhancement of infection observed in mice in previous chapters. 

We adapted our existing in vivo model of UV exposure to investigate this, by 

adding a single injection of vitamin D at the burn site 1h after the exposure.  

 

Initial observations of the vitamin D-treated UV burn by 1-week post-UV were 

promising, as the lesion appeared to be healing more quickly than an untreated 

UV-burn at the same timepoint (Figure 6.1). This was further supported by our 

findings that vitamin D treatment of the burn limited epidermal thickening by 1-

week post-UV, a key feature of sunburn (Figure 6.2). This reduction in the 

thickness of the epidermis compared to untreated skin by 1-week post-UV could 

be critical, as it suggests that vitamin D has driven accelerated wound healing. 

As we believe that wound healing processes are involved in enhancement of 

infection in UV-exposed skin at 1-week post-UV, as we postulated in Chapter 4, 

this was a positive sign that vitamin D treatment of the UV burn may reverse 

UV-mediated enhancement of infection. Additionally, the treatment was well 

tolerated by mice, giving it further credence as a potential therapeutic option.  

 

However, vitamin D treatment did not alter the numbers of inflammatory myeloid 

cells present in the skin by 1-week post-UV (Figure 6.3). As we have shown in 

previous chapters, we believe that the increased presence of inflammatory 

leukocytes in the skin post-UV likely contribute to UV-mediated enhancement of 

infection. Therefore, the persistent presence of these cells in the skin post-UV, 

despite vitamin D treatment of the UV burn, was the first sign that this treatment 

may not be effective at reversing UV-mediated enhancement of infection. This 

theory was confirmed when we infected mice which had been UV-exposed and 

treated with vitamin D 1-week prior to infection. We found that vitamin D 
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treatment did not protect from enhanced susceptibility to SFV infection in UV-

exposed mice, either in terms of virus RNA in the skin or infectious virus in the 

blood (Figure 6.4). Therefore, despite the promising changes on the tissue 

structure in vitamin D treated skin, this treatment had no impact on UV-

mediated enhancement of arbovirus infection, disproving our initial hypothesis.  

 

Although surprising, there are several reasons why this may be. Despite 

causing a measurable reduction in inflammation in the skin, shown in our work 

here and by Das et al. in 2019, when injected 1h post-exposure, this may be too 

early to have a lasting impact on skin by the time virus infection takes place 1-

week later. Additionally, the mice were only given one dose of vitamin D and so 

repeating the treatment throughout the week between UV exposure and 

infection may promote the anti-inflammatory effects for longer or heal the wound 

quicker, which may be of benefit in terms of protecting from infection. In future, 

we could trial giving the dose later post-exposure or repeating the treatment, as 

was done with the corticosteroid treatment of the burn. This would further define 

whether vitamin D treatment is able to curb the increased susceptibility to 

arbovirus infection observed in UV-exposed mice.  

 

Furthermore, when vitamin D treatment of sunburn had previously been trialled 

in mice, the molecule had been injected i.p., allowing it to reach the 

bloodstream and spread systemically. Whereas we injected it s.c. at the burn 

site as we wanted to concentrate the anti-inflammatory effect here. However, 

perhaps the systemic impact of vitamin D would have aided the host in terms of 

protecting from infection.  

 

Nevertheless, our findings may also shed some light on the mechanism driving 

UV-mediated enhancement of infection at 1-week post-UV. We had discussed, 

in Chapter 4, the possibility that M2 macrophages may be involved in the 

phenotype. Vitamin D treatment of sunburn in mice improves anti-inflammatory 

M2 macrophages397. However, as the same treatment regimen does not protect 

from the increase in susceptibility to arbovirus infection by 1-week post-UV-

mediated, these responses may not represent the limiting factor that defines 

UV-mediated enhancement of infection at this timepoint. 
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Interestingly, outside of the context of UV-exposed skin, vitamin D did provide 

protection from SFV infection when the infection took place in resting skin, 

evidenced by lower quantities of virus in the skin of mice treated with vitamin D 

1-week prior to infection (Figure 6.4). Further investigation into the mechanism 

underlying this is outside the scope of this study. However, since we have 

shown that other pro-inflammatory factors, such as a mosquito bite120, enhance 

arbovirus infection, it could be that the anti-inflammatory environment in the skin 

following vitamin D treatment benefits the host in terms of immunity against SFV 

infection.  

 

We next trialled topical corticosteroids in a similar way. Following an initial pilot 

experiment, we observed that the steroid-treated burn looked much less 

inflamed and closer to being fully healed than both the untreated UV burn and 

the vitamin D-treated UV burn (Figure 6.1). This treatment looked even more 

promising when we analysed skin histology and found that the steroids had 

limited much of the damage done to the structure of the skin by 1-week post-UV 

(Figure 6.5).  

 

Based on these findings, we next moved on to testing corticosteroid treatment 

of the UV burn prior to infection would limit the increase in susceptibility to 

arbovirus infection experienced by UV-exposed mice by 1-week post-UV. While 

steroid treatment did not significantly reduce quantities of virus in the skin by 

24hpi, during the early stage of UV-mediated enhancement of infection, steroid-

treated mice did have significantly lower quantities of infectious virus in serum 

compared to untreated, UV-exposed mice (Figure 6.6). This suggests the 

treatment is either stopping virus leaving the skin and spreading to the blood or 

improving neutralisation of virus in the blood once it gets there, for example 

through generation of a more effective antibody response.  

 

One way in which viremia could be reduced is through a reduction in the 

number of myeloid cells, as neutrophils contribute to vascular permeability and 

monocytes are susceptible to arbovirus infection408. As corticosteroids are highly 

immunosuppressive, we considered whether this could be happening here. 

However, there was no change in the number of neutrophils or monocytes in 

UV-exposed skin following steroid treatment (Figure 6.7). However, we had 
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shown earlier in Chapter 4 that there are a higher number of proliferating cells in 

the skin by 1-week post-UV and that these are more susceptible to SFV 

infection. Therefore, examining whether steroid treatment alters the numbers of 

replicating cells, such as fibroblasts, by 1-week post-UV would be a crucial next 

step to understanding the impact this treatment has.  

 

We also briefly examined induction of the Type I IFN system at the skin to 

determine whether this was altered following steroid treatment of the UV burn 

but there was no difference in expression of IFN-β or of the quintessential ISG, 

RSAD2 (Figure 6.8). This suggests that interference with the antiviral Type I IFN 

system is not involved in the changes in viremia observed in steroid-treated 

mice during UV-mediated enhancement of infection. 

 

Next, we sought to determine whether corticosteroid treatment of the UV burn 

drives systemic changes which could protect from infection at a site remote 

from the steroid-treated site, or whether the effect is localised. However, mice 

that had been UV-exposed on the foot skin and left untreated or steroid-treated 

at the same site but infected i.p. surprisingly had lower quantities of virus in 

serum (Figure 6.9). This suggests that UV exposure of the skin can alter the 

host’s systemic susceptibility to arbovirus infection. UV exposure can drive 

systemic inflammation at sites separate from the UV-exposed area296. 

Importantly, UVB exposure of skin induces a potent type I IFN signature in the 

blood and remote tissues298. Although, this has only been demonstrated up to 

24h post-exposure, if this systemic induction of type I IFN continues up to 1-

week post-UV, this could be of great benefit to the host in terms of antiviral 

protection, as observed in our findings here. This could be further investigated 

by examining type I IFN and ISG expression in unexposed tissues, such as the 

spleen, and blood from UV-exposed mice at 1-week post-UV, in the absence of 

virus infection.  

 

Although we had shown repeatedly that virus spreads to the blood at higher 

quantities in UV-exposed mice, we had yet to determine whether an erythemal 

UV exposure 1-week prior to infection increases dissemination of arbovirus to 

other tissues. Additionally, our findings that steroid treatment of the burn 

following UV exposure limits viremia during subsequent SFV infection 



 217 

suggested that this treatment may protect from systemic spread of the virus at 

later timepoints. Initially, when we examined virus RNA in the skin, spleen and 

brain by 3 days p.i., we found no difference in the quantity of RNA between 

unexposed and untreated mice, UV-exposed and untreated mice or UV-

exposed, steroid treated mice (Figure 6.10). This led us to conclude that we 

may have looked too early post-infection to see any differences between the 

groups or that there may have been variation in other factors between mice, 

such as the magnitude and frequency of mosquito biting, which can be difficult 

to control.  

 

Therefore, we next examined virus dissemination at 4 days p.i. Of the most 

clinical relevance, is our finding that showed an increase in virus reaching the 

brain in mice exposed to UV 1-week prior to infection (Figure 6.11) meaning that 

UV exposure at the inoculation site results in enhanced dissemination during 

systemic spread of the virus. As viral encephalitis is one of the most serious, 

and potentially lethal, consequences of arbovirus infection, the higher quantities 

of virus in the brain of UV-exposed mice during infection has potentially serious 

implications for health118,120,406. However, SFV is particularly efficient at 

replicating within the brain, therefore, this effect may not necessarily apply to 

other arboviruses, such as DENV117. Mice with higher quantities of virus in the 

brain have increased mortality as a result of SFV infection119,120. Therefore, it is 

likely that UV-exposed mice may also experience higher rates of mortality 

following SFV infection, due to the high quantities of virus in their brains. 

However, we would need to carry out a survival experiment to confirm this. It 

would also be useful to repeat this experiment at a lower dose of SFV, as this 

may allow us to see a greater difference in responses between experimental 

groups. It is possible that the dose used here was so high that all mice were 

susceptible to dissemination, therefore making it difficult to discern the 

enhancing ability of UV exposure in this capacity.  

 

We also found increased quantities of virus RNA in the skin in UV-exposed mice 

at the later timepoint of 4 days p.i. (Figure 6.11). Importantly, treatment with 

steroids reduced the quantity of virus RNA in the skin and dissemination to the 

spleen. Therefore, it seems that the impact steroids have on reducing 

replication at the inoculation site then prevents dissemination to some remote 
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tissues, such as the spleen. However, this was not sufficient to prevent this 

neurotropic virus from disseminating and replicating within the brain. Although it 

should be noted that quantities of virus in the brain of the steroid treatment 

group were more variable, suggesting that dissemination of virus to the brain 

may not be as reproducibly efficient in this group as compared to group not 

treated with steroids.  

 

Virus can transit to remote tissues via the blood. Therefore, the increase in the 

quantity of virus reaching the brain in UV-exposed mice, shown in Figure 6.11, 

suggested that the generation of neutralising antibodies in serum may be 

somewhat dented in these mice. Accordingly, we found that serum taken from 

mice exposed to UV 1-week prior to infection offered much lower level of 

protection compared to unexposed mice (Figure 6.12). As steroid-treatment had 

lowered quantities of infectious virus in the blood by 24hpi compared to 

untreated, UV-exposed mice (Figure 6.6), we also considered whether 

treatment of the UV burn may result in a return to normal antibody production 

during infection. However, steroid treatment of the burn prior to infection did not 

restore serum-neutralising antibody levels (Figure 6.12). Together, these results 

suggest that antibody generation is blunted in UV-exposed mice and is not 

rescued by steroid treatment. Whether this impairment is due to the generation 

of a sub-neutralising antibody population or simply a lower antibody titre 
remains to be determined. Either way, it suggests that UV treatment at least 

partially interferes with coordination of adaptive immune response to virus.  

 

As neutralisation of the virus in the blood is critical for preventing spread to the 

brain, this ablation of the antibody response could partly explain the increased 

spread of virus to the brain by 4 days p.i. in UV-exposed mice, observed in 

Figure 6.11. Additionally, while antibodies are crucial for initial clearance of the 

virus, generation of an effective neutralising antibody population can also offer 

long-term protection against secondary infection. Therefore, secondary immune 

responses may also be affected in these mice. However, it should be noted that 

generation of antibodies against some genetically related arboviruses are not 

necessarily always of benefit to the host. Generation of a sub-neutralising 

antibody response to DENV, for example, can lead to increased susceptibility to 

re-infection with other DENV serotypes via ADE of infection409. The presence of 
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bound non-neutralising antibody can facilitate entry of the virus in to target cells 

which possess FcRs, through binding of the Fc region of the antibody410. This 

has long been associated with DENV, however, there is evidence of this 

occurring during infection with a number of other arboviruses, including with 

genetically related ZIKV, and a separately with CHIKV 83,180,411. 

 

As discussed earlier, higher viral loads in the brain are linked with reduced 

survival during SFV infection in mice. However, the cellular response to virus 

dissemination to the brain can also cause pathology, leading to arboviral 

encephalitis. If there is more virus in the brain, as is the case in UV-exposed 

mice, this may lead to more cells infiltrating this fragile site to help clear the 

virus and more damage as a result. Therefore, to conclude this chapter we 

assessed whether the brains of infected, UV-exposed mice had any signs of an 

increased inflammatory infiltrate. Accordingly, we found evidence of cellular 

infiltrate around vessels in the brains of mice exposed to UV prior to infection by 

4 days p.i., but not in non-UV exposed mice or steroid treated mice (Figure 

6.13). This was further supported by our finding that there was a higher number 

of cells found in the brains of UV-exposed mice during infection, compared to 

the other two groups. The increase in cells in the brains of UV-exposed mice 

during infection is likely linked to the higher quantities of RNA present in the 

organ. Additionally, steroid treatment of the UV burn prior to infection reduced 

the cellular infiltrate to the brain during infection. To ascertain whether this has 

an impact on limiting further pathology in these mice, a survival experiment over 

a longer period of time will have to be carried out.  

 

To identify the recruited cell types, we examined levels of the CD8+ T cell 

chemoattractant CXCL10. However, there was no change in expression of this 

in the brain of UV-exposed mice by 4 days p.i. (Figure 6.14). Nevertheless, no 

change in the expression of the T cell chemoattractant does not rule out the 

presence of these cells in the cellular infiltrate observed in the brains of UV-

exposed mice during enhanced arbovirus infection. However, the timepoint we 

examined may be too early for this cell type, as CD3+ T cells were shown to 

infiltrate the brain at 7 days p.i. during infection with another strain of SFV, 

A7(74)412. Further investigation needs to be carried out to phenotype the cellular 
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infiltrate in the brains of UV-exposed mice, including staining brain histology 

sections for CD3 using immunohistochemistry.   

 

Expression of Type I IFNs have previously been shown to increase in 

accordance with SFV quantities in the brain by 3 days p.i.117. Therefore, we 

expected expression of the important ISG, RSAD2, to also be higher in mice 

exposed to UV prior to infection, due to the higher quantities of SFV RNA 

evident in the brain by 4 days p.i. (Figure 6.11). However, this was not the case; 

RSAD2 expression in the brain was no higher in UV-exposed mice than 

unexposed mice (Figure 6.14). This provides some evidence that the antiviral 

response to virus in the brain may not be as efficiently induced in UV-exposed 

mice, which could be contributing to the higher quantities of virus observed in 

the brain of these mice by 4 days p.i. 

 

Overall, this chapter built on previous findings that UV-exposed mice experience 

increased susceptibility to arbovirus infection by 24hpi, by showing that mice 

which are exposed to erythemal UV 1-week prior to infection also undergo 

enhanced dissemination of virus to remote tissues, including the brain, during 

systemic SFV infection by 4 days p.i. Additionally, mice had signs of an 

increased cellular infiltrate to the brain, a sign of  arbovirus pathology, and 

ablated serum-neutralising antibody generation. Together, these findings 

suggest that UV-mediated enhancement of infection could result in more 

clinically severe arbovirus infection. 

 

Furthermore, we tested two sunburn treatments, vitamin D and topical 

corticosteroids, in an attempt to reverse UV-mediated enhancement of infection. 

We found that vitamin D had no effect in this capacity. However, steroid 

treatment of the burn prior to infection seemed to offer partial protection from 

the increase in susceptibility to infection observed in UV-exposed mice. This 

treatment limited viremia at the skin by 4 days p.i. and this led to protection from 

spread to the spleen and decreased cellular infiltrate to the brain. Importantly 

though, this did not limit dissemination to the brain or restore neutralising 

antibody levels in the blood, and this spread is critical in terms of causing 

serious diseases. Therefore, it is too early to say whether there are clinical 

benefits of steroid treatment to protect against UV-mediated enhancement of 
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infection. Furthermore, the feasibility of using steroid treatment as a means of 

protecting against UV-mediated enhancement of infection in humans remains 

questionable. Long-term use of steroids can cause a severe reaction in the skin 

upon withdrawal, for example in chronic disease like eczema and psoriasis 

where the treatment is used for long periods of time413. Therefore, the regular 

use of these following sun exposure in areas of arbovirus endemicity regularly 

may not be advisable as the small benefits may not outweigh the risks in this 

scenario. Nevertheless, they may be of use short-term in individuals with 

sunburn as a preventative measure against severe arbovirus infection, if the 

benefits are supported by further investigation. 
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Chapter 7: PBMCs from patients with psoriasis, an 
inflammatory skin condition, exhibit different 

susceptibility to ZIKV infection 
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7.1 Introduction 
There are numerous factors which have the potential to impact susceptibility of 

a host to arbovirus infection. These can derive from the environment, such as 

UVR, or from the virus-transmitting vector, like mosquito saliva. However, these 

can also result from variability within the host itself. Infection of the skin by 

arboviruses is the first stage in the virus life cycle in the vertebrate host. We 

have shown in previous published works and in this thesis that factors which 

impact inflammation within the skin prior to infection can modulate susceptibility 

to arbovirus infection119,120,126. Therefore, one important host factor to consider in 

this context, is the presence of pre-existing inflammation at the skin because of 

inflammatory disease.  

 

There are numerous inflammatory conditions which involve the skin, of which 

psoriasis is one of the most prevalent. The most common clinical presentation 

of the disease is the formation of inflamed skin lesions or ‘psoriatic plaques’207. 

The pathogenesis of psoriasis is dependent on complex interactions between 

immune cells, their positioning and their production of cytokines. It is largely 

thought to be primarily Th1 and Th17 T cell driven, as biologic therapies that 

target cytokines produced by these cells have proven to be therapeutic in 

patients with psoriasis257. However, the pathogenesis is also characterised by 

dysregulated type I IFN function, making it of particular relevance to our work 

investigating arbovirus immunity267. Our group previously found that therapeutic 

induction of type I IFN pathways, at an earlier timepoint following arbovirus 

infection, significantly reduces arbovirus dissemination119. Therefore, the type I 

IFN dysregulation in psoriasis, although detrimental in terms of causing disease, 

could actually be of benefit to the host during arbovirus infection through pre-

priming of the antiviral response. 

 

The impact inflammatory skin diseases have on susceptibility is highly variable 

between conditions. For example, patients with eczema, another inflammatory 

skin condition, are known to have heightened risk of contracting certain 

infections, including a severe form of HSV infection414. However, psoriasis 

patients are less susceptible to some infections415,416. Patients with psoriasis 

have been shown to be more resistant to virus infection than eczema patients, 
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suggesting that this disease state may instead offer protection against skin-

transmitted viruses417. Although whether psoriatic skin is more resistant to 

infection than healthy control skin remains to be seen. A previous member of 

our group, Stephen Bryden, found that that explants from lesioned skin from 

psoriasis patients are less susceptible to ZIKV infection ex vivo than those from 

patient-matched non-lesioned skin (unpublished data). This suggests the 

immune characteristics of psoriasis are beneficial to host immunity during 

arbovirus infection. Although, the specific aspects of this immunological profile, 

or whether other key cell types infected by virus, such as PBMCs, exhibit similar 

resistance to infection, remain to be uncovered.  

 

Psoriasis is known to have a widespread impact that reaches far beyond the 

skin. Most new lesion development occurs in areas of otherwise healthy-looking 

skin, suggesting a systemic predisposition to develop lesions exists418. 

Furthermore, it should be noted that patients with psoriasis are also more prone 

to develop a multitude of other diseases, including psoriatic arthritis, 

cardiovascular disease and inflammatory bowel disease, suggesting a systemic 

component to the disease419–421. Indeed, aberrant cytokine expression in 

psoriasis patients is not restricted to lesional skin, it also extends to the blood286. 

Transcriptomic analysis of the blood of psoriasis patients has described the 

gene profile of these samples as inflammatory and particularly enriched in 

genes associated with the inflammasome and neutrophils, both key 

components of the innate immune response288. In terms of arbovirus infection in 

blood, monocytes and DCs are the main targets of infection and this can 

facilitate virus dissemination to remote sites142,422,423. Indeed, the most frequent 

infected cell type in ZIKV-infected patient blood are monocytes. Monocytes and 

DCs, together with lymphocytes, form the PBMC compartment in blood. 

Together, this suggests that susceptibility to infection may also be altered in 

PBMCs in the blood of psoriasis patients.  

 

7.1.1 Hypothesis and aims 
The evidence outlined here led us to hypothesise that the systemic immune 

dysregulation observed in psoriasis patients would provide PBMCs from these 

patients with more resistance to arbovirus infection, compared to healthy 

controls.  



 225 

 

Therefore, this chapter aims to: 

 

1) Establish optimal conditions for ZIKV infection of human PBMCs in 
vitro 

2) Investigate susceptibility to ZIKV infection in psoriatic PBMCs 
compared to healthy PBMCs 

3) Characterise gene expression in psoriatic PBMCs compared to 
healthy PBMCs, before and after ZIKV infection  

 

7.2 Optimisation of ZIKV infection of human PBMCs in vitro 
To begin with, the protocol for infecting PBMCs with ZIKV was optimised to 

determine conditions under which to run subsequent experiments. Initially, ZIKV 

stocks were grown in BHK-21 cells, a common mammalian cell line frequently 

used to grow arbovirus stocks. This produced robust titers of ZIKV, measured 

as 4.375x108 PFU/ml via a plaque assay. To ascertain whether this ZIKV stock 

would infect PBMCs in vitro, isolated human PBMCs were infected at an MOI of 

1 with BHK-derived ZIKV for 16h. Unexpectedly though, this failed to produce 

detectable quantities of viral RNA in the cells 16hpi (Figure 7.1A). To test 

whether infecting the PBMCs with a higher concentration of virus would make 

them more permissive to infection, cells were infected with 100-fold more virus 

than previously. However, this still did not result in quantities of virus much 

higher than the limit of detection. We had stocks of ZIKV that had been grown in 

C6/36 insect cells, derived from larvae of the Aedes albopictus mosquito, by a 

previous lab member. The infectivity of this virus derived from C6/36 insect cells 

in PBMCs was tested. In contrast to BHK-derived ZIKV, when cells were 

infected with C6/36-derived ZIKV at an MOI of 1, viral RNA was present in high 

quantities in PBMCs 16hpi. As a result, the decision was made to use C6/36-

derived ZIKV in future PBMC infection experiments. Several publications 

investigating ZIKV infection of PBMCs also use C6/36 cells to generate virus 

stocks424–426.  

 

Initially, we set out to determine the optimal MOI of virus to use and length of 

time to run infections for at which evidence of infection would be clear but cells 

would not be overloaded with virus. To do this, isolated PBMCs were infected 
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with ZIKV at a range of MOIs for either 6h or 16h before analysing quantities of 

viral RNA present within cells. There was no difference in the amount of virus 

RNA in cells between 6hpi and 16hpi, suggesting that either timepoint would be 

an effective choice (Figure 7.1B). Additionally, the 10-fold difference in viral RNA 

quantities observed between cells infected at different MOIs correlates with the 

10-fold reduction in the concentration of virus that the cells were infected with. 

This indicated that any of these three MOIs would be suitable for use in future 

experiments. 

 

Although this data shows reproducible evidence of ZIKV RNA at both time 

points, we chose to concentrate on 16hpi as this was most suitable for infecting 

cells post collection from the clinic. Additionally, the decision was made to 

undertake future experiments at an MOI of 0.1 and an MOI of 0.01 to allow for 

the observation of differences in the capacity of cells to support virus replication, 

thus allowing us to determine differences in susceptibilities between individuals. 

All ZIKV experiments were run under these conditions.  

 

 
Figure 7.1 | ZIKV derived from a mosquito cell line, but not a mammalian 
cell line, is able to infect PBMCs 
(A) Quantities of viral RNA present in PBMCs 16hpi. PBMCs were infected with either 

ZIKV grown in C6/36 cells (MOI of 1) or with ZIKV grown in BHK-21 cells (MOI of 1 or 

100) for 16h. (n = 2)  

(B) Quantities of viral RNA present in PBMCs 6hpi or 16hpi. PBMCs were infected with 

C6/36- derived ZIKV at a range of MOIs (1, 0.1 or 0.01) for the indicated length of time. 

(n = 3)  
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PBMCs isolated from healthy control donor blood samples. ZIKV RNA (env gene) copy 

number was determined by qPCR. Plots show the median value ± interquartile range. 

Dotted lines represent the assay’s limits of detection based on qPCR values taken from 

samples of uninfected cells.  

 

As a proof of principle, we wanted to explore what impact prior immune 

stimulation has on ZIKV infection of PBMCs. Therefore, healthy donor PBMCs 

were pre-treated with the TLR7 agonist, imiquimod, prior to infection. However, 

pre-treatment with imiquimod had no significant effect on the quantity of viral 

RNA present in the cells by 16hpi (Figure 7.2A). Subsequently, a second innate 

immune agonist was tested, poly(dA:dT). This agonist activates both RIG-I, 

MDA5 and cGAS-STING signaling, receptors which are more widely expressed 

than TLR7, meaning this treatment works better to model the widespread 

inflammatory state observed in psoriasis patients. Here, poly(dA:dT) was 

applied to cells 1h prior to infection with ZIKV at a range of doses to ensure that 

any effects of the treatment on the infection outcome were not missed by 

incorrect dosing of the agonist. Interestingly, pre-treatment with poly(dA:dT) 

significantly reduced quantities of ZIKV RNA present in the PBMCs by 16hpi, 

when compared to cells that were infected but not stimulated with the agonist 

(Figure 7.2B). Notably, there was no apparent difference in this effect between 

doses, suggesting that the effect of poly(dA:dT) stimulation has reached its 

maximum potential at the doses tested here. Nevertheless, the effect observed 

here further supports the data already gathered by our group that an 

inflammatory, primed state prior to infection, whether in psoriatic lesions or 

modelled in PBMCs using poly(dA:dT), offers resistance to ZIKV infection. 

Although whether this affects production of infectious virus by these cells 

remains to be seen. 
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Figure 7.2 | Pre-treatment of PBMCs with an innate immune agonist 
protects against ZIKV infection 
(A, B) Quantities of viral RNA present at 16hpi in PBMCs pre-treated with 0.2μg/ml of 

imiquimod (IMQ) (A) or poly(dA:dT) at a dose of either 0.5μg/ml, 1μg/ml, 2μg/ml or 

5μg/ml (B) 1h prior to infection with C6/36-derived ZIKV at an MOI of 0.1. PBMCs 

isolated from healthy control donor blood samples. (n = 3)  

ZIKV RNA (env gene) copy number was determined by qPCR. Plots show the median 

value ± interquartile range. Dotted lines represent the assay’s limits of detection based 

on qPCR values taken from samples of uninfected cells. Data were analysed using 

Mann-Whitney test (A) or Kruskal-Wallis test with Dunn’s multiple comparison test (B) 
(ns = not significant, ***P < 0.001). 

 

7.3 PBMCs from psoriasis patients, an inflammatory skin 
disease, exhibit increased protection from ZIKV infection 
Based on our initial finding that pre-priming of healthy PBMCs prior to infection 

offered cells protection against ZIKV infection, we hypothesised that PBMCs 

from psoriasis patients may also be less susceptible to ZIKV infection. Although 

psoriasis primarily affects the skin, the disease can also have profound 

systemic effects, as covered in the chapter introduction. In particular, the 

transcriptome of PBMCs from patients with psoriasis shows a high level of 

dysregulation, characterised by a pro-inflammatory signature. Therefore, this 

led us to postulate that the systemic inflammatory nature of psoriasis may lead 

to PBMCs being pre-primed against virus infection. To investigate this, we 

isolated PBMCs from blood samples taken from psoriasis patients with active 
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disease or healthy control donors. We accepted patients regardless of their 

treatment regimen; the individuals in the cohort ranged from not receiving any 

treatment for their disease to the use of non-biologics, e.g. methotrexate, to 

biologics, e.g. Adalimumab, a TNF-α inhibitor. Crucially, as all patients had 

active disease, any treatment used had failed to control disease. The two 

groups, psoriasis patients and healthy donors, had similar age and sex 

distribution (Table 7.1).  

 

Table 7.1 | Homogeneity test between experimental and control group 
Details of the sex and age distribution in the experimental (psoriasis patient) and 

control (healthy donor) groups. Chi-squared (χ2) values and degrees of freedom were 

used to calculate a p-value for each variable to rule out (P < 0.05) any statistical difference 
between the two populations.  

 
Variable Category Total  

(n = 19) 
N (%) 
or 
M ± SD 

Experimental  
(n = 12) 
N (%) 
or 
M ± SD 

Control  
(n = 7) 
N (%) 
or 
M ± SD 

χ2 p-value 

Sex Male 10 (52.6) 6 (50.0) 4 (57.1) 0.09 0.76 

 Female 9 (47.4) 6 (50.0) 3 (42.9) 

Age 

(years) 

 39.3 ± 

11.0 

40.7 ± 11.0 36.9 ± 10.5 3.96 0.86 

 
The PBMCs were infected with ZIKV and lysed at 16hpi. RNA was extracted 

from the cell lysate and used to assess ZIKV RNA quantities using qPCR. 

Interestingly, when cells were infected with ZIKV at an MOI of 0.1, the psoriasis 

patient PBMCs had significantly less virus RNA present by 16hpi than those 

taken from healthy donors (Figure 7.3A). To check that this effect was not 

dependent on virus dose, we also infected cells with a lower MOI of ZIKV, 0.01. 

However, the same reduction in virus RNA in psoriasis patient PBMCs 

compared to healthy controls was observed when a lower dose was used 

(Figure 7.3B). This demonstrates that psoriasis patient PBMCs are more 

resistant to ZIKV infection than those from healthy individuals in vitro.  

 



 230 

 
Figure 7.3 | PBMCs from psoriasis patients are less susceptible to 
arbovirus infection 
(A, B) Quantities of viral RNA present at 16hpi in PBMCs infected with ZIKV at an MOI 

of 0.1 (A) or 0.01 (B). PBMCs isolated from psoriasis patient (n=12) or healthy control 

donor (n=7) blood samples.  

ZIKV RNA (env gene) copy number was determined by qPCR. Plots show the median 

value ± interquartile range. Data were analysed using Mann-Whitney test (*P < 0.05). 

 

A key hallmark of psoriasis development is dysregulation of the type I IFN 

system267. Although this hypothesised to contribute towards disease in patients, 

this dysregulation could contribute to enhanced protection against infection, as 

observed in the previous figure. Therefore, we set out to characterise 

expression of the type I IFNs and associated ISGs in PBMCs during ZIKV 

infection using qPCR. IFN-α quantities were significantly higher in PBMCs from 

psoriasis patients by 16hpi compared to those from healthy donors (Figure 

7.4A). There was no significant difference in expression of the other key type I 

IFN, IFN-β, between the two groups, although there was a trending increase in 

expression of this gene in psoriasis patient PBMCs, although there was great 

variation within the group. The type I IFNs stimulate antiviral responses in cells 

through induction of ISGs. Interestingly though, when IFN-α and IFN-β 

expression was examined at rest, there was no difference in quantities of either 

between PBMCs from psoriasis patients and healthy donors (Figure 7.4B). This 

suggests that psoriasis patient PBMCs are better able to induce type I IFN 

when stimulated with virus during infection. 
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Therefore, as we had found an increase in IFN-α in psoriasis patient PBMCs 

during infection, we also quantified ISG expression to see if there was a 

corresponding increase in these antiviral genes. Despite not being statistically 

significantly different, there was a 100-fold difference in the median expression 

quantity of the ISGs RSAD2 and CXCL10 in psoriasis patient PBMCs by 16hpi, 

compared to those from healthy donors (Figure 7.4C). We also investigated 

whether key antiviral pattern recognition receptors, RIG-I and MDA5, are 

upregulated in psoriasis patient PBMCs during infection, as an increase in 

expression of those could lead to an increase in virus detection, which could 

partially explain the more efficient clearance of virus observed in these cells. 

Additionally, RIG-I is induced by type I IFN and so can provide further insights in 

to the role of this system in the phenotype observed. There was a significant 

increase in expression of RIG-I in PBMCs from psoriasis patients during 

infection compared to healthy controls, but no significant difference in quantities 

of MDA5. Together, this shows that PBMCs from psoriasis patients had more 

profound induction of IFN-α during infection and this resulted in higher 

expression of the IFN-inducible PRR RIG-I which can recognise ZIKV and 

kickstart downstream responses against the virus. 
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Figure 7.4 | Psoriasis patient PBMCs have a more robust induction of key 
antiviral genes post-infection 

(A-C) IFN-a and IFN-b (A, B) or inflammatory (C) gene expression at rest (B) or at 

16hpi (A, C) in PBMCs infected with ZIKV at an MOI of 0.01. PBMCs isolated from 

psoriasis patient (n=12) or healthy control donor (n=7) blood samples.  

Gene expression was determined by qPCR. Plots show the median value ± 

interquartile range. Data were analysed using Mann-Whitney test (*P < 0.05, **P < 

0.01). 

 

Psoriasis can vary greatly between individuals in terms of its severity. This is 

measured by clinicians using the Psoriasis Area and Severity Index (PASI), 

which takes in to account the surface area of the body which is covered with 

lesions and also how severe the lesions are257. More severe disease 

presentations result in higher PASI scores. Our data thus far suggests that the 

inflammatory environment state in individuals with psoriasis, although 

detrimental in terms of disease, seems to prime cells to better respond to virus 

infection. Therefore, we hypothesised that PBMCs from patients with more 

severe forms of disease may show increased protection against virus. Using 

each patient’s PASI score as an indicator of disease severity, we investigated 

whether there was such a link between the two. Overall, our patient cohort had 

particularly severe symptoms, with an average PASI score of 12.7, where a 

score greater than 10 is an indicator of severe disease. However, there was no 

correlation (R2 = 0.01686) between PASI score and quantities of virus RNA in 

PBMCs by 16hpi (Figure 7.5A). Most of the samples were clustered together in 

terms of virus load. In fact, PBMCs from one patient with completely resolved 

symptoms had similar quantities of virus RNA to the rest of the cohort. This 

suggests that there is no link between protection from virus and the clinical 

parameters used to define PASI score/disease severity. 

 

Due to the highly immunologic nature of the disease, the main treatment options 

for psoriasis are immune-modulators, whether it be anti-inflammatory steroids or 

biologics against key cytokines such as TNF-α, IL-17 and IL-23. Analysing 

whether cells from patients receiving these interventions exhibit difference in 

ZIKV susceptibility, provides a powerful way to investigate the role of these 

immune pathways in the protection from ZIKV infection. Here, we isolated 
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PBMCs from untreated patients or treated patients, infected cells with ZIKV as 

before, and assessed virus RNA in cells at 16hpi. Surprisingly, there was no 

difference in quantities of virus between treated and untreated patient PBMCs 

following infection with ZIKV at a high (MOI 0.1) or low (MOI 0.01) dose (Figure 

7.5A-B). Therefore, blunting of the immune system via psoriasis treatment did 

not affect the protection against ZIKV infection observed in psoriasis patient 

PBMCs.  

 

 
Figure 7.5 | Clinical indicators are not associated with protection from 
infection 
(A, B) PBMCs from psoriasis patients were infected with ZIKV at an MOI of 0.1 (A, B) 
or 0.01 (B). Quantities of ZIKV RNA present in cells at 16hpi was measured and 

compared against the patients PASI score (A) or between patients on 

immunosuppressant drugs (Treated) and those not on immunosuppressant drugs 

(Untreated) (B). ZIKV RNA (env gene) copy number was determined by qPCR. Plots 

show the median value ± interquartile range. Data were analysed using Mann-Whitney 

test (ns = not significant). 
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7.4 PBMCs from patients with systemic sclerosis, a systemic 
inflammatory disease, are also partially protected from ZIKV 
infection 
After confirming that PBMCs from patients with psoriasis, an inflammatory skin 

condition, are protected from ZIKV infection, we considered whether this effect 

is specific to psoriasis or whether it may extend to other inflammatory diseases. 

Systemic sclerosis is an inflammatory systemic disease which causes extensive 

fibrosis across the body270. While the skin and joints are the main affected 

organs, this can impact the blood and internal organs as well. Like psoriasis, 

type I IFN is also implicated in the pathogenesis of systemic sclerosis427. An IFN 

score can be used to stratify patients to help indicate whether a patient is at risk 

of developing more severe disease284. This clear association between type I IFN 

and systemic sclerosis outcomes, led us to consider whether PBMCs from 

patients with systemic sclerosis may also have altered susceptibility to arbovirus 

infection. 

 

To investigate this, we isolated PBMCs from blood samples from systemic 

sclerosis patients and from healthy donors and infected these with ZIKV for 16h, 

before RNA was extracted from cells. Initially, when PBMCs were infected at the 

higher MOI of 0.1, there was a trend for less virus RNA in the systemic sclerosis 

patient PBMCs, although not reaching statistical significance, by 16hpi, 

compared to those from healthy donors (Figure 7.6A). Following infection with a 

lower dose of ZIKV (MOI 0.01), a statistical difference between the two groups 

was clear. Here, there were significantly lower quantities of virus RNA present in 

the PBMCs from systemic sclerosis patients compared to healthy donor cells 

(Figure 7.6B). Therefore, systemic sclerosis patient PBMCs also show 

protection from ZIKV infection. However, protection was restricted to specific 

virus doses and the effect was less substantial than that observed in PBMCs 

from psoriasis patients. 
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Figure 7.6 | Systemic sclerosis patient PBMCs are partially protected from 
ZIKV infection 
(A, B) Quantities of viral RNA present at 16hpi in PBMCs infected with ZIKV at an MOI 

of 0.1 (A) or 0.01 (B). PBMCs isolated from systemic sclerosis patient (n=10) or healthy 

control donor (n=7) blood samples.  

ZIKV RNA (env gene) copy number was determined by qPCR. Patient samples were 

collected by Prof Francesco Del Galdo and Dr Stefano Di Donato. Plots show the 

median value ± interquartile range. Data were analysed using Mann-Whitney test (ns = 

not significant, *P < 0.05). 

 

We had shown in Figure 7.4 that type I IFNs were more robustly induced in 

psoriasis patient PBMCs during ZIKV infection and that this likely contributes to 

the protection against infection observed in these cells. Since type I IFN is an 

inherent part of the driving mechanisms behind both psoriasis and systemic 

sclerosis, we also interrogated expression of IFN-β in PBMCs from systemic 

sclerosis patients to determine whether this could explain the partial protection 

against infection observed in these cells. When we examined expression of this 

type I IFN in cells 16h after infection with ZIKV, we found that PBMCs from 

systemic sclerosis patients had significantly higher quantities of IFN-β 

expression than cells from healthy donors (Figure 7.7A). In addition, when 

quantities of expression of this gene before virus infection were interrogated in 

the two populations, we found that systemic sclerosis patient PBMCs also had 

significantly higher quantities of IFN-β at rest, compared to cells from healthy 

controls (7.7B). When we investigated whether this heightened IFN-β 

expression drove higher expression of the prototypic ISG, RSAD2, we found 

that there was no difference in quantities of this gene by 16hpi between PBMCs 

from systemic sclerosis patients and those from healthy donors (Figure 7.7C). 
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Therefore, the difference in IFN-β expression between the two populations was 

not likely induced by virus, as baseline quantities of this gene were already 

higher in PBMCs from systemic sclerosis patients and this did not result in an 

increase in expression of key antiviral ISG, RSAD2. 

 

To further investigate the potential impact of disease-associated IFN production 

and protection against ZIKV infection, we compared quantities of virus RNA 

present in systemic sclerosis patient PBMCs by 16hpi to each patient’s clinical 

IFN score to determine whether higher IFN scores, obtained from our clinical 

collaborator Dr. Di Donato, were linked to lower quantities of virus replication 

during infection. However, there was no correlation (R2 = 0.0056) between IFN 

score and quantities of RNA in PBMCs by 16hpi (Figure 7.7D). This 

demonstrates that there is no link between high IFN production in patients and 

greater protection against ZIKV infection. Nevertheless, together, the data in 

Figures 7.6 and 7.7 shows that protection against ZIKV is not limited to PBMCs 

from psoriasis patients as this effect was also observed in PBMCs from 

systemic sclerosis patients, albeit to a lesser extent.  
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Figure 7.7 | PBMCs from SSc patients have increased type I IFN 
expression at rest but this is not linked to virus quantities during infection 
(A-D) Quantities of expression of IFN-b (A, B) or RSAD2 (C) at 16hpi in PBMCs 

infected with ZIKV at an MOI of 0.01 (A, C) or at rest (B). Quantities of ZIKV RNA 

present in cells at 16hpi was measured and compared against the patients IFN score 

(D). PBMCs isolated from systemic sclerosis patient (n=10) or healthy control donor 

(n=7) blood samples.  

Gene expression was determined by qPCR. Patient samples were collected by Prof 

Francesco Del Galdo and Dr Stefano Di Donato. Plots show the median value ± 

interquartile range. Data were analysed using Mann-Whitney test (***P < 0.001). 

 

7.5 Less virus permissive monocytes present in psoriasis 
patient PBMCs prior to infection 
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To further elucidate what could account for the reduced quantity of ZIKV RNA in 

PBMCs following infection of psoriasis patient-derived cells, we considered 

whether psoriasis patients may have lower numbers of virus-permissive cell 

types, belonging to the PBMC compartment. Within PBMCs, ZIKV primarily 

infects monocytes, but also replicates in DCs142. Furthermore, pDCs are potent 

producers of type I IFN and are implicated in psoriasis pathogenesis267,428. 

Therefore, altered numbers of these within psoriasis patient PBMCs could also 

contribute to the protection from infection observed in these cells e.g. via 

heightened IFN production. Therefore, we sought to characterise the 

proportions of different cell populations within the PBMC sample from psoriasis 

patients and healthy donors, both before and after infection. 

 

To investigate this, PBMCs were isolated from blood from psoriasis patients with 

severe disease and from healthy donors. These cells were infected with ZIKV, 

either at an MOI of 0.1 or 0.01, and cells were collected at 16hpi for staining for 

cell phenotyping using flow cytometry. A fluorescent antibody panel was 

designed to stain against extracellular markers to identify and quantify T cells, B 

cells, natural killer (NK) cells, classical monocytes (CD14++CD16-), intermediate 

monocytes (CD14++CD16+), non-classical monocytes (CD14+CD16++), pDCs 

and myeloid DCs (mDCs). As CD16+ monocytes, both the intermediate and 

non-classical subsets, are the main target for ZIKV infection in PBMCs and so 

these cells were of particular interest here424. Importantly, we found that PBMCs 

from psoriasis patients contain significantly less non-classical monocytes than 

healthy donor PBMCs prior to infection (Figure 7.8F). Perhaps related to this, 

there was a reciprocal trend for increased numbers of intermediate monocytes. 

Indeed, there were notable trends in the numbers of other cell types too, 

although none that were statistically significant. In summary, there appeared to 

be more NK cells, intermediate monocytes and pDCs within psoriasis patient 

PBMCs, compared to healthy donors (Figure 7.8C, E, G). T cells, B cells and 

mDCs did not appear to change considerably in number (Figure 7.8A, B, H). 

The classical monocyte population appeared to expand during infection of both 

healthy donor cells and those from psoriasis patients (Figure 7.8D). The 

reduction in non-classical monocytes within psoriasis patient PBMCs prior to 

infection has the potential to contribute to the lower quantities of ZIKV 

replication observed earlier, as these cells are permissive to virus infection. 
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Furthermore, the increasing trend observed in the number of other cell types, 

particularly the type I IFN-producing pDCs, could have implications for the 

mechanism driving the protective phenotype.  

 

 
Figure 7.8 | Reduction in numbers of non-classical monocytes in psoriasis 
patient PBMCs at rest compared to healthy controls 
(A-H) PBMCs isolated from psoriasis patient (n=5) or healthy control donor (n=5) blood 

samples and infected at MOI 0.1 of ZIKV in vitro or left resting. Cells were stained with 

fluorescent antibodies against extracellular markers at 16hpi. Cell numbers were 
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counted based on gating strategy shown in Figure 2.6 using flow cytometry. Plots show 

percent of each cell type out of all live cells. 

Plots show the median value ± interquartile range. HC = healthy control, Ps = psoriasis. 

Data were analysed using Kruskal-Wallis test with Dunn’s multiple comparison test (ns 

= not significant, ***P < 0.001). 

 

7.6 Transcriptome analysis reveals several DEGs during 
infection of psoriatic PBMCs compared to healthy cells 
To gain further insight in to what may be driving the protection against virus 

infection in psoriasis patient PBMCs, we used RNAseq analysis on these 

samples before and after infection. Whole transcriptome sequencing is used to 

assess differential gene expression in samples. This allowed us to investigate 

the extent to which gene expression differs in PBMCs from psoriasis patients 

compared to those from healthy donors at rest and also how expression 

changes during ZIKV infection of these cells. As before, isolated PBMCs from 

either psoriasis patients or healthy donors were infected with ZIKV at an MOI of 

0.01. RNA was extracted from cells at 16hpi and sent for RNA sequencing, 

which was carried out by the Next Generation Sequencing (NGS) Facility in the 

University of Leeds. The comparisons made during RNAseq analysis are 

detailed in Figure 7.9. 

 

 
Figure 7.9 | Experimental design for RNAseq analysis 
Diagram showing experimental groups sent for sequencing. Arrows indicate 

comparisons to be made between groups during analysis stage. Prior to sequencing, 

PBMCs isolated from psoriasis patient (n=4) or healthy control donor (n=4) blood 

samples and infected at MOI 0.1 of ZIKV in vitro or left resting. Cells were lysed 16hpi 

and RNA was extracted for sequencing. 

 



 241 

Initial analysis of the RNAseq dataset was carried out by Dr Ian Carr, the 

principal bioinformatician at the University of Leed’s NGS Facility, with further 

analysis carried out by this author. Initially, principal component analysis (PCA) 

was applied to the dataset to identify any relationships amongst variables within 

the dataset. This analysis showed that the groups, PBMCs from psoriasis 

patients (Ps) and those from healthy controls (HC) were not distinct, as clusters 

contained samples from both experimental groups (Figure 7.10). Further 

analysis identified the presence of a confounding variable within the data which 

was driving this: sex of the sample donor, meaning samples which came from 

females were clustered together and so were those which came from males. 

Following identification of this, Dr Ian Carr adjusted all subsequent analysis to 

take the impact of this factor in to account to ensure any differences in gene 

expression were due to the experimental conditions, rather than the sex of the 

donor.   

 

 
Figure 7.10 | Principal component analysis (PCA) 
PCA of samples sent for RNAseq. HC = healthy control, Ps = psoriasis 
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A heatmap of genes which are differentially expressed between experimental 

groups and individual samples was created. Each donor had one sample which 

had been isolated and rest and another which had been infected with ZIKV, 

meaning we could examine the impact of infection on PBMCs within individuals. 

Examination of the hierarchical clustering of samples shows that the most 

closely linked samples within the dataset, in terms of differential gene 

expression, are those from the same donor (Figure 7.11). Furthermore, the 

samples which came from psoriasis patients were most different from samples 

from healthy donors, regardless of whether or not the sample had been 

infected. Therefore, the biggest variable driving differences in gene expression 

is disease state i.e. whether the sample came from a healthy donor or a 

psoriasis patient, regardless of whether or not that sample had been infected. 
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Figure 7.11 | Biggest factor driving variation in gene expression between 
individuals is disease state, rather than virus infection 
Heatmap showing hierarchical clustering of RNAseq samples. This shows the overall 

results of cluster analysis, clustered using the log2 value. Genes with high expression 

levels are shown in red and genes with low expression levels are shown in blue. DEGs 

with a Log2Fold change of >2 or <-2 and padj of <0.05 were included for analysis. HC 

= healthy control, Ps = psoriasis. Numbers refer to donor number e.g. the samples 

‘HC1 Uninfected’ and ‘HC1 Infected’ both game from the same donor (1). 

 

Volcano plots can be used to identify differentially expressed genes (DEGs) 

between two groups, based on pre-determined statistical cut-offs. In these plots, 

red dots represent genes which surpassed the cut-off (Log2Fold change of >2 

or <2 and padj of <0.05) for classification as being differentially expressed. 

Interestingly, few genes were differentially expressed following infection of 

psoriasis patient PBMCs (Figure 7.12A) or following infection of healthy donor 

PBMCs (Figure 7.12B) compared to resting cells from each cohort. When 

PBMCs from healthy controls under resting conditions were compared to those 

at rest from psoriasis patients (Figure 7.12C), there were 51 DEGs, suggesting 

some differences in gene expression between these groups. However, the 

highest number of DEGs, 278, was observed in the infected samples from 

psoriasis patients compared to those from healthy donors (Figure 7.12D). This 

data shows that there was limited difference in gene expression within cohorts, 

e.g. psoriasis patients or healthy donors, following infection. Importantly though, 

ZIKV infection of PBMCs drove the biggest difference in gene expression 

between PBMCs from psoriasis patients and those from healthy donors, which 

suggests some of these genes could be involved in the protection against virus 

infection observed in cells from psoriasis patients.  

 



 244 

 
Figure 7.12 | Volcano plots of RNAseq data 
(A-D) Volcano plots of DEGs identified by RNAseq. Each plot shows a different 

comparison between groups, as indicated by the title above each plot. Number of 

DEGs in each comparison labelled in blue on each plot. DEGs with a Log2Fold change 

of >2 or <2 and padj of <0.05 were included for analysis. HC = healthy control, Ps = 

psoriasis 

 

Based on the results shown in the previous figure which demonstrated that 

there were a high number of DEGs in PBMCs from healthy controls compared 

to those from psoriasis patients following ZIKV infection, we sought to 

interrogate some of these DEGs to determine whether they could provide 

insight in to a possible mechanism driving protection from infection, as observed 

in psoriasis PBMCs. Based on the fold difference, we identified the top 50 over-

expressed and top 50 under-expressed genes between the two groups. We 

then identified any genes within these lists which had a function related to 

immunity. We identified 8 genes of interest within the ‘over-expressed’ list (Table 

7.2) and 5 within the ‘under-expressed’ list (Table 7.3). Differences in transcript 
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expression of each of the over-expressed genes is shown in Figure 7.13 and for 

the under-expressed genes in Figure 7.14. The function of these range from 

chemotactic activity to immunosuppression and so have the potential to 

interfere with virus infection in a number of ways, thus potentially contributing to 

the protection of psoriasis patient PBMCs. The identification of these DEGs with 

broadly immune-related functions provide us with potential targets for future 

investigation in to the mechanism driving protection against infection in 

psoriasis patient PBMCs.  
 
Table 7.2 | Immune-related genes amongst the top 50 over-expressed 
genes during infection of psoriasis patient PBMCs 
Selected genes with immune-related functions out of the list of the top 50 over-

expressed genes, based on fold difference, in infected, psoriasis patient PBMCs 

compared to infected, healthy donor PBMCs. DEGs were determined as those with a 

Log2Fold change of >2 or <-2 and padj of <0.05. ‘Position’ refers to the position the 

gene holds in the list of the top 50 over-expressed genes. ‘RefSeq’ is the reference 

given to the transcript in the NCBI Gene database. ‘Symbol’ is the gene name. 

 

Position RefSeq Symbol Fold difference padj 

1 NM_002638 PI3 800.991201 2.94E-05 

3 NR_049769 C1QTNF1 116.95184 0.00516928 

10 NM_006419 CXCL13 20.0735637 0.04305974 

29 NM_194294 IDO2 9.45407488 0.02247526 

33 NM_001256579 SAMSN1 9.12918005 0.03464424 

37 NM_001244910 FCGR1B 7.74398073 0.00471363 

46 NM_170776 ADGRG3 6.5892994 0.00014924 

49 NM_198461 LONRF2 6.30781862 0.00537256 
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Figure 7.13 | Transcript counts of immune-related genes with highest level 
of over-expression in infected, psoriasis patient PBMCs compared to 
infected, healthy donor PBMCs 
Transcript counts for PI3, C1QTNF1, CXCL13, IDO2, SAMSN1, FCGR1B, ADGRG3 

and LONRF2.  

PBMCs were either isolated from blood from psoriasis patients or healthy donors. Cells 

were then infected with ZIKV at an MOI 0.1. Cells were lysed 16hpi and RNA was 

extracted for sequencing. 

 

Table 7.3 | Immune-related genes amongst the top 50 under-expressed 
genes during infection of psoriasis patient PBMCs 
Selected genes with immune-related functions out of the list of the top 50 under-

expressed genes, based on fold difference, in infected, psoriasis patient PBMCs 

compared to infected, healthy donor PBMCs. DEGs were determined as those with a 
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Log2Fold change of >2 or <-2 and padj of <0.05. ‘Position’ refers to the position the 

gene holds in the list of the top 50 under-expressed genes. ‘RefSeq’ is the reference 

given to the transcript in the NCBI Gene database. ‘Symbol’ is the gene name. 

 

Position RefSeq Symbol Fold difference padj 

2 NM_006498 LGALS2 0.52320262 0.0266783 

6 NM_001099221 TIFAB 0.47654231 0.04268498 

39 NM_001145808 ITGAM 0.28758324 0.0118557 

45 NM_005699 IL18BP 0.17194414 0.00954233 

47 NM_002704 PPBP 0.12969768 0.00114046 
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Figure 7.14 | Transcript counts of immune-related genes with highest level 
of under-expression in infected, psoriasis patient PBMCs compared to 
infected, healthy donor PBMCs 
Transcript counts for LGALS2, TIFAB, ITGAM, IL18BP and PPBP.  

PBMCs were either isolated from blood from psoriasis patients or healthy donors. Cells 

were then infected with ZIKV at an MOI 0.1. Cells were lysed 16hpi and RNA was 

extracted for sequencing. 

 

7.7 Summary and conclusion 
Following on from our investigation in to the effects of UV exposure of the skin 

on susceptibility to arbovirus infection, we sought to understand the impact of 

another driver of skin inflammation on outcomes to arbovirus infection: the 

disease state in the inflammatory skin disease, psoriasis. Our group had 

previously shown that lesional skin explants from psoriasis patients are less 

susceptible to ZIKV infection than non-lesional skin from the same patient 

(unpublished data). As much of the immune dysregulation is also observed in 

the blood of psoriatic patients, we hypothesised that psoriatic PBMCs may show 

similar resistance to infection. This is key as, these same cells are also the 

principle target for ZIKV in humans.  

 

Before working with psoriatic PBMCs, optimal conditions for in vitro infection of 

ZIKV infection of healthy human PBMCs were established (Figure 7.1). 

Subsequently, pre-treatment with innate immune agonists was used to induce a 

primed, inflammatory state in healthy PBMCs, modelling that observed in 

psoriasis, and the outcome of ZIKV infection in these pre-primed cells was 

examined, as a proof of principle for our main hypothesis. While pre-priming 

with the TLR7 agonist imiquimod did not impact ZIKV infection, pre-treating 

cells with poly(dA:dT), a DNA analogue which stimulates a wide range of PRRs 

and models a systemic inflammatory environment, significantly reduced 

quantities of ZIKV present in cells (Figure 7.2). This suggested that pre-priming 

of the innate immune system in this way appeared to allow cells to better resist 

subsequent ZIKV infection. This proof of principal experiment provided an 

indication that the systemic inflammation observed in psoriasis might lead to 

psoriatic PBMCs being protected against ZIKV infection. 
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Subsequent investigations in to the susceptibility of psoriatic PBMCs to ZIKV 

infection in vitro compared to healthy PBMCs found that cells from psoriasis 

patients were protected from virus infection, at two different virus doses, 

evidenced by 10-fold lower quantities of virus RNA in the cells (Figure 7.3). 

Importantly, this is the first time that psoriatic cells have been shown to be more 

protected against virus infection415–417. This novel finding suggests that the 

inflammatory profile of psoriasis patient PBMCs provides resistance to arbovirus 

infection in vitro. Enhanced arbovirus replication in the blood can facilitate viral 

spread around the body, resulting in more severe disease118,119. Therefore, this 

resistance to infection in psoriatic PBMCs suggests these patients may be less 

susceptible to severe arbovirus disease outcomes. As our group had previously 

shown that lesional skin is also less susceptible to ZIKV infection than non-

lesional skin from the same patient, this may mean that the virus would be less 

likely to dissemination from the skin in a psoriasis patient in the first place.  

 
Interestingly, resistance to ZIKV infection was consistent across the psoriasis 

patient cohort and was not dependent on PASI-defined disease severity, or the 

use of treatments which interfere with the immune system (Figure 7.5). This 

suggests that the mechanism driving this protective phenotype is likely a core 

component of psoriasis pathogenesis that underlies patient susceptibility to 

develop lesions. Critically, psoriasis patient PBMCs demonstrated more robust 

upregulation of the type I IFN, IFN-α, in response to virus (Figure 7.4). These 

cells also expressed more of the gene encoding the IFN-stimulated PRR RIG-I, 

capable of recognising virus and amplifying the antiviral response. Increased 

expression of ISGs can be linked with higher quantities of virus during 

infection117. However, these cells had relatively low quantities of ZIKV RNA 

compared to infected healthy cells, and so enhanced IFN expression is unlikely 

to be directly driven by virus quantity. Our group had previously found that 

therapeutic induction of type I IFN post-arbovirus infection results in better 

clearance of the virus119. Therefore, it appears that because psoriatic PBMCs 

are better able to induce this protective system when stimulated by virus, this 

leads to an immune environment in cells which is more beneficial to the host in 

terms of protection from virus. To determine whether type I IFNs are critical for 

this phenotype, it would be useful to block downstream JAK-STAT signalling in 

these cells during infection, using the anti-JAK inhibitor ruxolinitib.  
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We broadened the scope of our investigation to include PBMCs from another 

inflammatory disease, systemic sclerosis, to determine whether increased 

resistance to ZIKV infection was specific to psoriatic PBMCs. Notably, systemic 

sclerosis is linked with high type I IFN expression, although it is unclear whether 

this is a driver of disease or triggered by the disease state427. This 

characteristic, together with our previous finding that psoriatic PBMCs 

expressed IFN-α more highly during ZIKV infection, led us to consider whether 

PBMCs from systemic sclerosis patients may also be primed to better respond 

to infection. We found that these cells were also protected from ZIKV infection 

but only following infection with a low virus dose (Figure 7.6). The magnitude of 

protection was also smaller than that observed in psoriatic PBMCs. Upon 

interrogation of type I IFN expression, we found that although IFN-α expression 

was higher in PBMCs from systemic sclerosis patients compared to healthy 

PBMCs during ZIKV infection, quantities of this were already raised at rest in 

the patient PBMCs (Figure 7.7). This suggests that expression is permanently 

high in these cells and is not brought about in response to e.g. virus stimulus. 

Furthermore, there was no increase in expression of a prototypic ISG RSAD2 

following infection. Therefore, the type I IFN system does not seem to be 

induced in response to virus to the same extent as that observed in psoriatic 

PBMCs, which could explain the less substantial reduction in susceptibility to 

ZIKV. Furthermore, PBMCs from patients with a high IFN score, indicating high 

IFN levels in serum, did not correlate with protection from virus. 

 

Assuming that type I IFN function underlies the increased resistance to ZIKV in 

both psoriasis and systemic sclerosis, these data suggest that more potent 

resistance to ZIKV is afforded when host PBMCs induce IFN-α more highly 

following infection, as is the case in psoriatic PBMCs, rather than exhibit higher 

baseline levels prior to infection, as observed in PBMCs from systemic sclerosis 

patients. This is supported by our previous work showing that using an agonist 

to induce type I IFN responses early following arbovirus infection in the skin 

helps the host to better control the virus119. Nevertheless, this provides evidence 

of resistance to ZIKV infection in PBMCs from not just psoriasis patients, but 

also another inflammatory disease too. This suggests that cells from patients 

with other conditions in this category may also be pre-primed to better respond 
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to ZIKV infection. Type I IFN dysregulation is involved in the pathogenesis of 

both psoriasis and systemic sclerosis. It remains to be observed whether 

resistance to infection would also apply to other inflammatory conditions with no 

type I IFN involvement, such as the TNF-α driven disease hidradenitis 

suppurativa. In the future, expanding the investigation to explore PBMCs from 

such conditions is critical, both to test the limits of this phenotype and further 

unpick the involvement of type I IFN. However, it is highly likely that other 

mechanisms underlie this resistance to ZIKV infection and that this is not solely 

attributable to type I IFN. 

 
We also quantified the cell types present in the PBMC compartment in samples 

from psoriasis patients and healthy donors, before and after ZIKV infection, to 

determine whether the proportion of any of these was different. Interestingly, 

there were less virus-permissive non-classical monocytes within psoriatic 

PBMCs prior to infection compared to healthy PBMCs (Figure 7.8). These cells 

are one of the main targets of ZIKV infection in human PBMCs and so a 

reduction in the numbers of these within the PBMC compartment in psoriasis 

patients at the outset could partially explain the resistance to infection, as the 

virus would have less target cells to replicate within142. There was also an 

increasing trend in the numbers of NK cells, intermediated monocytes and 

pDCs in psoriatic PBMCs. The sample number of this experiment was relatively 

small considering the heterogeneity of human populations and so expanding the 

number of participants in the future could help elucidate whether there definitely 

are more of these cell types within the PBMC compartment in psoriasis patients. 

If there are, this could also further indicate the mechanism driving resistance to 

ZIKV infection. Of particular note is the potential role of pDCs. These cells are 

potent producers of type I IFN and as such are critical in this capacity during 

arbovirus infection in vivo151. They have also previously been implicated in the 

onset of psoriasis, meaning it is likely that their number is increased within 

psoriatic PBMCs267,428. Together, this could mean that these cells contribute to 

the higher levels of IFN-α expression following infection shown in Figure 7.4 and 

thus to the lower susceptibility to ZIKV infection. Although it is worth noting that 

we showed in Figure 7.2 that pre-treatment of PBMCs with imiquimod, a TLR7 

agonist did not protect from subsequent arbovirus infection and pDCs are the 

primary cell type which express TLR7 constitutively, suggesting that therapeutic 
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induction of type I IFN responses in these cells is not critical for protection from 

virus429. However, this may also have been limited by attempts to induce IFN 

production pre-infection, rather than post-infection, as we now think is vital for 

better control of virus, based on our work with systemic sclerosis patient 

samples. Their role in this phenotype could be further elucidated by blocking 

secretion of type I IFN by pDCs specifically, using an antibody (CBS004) 

developed by a member of our collaborator Francesco Del Galdo’s lab group430.  

 

Outside of a change in the number of specific cell types within the psoriatic 

PBMC compartment, there are other changes which could be contributing to the 

resistance to ZIKV infection. Individual cell types, such as monocytes, may be 

less inherently susceptible to infection in psoriasis patients due to exposure to 

modulating factors present due to the disease state. Cells which are normally 

permissive to infection may be pre-primed, making them more efficient at 

clearing virus before productive infection takes place. To investigate this, we 

could make use of a fluorescent strain of ZIKV to allow for quantification of 

infected cell types using flow cytometry. This is an approach that we briefly 

trialled, however, after several attempts, we were unable to optimise this to get 

reliable staining for ZIKV-infected cells. Therefore, we did not move forward with 

this work. Alternatively, individual cell types could be isolated and then infected 

with ZIKV to determine whether certain cell types are less susceptible to 

infection when derived from psoriatic PBMCs. Although, in the case of 

monocytes, this also presents challenges as many isolation kits available from 

suppliers isolate CD14+ monocytes by removing CD16+ monocytes. However, 

we believe non-classical monocytes, which are double positive for CD14 and 

CD16, are involved in this and so it is critical to include these cells in any 

studies. We are further constrained by the small volumes of blood samples we 

receive from patients involved in this study, as many kits which include CD16+ 

cells in the isolated sample require large volumes of blood. Therefore, we would 

need to further consider how best to move forward with this work. 

 

Transcriptome analysis of PBMCs from psoriasis patients and healthy donors, 

both resting or ZIKV infected allowed for assessment of DEGs which may be 

driving resistance to infection in psoriatic PBMCs (Figure 7.9). Following quality 

control of the dataset (Figure 7.10), we assessed overall differential gene 
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expression between individuals and identified that the biggest variable driving 

this was disease state e.g. whether or not the donor had psoriasis, rather than 

whether the sample had been infected or not (Figure 7.11). This finding is 

expected as there is a genetic component driving psoriasis pathogenesis431.  

 

Upon further investigation of DEGs between experimental groups, rather than 

individual samples, it was clear that ZIKV infection did not drive significant 

changes to gene expression, either in healthy PBMCs or psoriatic PBMCs, 

compared to disease state (Figure 7.12). While this did support our finding from 

Figure 7.11, this was surprising as the anti-flavivirus response does require 

significant upregulation of genes432–434. This may be because ZIKV infects a 

relatively low frequency of cells of in the total PBMC compartment, while 

psoriasis affects a larger subset of cells including the more numerous T cell 

subsets in PBMCs. There was also some altered gene expression between 

resting psoriatic cells and healthy PBMCs, with these likely contributing to the 

disease state. Importantly, the biggest change in gene expression was between 

the infected psoriatic PBMCs and the infected healthy cells. Therefore, it 

appears that expression starts to diverge more dramatically between the 

healthy cells and those from psoriasis patients during ZIKV infection. This 

provides further evidence reinforcing our earlier conclusion that psoriatic 

PBMCs are likely protected from ZIKV infection by their ability to better induce 

expression of antiviral genes, such as type I IFN.  

 

Finally, a list of genes with functions relating to immunity that were also in the 

top 50 most over- or most under-expressed genes between infected PBMCs 

from psoriasis patients compared to healthy donors was compiled (Tables 7.1-2, 

Figures 7.13-14). This list identifies a number of genes which may contribute to 

the reduced susceptibility of psoriatic PBMCs to ZIKV infection and, therefore, 

provides several targets for future work to further elucidate any potential 

involvement. One promising candidate is interleukin-18 binding protein (IL-

18BP), which was significantly under-expressed during infection of psoriatic 

PBMCs compared to healthy cells. IL-18BP scavenges the pro-inflammatory 

cytokine IL-18. Therefore, downregulation of IL-18BP may mean that there is 

more available IL-18 during infection of psoriatic PBMCs. If this is the case, this 

would not appear in RNAseq analysis, as gene expression of IL-18 would not 
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change, however, availability of protein may and this could be measured using 

an ELISA. IL-18 can stimulate several PBMC sub-types including T cells, 

macrophages and DCs, via the IL-18 receptor. Specifically, this has been shown 

to be involved during arbovirus infection, including through regulation of IFN-γ 

expression during DENV infection in vitro435,436. Therefore, it would be 

informative to investigate the outcome of adding recombinant IL-18BP during 

ZIKV infection of psoriatic PBMCs.  

 

Overall, this chapter has clearly demonstrated that psoriatic PBMCs, and to 

some extent PBMCs from systemic sclerosis patients, are less susceptible to 

infection with a medically relevant arbovirus, ZIKV. Although not upregulated at 

rest, the type I IFN system was more readily induced during ZIKV infection and 

this may contribute to resistance to infection. Importantly, there are also less 

virus-permissive monocytes present within the psoriatic PBMC compartment. 

Finally, several candidate DEGs were identified, for use in future investigations, 

which may contribute to this phenotype in psoriatic PBMCs. 

 

Unfortunately, clinical sample availability for this project was limited, largely due 

to the COVID-19 pandemic and healthcare service recovery afterwards. 

Therefore, this was a limiting factor in further progression of this work. However, 

these preliminary results show great promise and there is much that could be 

done in the future to advance this project further. 
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8.1 Project rationale: Identifying factors which modulate host 
susceptibility to arbovirus infection 
Over half of people worldwide are at risk of contracting a mosquito-borne virus 

infection6. The global burden of arbovirus infection is expected to rise 

dramatically over the coming decades, with climate change being a particularly 

important driver of this7,40,41. This heterogeneous group of viruses can have 

debilitating or potentially lethal consequences for those infected. There are no 

antivirals available to treat arbovirus infection and no vaccines available for 

many serious arboviral threats, including ZIKV. The situation is further 

complicated by the fact that the symptoms which manifest during mild disease 

are shared by many of these viruses437. This makes definitive diagnosis 

extremely challenging without the use of laboratory tests, which can be 

prohibitively expensive in regions of endemicity438. It is critical that we develop a 

better understanding of factors which alter the course of infection and make 

individuals more susceptible to severe disease.  

 

Our lab group and others have previously shown that the virus-transmitting 

mosquito bite enhances arbovirus infection by promoting an inflammatory 

environment at the skin, which is beneficial to the virus120,134. This led us to 

begin work to identify other factors which modulate inflammation at the skin and 

so may play a role in altering host susceptibility to arbovirus infection in a similar 

manner. One such factor that is of great relevance to arbovirus transmission is 

exposure to UVR from the Sun. Levels of solar radiation are highest in regions 

of the world where arboviruses are also endemic35,221. UV exposure can also 

interfere with inflammatory responses in the skin, including to some viruses, 

such as HSV240,249. Yet, prior to the work in this thesis, it was unknown whether 

UV exposure of the skin modulates susceptibility to arbovirus infection.  

 

Another factor which has the potential to modulate susceptibility to arbovirus 

infection is the presence of a pre-existing inflammatory state in the host due to 

an inflammatory condition. There are a wide spectrum of conditions, driven by a 

range of distinct molecular events, which fall into this category. Type I IFN 

dysregulation is involved in the pathogenesis of two such conditions: psoriasis 

and systemic sclerosis267,278–280. Furthermore, both of these conditions 
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predominantly affect the skin but also drive systemic inflammation284,286–288. As 

such, we considered whether PBMCs from the blood of these patients may be 

pre-primed to better respond to virus infection, due to this systemic 

inflammatory state induced by each disease.  

 

This thesis sought to investigate whether pre-existing skin inflammation, either 

as a result of UV exposure or due to inflammatory disease, modulates host 

susceptibility to arbovirus infection. 

 

8.2 Summary of key findings 
This thesis identified two key inflammatory factors which influence host 

susceptibility to arbovirus infection: an environmental factor, UV exposure, and 

a host factor, pre-existing inflammatory conditions. Erythemal UV exposure of 

the skin of mice, modelling sunburn, prior to infection increases host 

susceptibility to infection with the arbovirus SFV. The resultant increase in virus 

RNA in the skin and blood peaks at 24h and 1-week post-UV exposure. 

However, the mechanisms driving this enhancement of infection at each 

timepoint are unique to each. At 24h post-UV, the skin environment is highly 

inflammatory and recruited monocytes and macrophages are infected by virus. 

By 1-week post-UV, the skin has begun to heal the UV-exposed skin which 

inadvertently can make host skin more susceptible to virus. Cells proliferate to 

rebuild the tissue, but SFV, which has oncolytic properties, infects these 

proliferating cells. The virus also replicates within fibroblasts, the cellular 

building blocks used to facilitate cutaneous repair. Treatment of the UV burn 

with topical corticosteroid partially protected against certain aspects of UV-

mediated enhancement of infection, including early viremia and inflammatory 

infiltrate to the brain during dissemination of the virus at later timepoints p.i.. 

Surprisingly, enhancement of SFV infection also occurs in skin exposed to one 

or several low dosages of UV, mimicking daily tanning exposure, in combination 

with a mosquito bite. Mice are unable to effectively induce key antiviral immune 

genes, ISGs, in a timely-manner during infection in this model. Interestingly, 

mosquito behaviour towards UV-exposed skin is also altered. Mosquitos are 

more likely to feed on a UV-exposed mouse and the insects spend longer 

probing UV-exposed skin during feeding. Finally, susceptibility to ZIKV infection 

in PBMCs from patients with one of two inflammatory conditions, which cause 
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systemic inflammatory effects, were also investigated: psoriasis and systemic 

sclerosis. PBMCs from both patient groups exhibit enhanced protected against 

infection with ZIKV. Together, the data from this thesis shows that pre-existing 

inflammation within the host, caused either by an environmental or host disease 

factor, can greatly influence susceptibility to arbovirus infection.  

 

8.3 Arbovirus infection is enhanced in vivo following an 
erythemal UV burn 
UV exposure of the skin prior to infection enhances subsequent infection with 

SFV in vivo. UV-exposed mice had higher quantities of virus RNA in the skin 

and increased viremia by 24hpi. This was shown to be true following a single, 

erythemal dose of UV, modelling sunburn, as early as 24h post-exposure, up to 

2-weeks after the burn had taken place. The most severe increase in 

susceptibility to arbovirus infection was observed in mice exposed to an 

erythemal dose of UV 1-week prior to infection. These mice had the highest 

quantities of virus present by 24hpi, but also had significantly more virus 

spreading to the brain, where SFV replicates efficiently and can cause clinically 

apparent pathology, by 4 days p.i.. ZIKV infection was also shown to be more 

clinically severe in those mice pre-exposed to UV. 

 

This is the first time that UV exposure of the skin has been shown to increase 

susceptibility of a host to virus infection. Previously, it has been reported that 

latent HSV and VZV, infections can be reactivated by UV249,250. However, there 

is no evidence that UV exposure can affect the initial establishment of the virus, 

making the findings in this thesis a unique contribution to the field.  

 

The in vivo model used to investigate this was designed to model natural 

transmission as closely as possible. It pairs an established mouse model of 

erythemal UV exposure, mimicking sunburn, with a model of natural arbovirus 

transmission120,240. This combines the mosquito bite with virus inoculation via a 

microneedle, thus taking in to account any effect the mosquito bite, a known 

enhancer of infection, may have. Furthermore, the inoculation of sub-microlitre 

volumes of virus via a microneedle mimics the transmission of virus through the 

mosquito’s mouth parts. Injecting virus using a needle, rather than an infected 

mosquito, allows for the control of virus titre injected to minimise any variance in 
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infectious dose between mice. All of these aspects of the experimental design 

align the mouse model closely with natural arbovirus transmission in an 

individual exposed to a UV burn. However, it is worth noting that the UV lamp 

used for exposures emits mostly UVB light, whereas the Sun emits mostly UVA. 

However, UVB is the most harmful type used and also the type which causes 

sunburn and so is widely used as a model to study this. Nevertheless, the effect 

of natural sunlight on human skin may differ.  

 

In the future, collection of healthy human skin explants and those from 

individuals with sunburn and in vitro infection of these with an arbovirus could 

help determine whether this does apply to humans. Although we do have a 

clinical dermatologist collaborator who could collect these for us, the number of 

patients presenting to a clinician with sunburn is low and so access to samples 

may be limited. Furthermore, skin explants do not always reproduce results 

observed in vivo due to their removal from the whole, physiological system. For 

example, mosquito-bite enhancement only occurs in vivo in mice, not in murine 

skin explants126. This suggests that in vivo-processes are essential for this effect 

and the same may be true for UV-mediated enhancement of infection. This is 

supported by the findings of this thesis that showed that cells isolated from the 

skin of UV-exposed mice did not exhibit a cell autonomous difference in 

susceptibility to virus in vitro. Nevertheless, this approach would still be worth 

exploring. 

 

If this finding translates to humans, this will present a novel health risk 

associated with environmental UV exposure. This is of great relevance to 

arbovirus transmission in areas of endemicity where individuals are exposed 

both to high levels of UV light from the sun but also to co-circulating 

arboviruses35,221. This has the potential to impact individuals who live in these 

regions but also tourists who are visiting, and who are less likely to have pre-

existing immunity to these viruses439. Furthermore, the increase in global 

warming which is driving the expansion of the arbovirus vector in to new regions 

means that even more people will be exposed both to arboviruses and to high 

levels of UV light in the future7,41,293. 
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This thesis has not considered the variation amongst populations and how this 

may affect responses to UV and resultant enhancement of arbovirus infection. 

There are several factors which could be of relevance in this way: from sex to 

an individual’s skin tone. Mice are genetically homogeneous compared to 

humans, but even they have been shown to respond at different magnitudes to 

UV exposure based on their sex. Male mice exhibit a more exaggerated 

response to UV exposure than female mice325,440. Although it has not been 

definitively determined whether human male and females respond differently to 

UV, rates of skin cancer, of which UV exposure is the main causative agent, are 

higher in males than females441. However, it remains to be seen whether this is 

due to behavioural factors, such as being outdoors more due to work, rather 

than differing responses to UV between the sexes. 

 

With relation to skin tones, as arboviruses are so widespread around the world, 

the populations which are affected are hugely diverse. Higher levels of melanin 

in the skin result in darker skin tones. Melanin protects against some of the 

damaging consequences of UV exposure, including erythema and DNA 

damage243,442,443. As a result, individuals with dark skin burn less following an 

equivalent UV exposure, than those with paler skin444. Therefore, whether skin 

tone would affect UV-mediated enhancement of infection remains to be seen. 

The Mc1re/e mouse model replicates very pale, light-haired individuals who are 

unable to tan due to deficient melanin pigmentation383. This mouse model can 

be induced to tan, e.g. produce melanin, through the topical application of a 

molecule, forskalin, without the need for UV exposure. Investigating arbovirus 

infection in this model would shed some light on the importance of melanin in 

the mechanism. Alternatively, as mentioned earlier, human skin explants could 

be used to ascertain whether UV-mediated enhancement of infection occurs in 

human tissue also. This study could be expanded to include samples from 

individuals with different skin types, to determine whether skin tone impacts this 

effect. However, it is worth noting that we used two different doses of UV 

exposure in this thesis, the erythemal dose equivalent to 2 MED and the sub-

erythemal dose equivalent to 0.1 MED. The MED, the minimal dose of UV 

required to cause erythema, is much lower in individuals with paler skin 

compared to those with darker skin444. Therefore, the different MEDs used in 

this thesis partially represents the response in different skin tones and suggests 
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that infection is enhanced at a range of MEDs. Although, the impact of different 

levels of melanin is still not taken in to account in our study.  

 

8.4 Increase in susceptibility to arbovirus infection at 24h post-
UV driven by similar mechanism as mosquito bite-mediated 
enhancement of infection 
Despite displaying a similar phenotype at 24h and 1-week post-UV, the 

mechanisms driving this increase in susceptibility to arbovirus infection at each 

timepoint appear to be distinct. They share some commonalities, in that the 

enhancement does not appear to be driven by immunosuppression of the 

antiviral response at either timepoint. Mice still induce a robust type I IFN 

response during infection and enhancement was still observed at 24h post-UV 

in ifnar-/- mice. However, from here the stories diverge at these two timepoints 

post-UV.  

 

In mice exposed to UV 24h prior to infection, the skin environment is highly 

inflammatory, characterised by recruitment of myeloid cells, likely facilitated by 

an increase in vascular permeability in response to UV exposure. Some 

members of this inflammatory infiltrate, primarily monocytes and macrophages, 

are permissive to virus infection. It appears that SFV utilises these cells for 

replication. This is reminiscent of the mechanism underlying enhancement of 

arbovirus infection following a mosquito bite120,126. Interestingly, mosquito-bite 

mediated enhancement of infection can be alleviated in mice by stimulating the 

innate immune system early following infection, through the use of a TLR7 

agonist imiquimod119. This may also be of use during infection following UV 

exposure of skin. 

 
To definitively confirm our proposed mechanism for UV-mediated enhancement 

of infection at 24h post-UV, Ccr2-/- mice, which have an absence of bone 

marrow derived monocyte recruitment, could be used. Here we would 

hypothesis that an increase in susceptibility should be alleviated in these mice if 

recruitment of these cells is essential for the phenotype. If this does apply, then 

this opens up the possibility that other as-yet unidentified factors which drive a 
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highly inflammatory environment at the skin, characterised by neutrophil and 

monocyte recruitment, could increase host susceptibility to infection. 

 

8.5 Wound healing provides a microenvironmental niche that 
enhances skin infection with SFV at 1-week post-UV 
Contrastingly, the mechanisms driving enhanced SFV infection in mice exposed 

to erythemal UV 1 week before appears to be linked with aspects of the wound 

healing process. The skin at this timepoint is characterised by epidermal 

hyperplasia, expansion of the macrophage population, and an increase in 

expression of the prototypic wound healing molecule ARG1. These are all 

indicative of cutaneous wound healing, suggesting that the burn is undergoing 

this process at this timepoint. This environment allows for more efficient virus 

replication. UV exposure drives proliferation of cells in the skin at this timepoint, 

likely as part of the wound healing process, and SFV preferentially infects 

these. While we did not identify the phenotype of the proliferating cells, there 

were more infected fibroblasts in the skin of UV-exposed mice and it is known 

that fibroblasts proliferate during wound-healing in order to provide the 

supporting structure on which the damaged tissue can be repaired.  

 

Interestingly, though this increase in infected fibroblasts cannot simply be 

explained by an increase in the numbers of fibroblasts in wounded tissue, as 

their number remained the same as at rest. Therefore, it seems that fibroblasts 

are simply more susceptible to arbovirus infection in UV-exposed tissue during 

this wound-healing phase. One explanation for this could be that fibroblasts 

adopt a ‘macrophage-like’ phenotype during wound healing206. This is 

characterised by upregulation of ARG-1, of which we saw an increase in the 

CD45- cell population by this timepoint353. To further investigate this, we could 

isolate fibroblasts from UV-exposed skin and infect them in vitro to determine 

whether they are more inherently susceptible following a UV exposure. 

Additionally, analysis of fibroblast receptor expression would allow us to 

definitively determine whether these cells have adopted the ‘macrophage-like’ 

phenotype. This could also be used to assess whether fibroblasts have altered 

expression of the SFV entry receptor, very-low-density lipoprotein receptor, or 

VLDLR, by 1-week post-UV, which could facilitate the increase in 

permissiveness of these cells to virus infection445,446.  
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Not only has this study highlighted the increase in host susceptibility to 

arbovirus infection at 1-week post-UV, it has also shed light on some of the 

cutaneous events that take place at this timepoint during the wound healing 

process. Knowledge on what occurs at the skin at this timepoint post-UV was 

extremely limited prior to this work. Further investigation is needed to 

investigate whether this effect is specific to a UV burn or whether other 

cutaneous wounds, for example a thermal burn, are also more susceptible to 

arbovirus infection. Thermal burns are highly susceptible to bacterial infections 

but this is thought to be due to breakage of the skin barrier and exposure of the 

tissue to the environment, rather than the internal mechanisms within the skin 

making the host more susceptible447. 

 

8.6 Low dose exposures to UV, modelling suntan, are sufficient 
for enhancing arbovirus infection 
Unexpectedly, repeated, sub-erythemal exposures of the skin to UV, mimicking 

daily, tanning doses in humans, was also sufficient to enhance arbovirus 

infection. However, this enhancement was dependent on the virus being 

transmitted into mosquito bitten skin. This suggests that the mechanism driving 

UV-mediated enhancement of infection at this lower UV dose is interlinked with 

the molecular events which occur in response to a bite. There were more 

monocytes recruited during infection of mice exposed to repeated, low UV 

doses prior to infection and these may potentially provide the virus with new 

cellular targets, although we did not confirm this. A unique aspect of this UV 

exposure regimen was that UV-exposed mice appeared to exhibit a blunted 

induction of ISG expression, relative to virus quantity. Here, while expression of 

the type I IFN IFN-β was increased in UV-exposed mice during infection, 

upregulation of the downstream ISGs, the antiviral effector molecules of the 

system, was less pronounced in these mice, considering that the virus 

quantities were much higher. This assumes that ISG expression corelates with 

virus quantities, as sometimes is evident in e.g. neural tissue448. Together, this 

might suggests that lower, repeated exposures to UV drives a more 

immunosuppressive state in the skin, which is less able to respond to virus 

infection by upregulating ISG expression.  
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This finding is perhaps of even greater relevance to individuals who live in 

global regions where arboviruses are endemic, than our earlier findings relating 

to the impact of an erythemal UV exposure. People who live in warmer regions 

with high levels of solar radiation may have to carry out daily tasks that involve 

going outdoors e.g. shopping, commuting etc224. Therefore, these individuals 

are exposed to regular, sub-erythemal quantities of UV, such as the exposure 

modelled in this thesis247. If the findings of this thesis, that enhancement of 

infection even occurs following these types of exposures, then this has 

implications for individuals living in arbovirus transmission zones, and could e.g. 

inform public health policies regarding sun exposure. Further work is needed to 

fully understand the extent of this enhancement, especially with relation to 

whether this drives progression to severe disease.  

 
Furthermore, individuals in Western nations often expose themselves to UVR 

on purpose with the aim of getting a suntan380,388,389. Arboviruses are spreading 

to these nations and infecting individuals in populations with no pre-existing 

immunity41. The implications of the combination of tanning doses of UV on 

infection outcomes and this immunological naivety to arboviruses remain to be 

seen. 

 

Upon investigation of the limits of UV-mediated enhancement of arbovirus 

infection, it was shown that even a single low dose of UV exposure prior to 

infection was able to increase host susceptibility to arbovirus infection, provided 

the infection took place within 24h of the exposure. However, this modulation of 

host susceptibility to arbovirus infection was limited to the UV-exposed site. If 

this finding translates to humans, this gives hope that UV-mediated 

enhancement of infection could be prevented by protecting skin from UV 

exposure through traditional methods, e.g. covering exposed skin with clothing 

or applying sunscreen, as is recommended for protection against melanoma449. 

However, not all cross-sections of the population engage with sun safety 

guidance to the same extent. In a study carried out in Australia, teenage males 

were the least likely to partake in these behaviours450. So, there is a danger that 

UV-mediated enhancement of infection could affect certain groups more than 

others. This could be mitigated by targeted public health guidance or 

campaigns. Raising awareness of the dangers of UV exposure has previously 
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been shown to be of great success in terms of reducing skin cancer and so 

could be of great benefit here also451. 

 

 
8.7 Steroid treatment of UV burn partially alleviates 
enhancement of infection 
Two treatments were tested as a means of protecting against the increase in 

host susceptibility following an erythemal UV exposure: regular topical 

corticosteroid treatment of the burn and a single injection of vitamin D at the 

burn site. While vitamin D had no effect against UV-mediated enhancement of 

infection, treatment of the UV burn with steroids initially showed promise in this 

regard. The treatment reduced viremia during the early stages of SFV infection. 

However, at later timepoints p.i., the protection offered by steroids was very 

varied, depending on the assessment. This treatment did not limit virus 

dissemination to the brain by 4 days p.i. or restore the generation of serum 

neutralising antibodies, which was dented in UV-exposed mice, likely explaining 

the increase in virus reaching the brain in these mice. Although, steroid treated 

mice did have significantly lower numbers of cells infiltrating the brain by 4 days 

p.i., indicating that steroids may modulate extent of immunopathology elicited by 

virus. Together, this suggests that steroid treatment of a UV burn partially 

protects against UV-mediated enhancement. However, further work is needed 

to determine whether this would protect from clinical disease. This particular 

study was stopped before clinical signs became apparent in mice, but it would 

be useful to monitor them for development of clinical disease after 4 days p.i., 

both to assess whether erythemal UV exposure worsens progression to severe 

disease, which we expect it would do based on our findings, and to determine 

whether steroids offer protection in this regard. Nevertheless, if erythemal UV 

exposure can be definitively identified as a risk factor for severe disease, this 

could e.g. help clinicians to stratify at-risk infected patients, which in case of 

severe DENV could inform the provision of intravenous fluids, which can 

significantly reduce mortality rates73.  

 

Interestingly, due to their immunosuppressive effects, steroids have been shown 

to increase infection risk in e.g., patients who take steroids to treat inflammatory 
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conditions452–454. However, it has also been proposed that they can be used to 

manage sepsis, a condition characterised by an overactive, damaging immune 

response to infection455. Furthermore, the use of corticosteroids reduced 

mortality in critically ill COVID-19 patients with severe respiratory issues456. In 

our study, this dampening of the immune system by steroids appears to offer 

some protection against arbovirus infection in UV-exposed skin. This suggests 

that some aspects of the immune system are harmful to the host when the 

infection takes place in UV-exposed skin.  

 

8.8 Aedes aegypti behave differently towards UV-exposed skin 
As well as impacting the host response to infection, erythemal UV exposure of 

host skin also impacts mosquito behaviour during feeding. While mosquitos did 

not reach UV-exposed skin any quicker, more mosquitos landed on the skin and 

each insect spent a longer average time probing UV-exposed skin. This will not 

only result in more virus-enhancing salivary proteins being imbued in the skin 

but also likely a higher virus dose, as increased feeding by the vector has been 

shown to result in a higher virus dose being transmitted457. The use of infected 

mosquitos in our protocol in the future could confirm whether more virus is 

deposited in UV-exposed skin.  

 

UV exposed mouse skin is significantly warmer than unexposed skin, and so 

this likely occurs due to the heat and humidity sensors present in Aedes spp. 

antennae, which they use to identify hosts316,317. However, we have not ruled out 

the contribution of other factors in this regard. For example, a recent study 

found that UV exposure changes the production of metabolites by the host skin 

microbiome in mice458. Furthermore, differences in the composition of the skin 

microbiota between hosts has also been shown to alter the likelihood of a 

mosquito feeding on a host337. Thus, if UV exposure also alters the microbiota of 

an individual, this could also contribute to the alterations in mosquito behaviour 

towards UV-exposed skin, shown here. 16S ribosomal RNA (rRNA) gene 

amplicon sequencing to characterise the microbiome composition in UV-

exposed skin could be used in the future to determine whether the microbiota is 

more attractive to mosquitos459.  
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If mosquito behaviour towards UV-exposed human skin is also altered, this 

could have implications for virus transmission in areas of endemicity. This, 

paired with the finding that the host is more susceptible to infection once virus 

has been transmitted, presents a worrying health risk of great relevance in 

regions where individuals are exposed to both arbovirus infection and high 

levels of UV light from the sun. If this translates to pathogenesis of arboviruses 

in humans, this could necessitate public health advice highlighting the 

importance of sun safety practices in transmission zones. 

 

8.9 Psoriatic PBMCs are resistant to ZIKV infection 
Outside of UV exposure of the skin, this thesis identified another factor which 

modulates host susceptibility to arbovirus infection: the presence of a pre-

existing systemic inflammatory disease state in patients with either psoriasis or 

systemic sclerosis. PBMCs collected from psoriasis patients or systemic 

sclerosis patients exhibited increase resistance to ZIKV infection compared to 

cells from healthy control donors. This effect was most extreme in psoriatic 

PBMCs, which showed a greater degree of resistance when infected at varying 

virus MOIs. Critically, psoriatic PBMCs, but not those from systemic sclerosis 

patients, induced IFN-a to a much higher level than HCs following infection and 

levels were not higher at rest, meaning that this was more potently expressed 

following stimulation with virus. This subsequently led to increased expression 

of the IFN-induced PRR RIG-I. This receptor is used by cells to recognise virus 

infection and trigger further downstream Type I IFN antiviral responses via the 

transcription factors IRF3 and NF-κB460. Therefore, this may be one way by 

which these cells are more resistant to ZIKV infection.  

 

Levels of resistance against ZIKV infection was not linked to the severity of 

disease in the patient who donated their PBMCs, in either psoriasis or systemic 

sclerosis patients. This is of particular importance with relation to systemic 

sclerosis. We had hypothesised that dysregulation of type I IFN responses in 

patients, a critical part of the pathogenesis of this disease, may provide 

resistance against arbovirus infection. However, a patients IFN score is used to 

measure disease severity, with a high score relating to high levels of serum 

ISGs461. Therefore, there does not appear to be a link between reduced 



 268 

susceptibility to arbovirus infection and IFN dysregulation in the case of 

systemic sclerosis.  

 

Interestingly, when the cellular profile of the PBMC compartment from psoriasis 

patient samples was compared to those donated by healthy donors at rest, it 

was noted that there were significantly less non-classical monocytes in psoriatic 

PBMCs. As these cells are known to be one of the primary targets of ZIKV 

infection in PBMCs424, this smaller population size prior to infection may 

contribute to the resistance against ZIKV infection observed in patient cells.  

 

Prior to this study, there was epidemiological evidence that there is lower 

incidence of infectious diseases amongst psoriasis patients compared to 

patients with another inflammatory skin disease eczema415,416. However, our 

study is the first to provide evidence that psoriasis patients may be less 

susceptible to a specific infectious agent. This adds to previous unpublished 

work by our group which found that psoriatic lesional skin is less susceptible to 

ZIKV infection than non-lesional skin from the same donor. Together, this shows 

that resistance occurs both at the skin and systemically. This has implications 

both for understanding arbovirus pathogenesis and aspects of a successful 

immune response against arboviruses but also for the molecular mechanisms 

underlying psoriasis.  

 

However, a better understanding of the mechanism driving the resistance to 

ZIKV infection observed in psoriatic PBMCs is needed to shed light on these 

aspects. This thesis has identified several DEGs, through RNAseq analysis, 

which are either up- or down-regulated during infection, compared to healthy 

donor cells. These candidates, particularly IL-18BP, should be investigated in 

more depth as they have the potential to explain some of the underlying 

mechanisms of this phenotype.  

 

The phenotype observed in psoriatic PBMCs is also the opposite of what was 

observed in UV-exposed skin, suggesting that the mechanisms behind each are 

very different. Interestingly, UV light therapy is sometimes used to treat 

psoriasis, which some hypothesise is due to its immunosuppressive 

properties207. It is worth considering whether this therapy dampens the aspects 
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of psoriatic skin that are also result in enhanced resistance to arbovirus 

infection. Therefore, identifying which aspects of UV exposure are damaging in 

terms of host response to infection and what makes psoriatic PBMCs better at 

fighting infection could help guide arbovirus treatment or vaccine design.  

 

 
 
8.10 Overall conclusions 
This thesis explored the possibility that host susceptibility to arbovirus infection 

could be altered by a pre-existing immunomodulated environment, as a result of 

UV exposure or inflammatory skin disease. UV exposure of the skin prior to 

infection in vivo makes the host more susceptible to virus infection. 

Contrastingly, psoriatic PBMCs are more resistant to virus infection. Together, 

this highlights the influence pre-existing inflammation, either at the skin or 

systemically, can have on virus infection outcomes. Furthermore, this shows 

how varied inflammatory tissue microenvironments can have profoundly 

different impacts on host susceptibility to virus. The effects of UV exposure on 

arbovirus infection, from impacting host response to infection to mosquito 

behaviour towards the UV-exposed host, has important implications for disease 

transmission and infection outcomes, especially for those regions with high 

environmental UV levels. While our finding in relation to psoriasis PBMCs can 

be built upon to better understand infection risk in these patients and also the 

underlying disease pathogenesis. 
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