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Figure 4.15: Effect of tetraspanin mAbs onSalmonellaexpressing GFP uptake by HelLa cells at 50
MOI for 60 minutes analysed by flow cytometry.HelLa cells were harvested and pre-treated with
antibodies in U-bottomed 96-well plates prior to infection with bacteria on a shaking incubator then washed
and fixed as described in 2.2.5.2.3 and Figure 4.12. Cells were analysed using the LSR-II flow cytometer,
as previously and 5,000 events were acquired. Percentage of HelLa cells infected with S. Typhimurium
normalized to isotype control (A) NCTC12023-GFP or (B) LT2-GFP. C and D: Corresponding raw (non-
normalised) data for B and C respectively. Bars describe means, while error bars describe standard errors.
n=3 in duplicate. The data was analysed by One sample T-test comparing with isotype control in A and B
and Ordinary one-way ANOVA Holm-Sidak's multiple comparisons test compared with isotype control in
C and D, significance * P < 0.05, ns is non-significant.

4.4: Discussion

Previous work from our lab has indicated that tetraspanins are involved in S. Typhimurium
infection of human monocyte-derived macrophages (MDMSs). The initial aim of this work
was to develop cell line models to investigate the role of tetraspanins in Salmonella infection.
In this study, different cell lines including mouse macrophage cell lines (J774.2 and
RAW247), human macrophage-like cells (derived from human monocytes THP-1) and a
human epithelial cell lines (HEC-1-B and HeLa cell lines) were infected with Salmonella
strains. Initial infection experiments were carried out to optimise the conditions for infection
of cell lines with Salmonella including the multiplicity of infection (MOI) and the time of

infection.
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Salmonella can infect and replicate in various cell types within the host (Haraga, Ohlson et
al. 2008). As well, it has the ability to attached and invade different phagocytic and non-
phagocytic cell lines (Finlay, Ruschkowski et al. 1991, Mills and Finlay 1994, Lajarin, Rubio
et al. 1996, Rosales-Reyes, Perez-Lopez et al. 2012). In the present study, the results show
the ability of Salmonella to invade non-phagocytic cells (HEC-1-B, HelLa epithelial cell lines)
as well as phagocytic cell lines (RAW, J774 mouse macrophages and THP-1 derived
macrophages). The ability to infect non-phagocytic cells can be mediated by T3SS-1
(Rosselin, Abed et al. 2011).

The mouse like macrophages J774 and RAW cell lines were used as a macrophage models to
investigate the effect of anti-tetraspanin antibodies on Salmonella uptake. Furthermore, THP-
1 derived macrophages were also used, since this cell line is of human origin and might more
closely resemble the primary human MDM used in the previous study. The THP-1 cells were
differentiated to macrophages — like cells using phorbol ester (PMA) as mentioned in chapter
3. Asreviewed in (Auwerx 1991), the THP-1 cell line offers a close human model for MDMs.
Initially a conventional immunofluorescence microscopy manual counting technique was
used to investigate the effects of anti-tetraspanins on Salmonella infection. This method has
routinely been used in our lab to indicate bacterial infection in both human macrophages
(Hassuna, 2010, PhD thesis, University of Sheffield) and epithelial cell lines (Green, Monk
et al. 2011); (Cozens, 2015, PhD thesis, University of Sheffield).

As shown in (Figure 4.3), a significant reduction in Salmonella NCTC12023 uptake was
shown in J774 cells treated with anti-mouse CD9 prior Salmonella infection compared with
isotype control. This is in contrast to previous studies on human MDM, where no inhibition
with anti-CD9 mAbs was observed; however recombinant soluble CD9 EC2 proteins
inhibited association of Salmonella with human MDM, suggesting involvement of CD9 in
this process (Hassuna, PhD thesis, University of Sheffield 2010). Anti-CD81 antibodies
showed a more modest inhibitory effect, consistent with previous data on human MDM.
However anti-CD63 antibodies showed no effect; this may relate to the extremely low levels
of CD63 on the surface of J774 cells (chapter 3). In contrast, the THP-1 derived macrophages
and human MDMs both showed high levels of CD63 (Chapter 3) and (Hassuna, 2010, PhD
thesis, University of Sheffield).

By contrast, for human cells, no inhibition by anti-CD9 mADb in THP-1 derived macrophages
was noticed when using the same anti-CD9 antibody that blocked adhesion in the human
MDM experiments. The differences in the effects of the anti-CD9 antibodies between mouse

and human cells may relate to differences in the particular antibodies used, or differences in
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CD9 between the mouse and human cells. Also in agreement with previous studies on human
MDM, anti-CD63 and anti-CD81 antibodies inhibited association of Salmonella NCTC12023
to THP-1 derived macrophages. However anti-CD151 antibodies caused inhibition of
infection of THP-1 macrophages, whereas no effect was seen with human MDM. The
differing effects the antibodies here may relate to differences in expression of the tetraspanins,
as human MDM were shown to express low levels of CD151 (only slightly higher than the
isotype control (Hassuna, PhD thesis, University of Sheffield 2010). No significant effects
were seen on the number of internalised bacteria, so it appears that the antibodies are acting
at a stage prior to this. The infection of THP-1 derived macrophages by another Salmonella
strain, LT2, which is reported to be more virulent (Professor Jeff Green, personal
communication) and suggested in the present study (when the bacteria were used at mid log
phase of growth) was also investigated. This difference could probably relate to differences
in SPI-1 expression of certain T3SS components depending on Salmonella strains. It has been
found that Salmonella Typhimurium NCTC12023 has less ability to invade epithelial cell
lines, which may relate to low expression of prgH that is shown to be important to instruct
needle complex formation in other Salmonella Typhimurium strains (Clark, Perrett et al.
2011). With the LT2 strain, anti-CD9 and anti-CD63 antibodies had no significant effect on
adhesion to THP-1 macrophages and although some reduction was observed with anti-CD81
and anti-CD151 antibodies, this did not reach significance. Interestingly, anti-CD151
antibodies were previously found to reduce Neisseria meningitidis adhesion to human
epithelial cells (Green, Monk et al. 2011).

It was of interest to investigate any potential role for tetraspanins in the infection of non-
phagocytic cells by Salmonella, as the uptake of bacteria by these cells is likely to be primarily
through the Type 3 secretion system (Finlay, Ruschkowski et al. 1991, Mills and Finlay 1994,
Lajarin, Rubio et al. 1996, Rosales-Reyes, Perez-Lopez et al. 2012). As shown in (Figure 4.8)
Salmonella were attached to and internalised into HEC-1-B cells after one hour incubation.
Nevertheless, no significant effects were observed in these cells after treatment with anti-
tetraspanins antibodies, either for the total cells associated with bacteria or in attached and
internalised bacteria (Figure 4.9). This finding was in contrast to the reduction that was found
in cells associated with attached Salmonella NCTC12023 in HEC-1-B cells that had been
pre-treated with recombinant EC2 proteins corresponding to CD9, CD63 or CD151 prior to
infection (Green, 2010, PhD thesis, University of Sheffield). The effect of antibodies was not
assessed individually in the previous study. It could be that EC2 proteins have an effect

whereas antibodies do not; in retrospect, it would have been useful to see if the previous
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findings with EC2 proteins could be replicated here. Alternatively, it could be that
tetraspanins are not involved in Salmonella uptake that is mediated by T3SS. Interestingly,
infection of MDMs by Salmonella induced to express high level of T3SS was less affected
by anti-CD63 antibodies (Noha Hassuna, PhD thesis 2010).

As stated previously, another aim of the work described in this Chapter was to develop a flow
cytometry assay for assessing infection, which would be comparable with the microscopy
assay but should be faster, permit analysis of more events and give more objective results. As
mentioned earlier in this chapter (4.1.1), flow cytometry has been applied to study bacterial
pathogenicity to host cells and bacterial-host interaction (Valdivia and Falkow 1998, Pils,
Schmitter et al. 2006). Additionally, it was reported to be comparable with other ordinary
infection assays and provide a quick and appropriate method to differentiate between external
associated and internalised bacteria (Pils, Schmitter et al. 2006, Trouillet, Rasigade et al.
2011). The J774 cell line infection results that were obtained from this method, where bacteria
were stained using antibodies after infection, were very comparable with the results from the
fluorescence microscopy method (Figures 4.3, 4.4 and 4.10). In both methods anti- CD9 and
anti CD81 antibodies similarly reduced Salmonella uptake significantly. Additionally, anti-
mouse tetraspanins CD63 showed no effect on Salmonella/cells association, as in the
microscopy assay. Interestingly, a lower MOI was necessary to achieve similar level of
infections in the flow cytometry assay; it is possible that incubation of cells with bacteria in
suspension may facilitate greater binding compared to cells adhered to coverslips. Also as
found in the microscopy based method (Figure 4.9), no significant changes in total cells
associated with bacteria, cells associated with external bacteria and cells associated with
internal bacteria was found in HEC-1-B human epithelial cell line infected with Salmonella
Typhimurium NCTC12023 and L T2 strains.

It was speculated that the generation of stable GFP expressing Salmonella strains could have
advantages for both flow cytometry and for confocal microscopy. After optimising
experiments using different vectors carrying either GFP or RFP proteins (as mentioned in
chapter, 3.3.2), a broad host range plasmid (pBHR-1) carrying the GFP expression sequence
was used to induce a stable, highly expressed GFP that was detected by flow cytometry and
fluorescent microscope using appropriate filters. The pBHR1vector is derived from pBBR1
(Szpirer, Faelen et al. 2001) that was firstly isolated from Bordetella bronchiseptica-S87
(Antoine and Locht 1992). Bacteria expressing GFP have been employed in bacterial
pathogenicity studies (Valdivia, Hromockyj et al. 1996) and it has been reported that GFP

expression does not interfere with Salmonella invasion (Valdivia, Hromockyj et al. 1996, Ma,

126



Chapter 4

Zhang et al. 2011). In contrast, high expression levels of GFP seems to affect Salmonella
virulence (Wendland and Bumann 2002). In the present study, the Salmonella-GFP strains
were successfully detected by flow cytometry using appropriate filter either alone (described
in previous chapter, Figure 3.12) or associated with host cells in different cell lines. Also the
population of bacteria infected cells was nicely segregated from the non-infected cell
population by FACS analysis (Figure 4.12 A). Unexpectedly, J774 cells treated with anti-
CD9 antibodies showed no significant change in cells associated with Salmonella
NCTC12023-GFP and LT2-GFP strain, although some reduction was still seen with anti-
CD81 antibodies. This could be related to the sensitivity of detecting fluorescence signal by
flow cytometry which seems to be lower in GFP-expressing bacteria compared with bacterial
immunostaining. To further investigate CD9 and CD81 in mouse macrophages, another
mouse macrophages cell line was introduced. With the RAW 264.7 cell line, a small but
significant reduction in Salmonella uptake in cells treated with anti-mouse CD9 and CD81
(but not in CD63) prior Salmonella NCTC and LT2 strains infection was observed. However
a higher MOI was required to obtain sufficient cell infection (20 MOI), which could be
because the RAW cells are less phagocytic than J774 cell line. Attempts to use the flow
cytometry method to assess infection in THP-1 derived macrophages cells (stimulated for
three days stimulation using PMA) were unsuccessful. This could be because these cells seem
to become more fragile after harvesting, as a high concentration of cells debris was apparent
in flow cytometry when the cells were infected in suspension; this could affect the flow
cytometry analysis accuracy. PMA-stimulated THP-1 cells are very strongly adherent, and
may have been damaged during harvesting prior to infection. Therefore, undifferentiated
THP-1 cells were also assessed using the flow cytometry method. A high MOI was required
to achieve infection of these cells, similar to that used for the epithelial cell lines.
Interestingly, the undifferentiated THP-1 cells behaved differently depending on the
Salmonella strains used. Cells treated with anti-human CD81 prior to S. Typhimurium
NCTC12023-GFP infection showed a slight but significant reduction in cells associated with
bacteria, but this was not observed with the LT2-GFP strain. None of the other antibodies
used reduced infection. In contrast, a significant increase in the fluorescence (MFI) of cells
treated with CD151 prior to infection with the LT2 strain was observed (Figure 4.14),
suggesting that in this case the antibody may actually enhance bacterial uptake. The
differences in anti-tetraspanin mAb action between non-differentiated and differentiated
THP-1 cells might be related to the differences in tetraspanins expression and/or non-
differentiated THP-1 cells are weakly phagocytic compared with high phagocytic activity of
differentiated THP-1. A higher MOI was needed to obtain sufficient infection rate in non-

differentiated THP-1 cells. Another epithelial cell model, the well-known HeLa cell line was
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also used to assess infection by the GFP-expressing strains. Again no inhibition of infection
was observed with any of the anti-tetraspanin antibodies used, but anti-CD81 treated Hela
cells seemed to show slightly enhanced infection with Salmonella-NCTC12023-GFP, but not
with the LT2-GFP. This contrasts with studies by Tham, et al (2010), where the anti-CD81
treated HeL a cells showed lower susceptibility to infection by another Gram negative bacteria
Listeria monocytogenes, and CD81 has been shown to be regulated immunity against this
bacterial infection (Martinez del Hoyo, Ramirez-Huesca et al. 2015). This diversity in
tetraspanin mAb response could be related to the differences in bacterial types and strains
that used, where some bacterial strains seem to be more dependent on cell surface proteins

than others.

Overall, the results obtained in this Chapter are consistent with previous studies showing that
tetraspanins are involved in Salmonella infection of mononuclear phagocytes (mouse or
human), although some differences were observed in the involvement of individual
tetraspanins; this may relate to varying expression levels of the tetraspanins or differences in
the immortalised cell lines used here. However, in the studies using specific antibodies, there
was little evidence to suggest that tetraspanins are involved in Salmonella infection of non-

phagocytic cells.

A flow cytometry assay was developed for monitoring Salmonella infection that gave very
comparable results with the microscopy assay when antibody staining was used to detect
bacteria. However, a flow cytometry assay using GFP-expressing bacteria gave rather
different results, with generally no or less effects being seen when using anti-tetraspanin
antibodies. It could be that expressing GFP protein affected the infectivity of the bacteria in
some way or that the GFP bacteria were not as well detected by FACS. Is it possible that if
bacteria were internalised, the GFP signal may have been lost/reduced. Because of this,
thereafter in this work, the antibody-staining method was used to detect Salmonella infection

by flow cytometry.
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Chapter 5: Effect of soluble tetraspanins EC2 proteins
on Salmonella Typhimurium uptake by J774 cells and
generation of soluble mouse CD9 EC2.

5.1 Introduction

The large extracellular loop (LEL or EC2 domain) of tetraspanins has the most variable
sequence between family members, but contains a highly conserved CCG motif that indicates
the tetraspanin signature, together with another 2, 4 or 6 cysteine residues that form 2, 3 or 4
disulphide bonds respectively (Seigneuret, Delaguillaumie et al. 2001). The EC2 regions of
tetraspanins have been shown to be involved in many cell functions including fusion (Fanaei,
Monk et al. 2011), egg-sperm fertilisation (Zhu, Miller et al. 2002, Hemler 2003), migration
(Powner, Kopp et al. 2011), multinucleated giant cell formation (Takeda, Tachibana et al.
2003, Hulme, Higginbottom et al. 2014) and adhesion (Reyes, Monjas et al. 2015).

5.1.1 Tetraspanins EC2 and infections

Soluble recombinants EC2 proteins of several tetraspanins including CD9, CD63, CD81 and
CD151 were shown to inhibit CXCR4-HIV-1 viral invasion in to macrophages (Ho, Martin
etal. 2006). Also, as motioned previously (Chapter 1, Chapter 4) cells treated with tetraspanin
EC2 recombinant proteins prior to infection reduced bacterial adhesion to epithelial cells
(Green, Monk et al. 2011) and Salmonella Typhimurium uptake by MDMs (Noha Hassuna,
2010. PhD Thesis).

5.1.2 Recombinant proteins expression systems

Success in achieving a high level of recombinant protein expression is subject to different
factors including the characteristics of cell growth, level of expression, endogenous or
exogenous expression, post-translational protein modification and functional activity of
expressed proteins and the overall cost of expression system (Makrides 1996, Yin, Li et al.
2007). Recombinant protein expression system is chosen according to the size and complexity
of expressed proteins; the bacterial system is useful for expressing relatively small proteins,
while eukaryotic systems such as yeast, mammalian cells, insect cells and plant cells are
relevant to express large, complex and glycosylated proteins (Demain and Vaishnav 2009).

Two main yeast systems are commonly used to express recombinant proteins including
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Saccharomyces cerevisiae and Pichia pastoris. A high level of recombinant proteins (of more
than 50 kDa) could be produced by this system with many advantages, in particular of
glycosylated proteins, with the advantage of low cost (Demain and Vaishnav 2009). The
mammalian cell system, however, is another popular system to express recombinant proteins,
specifically glycosylated proteins, and the Chinese hamster ovary cells (CHO) cells have
become the most widely used here. These cells can produce a high level of recombinant
protein, with correct post-translational modifications for mammalian proteins, reviewed in
(Kim, Kim et al. 2012). For more complex proteins, mainly proteins that require post
translational modification, the baculoviral-insect system could also be a choice (Demain and
Vaishnav 2009). Nevertheless, the high cost of this system compared with other eukaryotic
recombinant protein expression systems could be considered as a main disadvantage
(Gecchele, Merlin et al. 2015). In addition to all of the eukaryotic systems that are described
above, plants have been shown to be important and effective expression system for
recombinant proteins production (Wilken and Nikolov 2012), with advantages of flexibility,
costs and protein quality; however, not all recombinant proteins are suitable for this system
(Gecchele, Merlin et al. 2015). The plant Arabidopsis thaliana and other plants are commonly

used to produce recombinant proteins (Demain and Vaishnav 2009).

The prokaryotic recombinant protein expression by E. coli offers a low cost, high level of
recombinant protein production. Despite the advantage of E coli, it is not the system of choice
for certain genes, which could relate to many factors such as complex structural features,
MRNA stability and translation efficiency, miss-folding of proteins, protein degradation by
host enzymatic activity and the toxicity of the expressed protein to host cells (Makrides 1996,
Yin, Li et al. 2007). Understanding the basics of E. coli transcription, translation and folding
of proteins and genetic improvement led to enhancing the efficiency of this system to express
complicated eukaryotic proteins (Baneyx 1999). Folding of recombinant proteins,
particularly complex and cysteine rich proteins, are the main issue of concern to obtain host
native protein features. The size and complexity of host proteins affects their folding and
formation of functional native proteins. Generally, large and complex recombinant proteins
are less likely to reach the native conformation efficiently, and assistance is usually needed
compared with small (<100 residues) and single host proteins. The unfolded or misfolded
recombinant proteins are therefore often aggregated in inclusion bodies or degraded by the
action of host cells enzymes (Baneyx and Mujacic 2004). This aggregation could be as a
result of the presence of a strong promoter and high concentration of inducer that leads to the
production of high levels of recombinant protein and, consequently, aggregation of insoluble

proteins to form inclusion bodies (Baneyx and Mujacic 2004, Sorensen and Mortensen 2005).
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A strong promoter is required in an expression vector to regulate the high levels of gene
expression and the presence of a repressor leads to decreased basal transcription in the
absence of an inducer. The promoter could be induced thermally or chemically, and the main
chemical that is used for promoter induction is isopropyl-beta-D-thiogalactopyranoside
(IPTG) (Sorensen and Mortensen 2005), which binds to the lac repressor, allowing
transcription from the lac operon. The formation of inclusion bodies could be considered as
main disadvantage of using E coli systems compared with other expression systems
(Gecchele, Merlin et al. 2015). As much as 50-95% of insoluble proteins have been found in
inclusion bodies that are usually degraded by host cell proteases, reviewed in (Sorensen and
Mortensen 2005). One strategy that could prevent aggregation of recombinant proteins is by
using a molecular chaperone that regulates the protein folding processes and prevents
aggregation of misfolded proteins, reviewed in (Schlieker, Bukau et al. 2002). Alternatively
re-solubilisation of the insoluble recombinant proteins can be carried out by using urea and
guadinium hydrochloride detergent (Sorensen and Mortensen 2005).

Since the N-linked glycosylation system of Campylobacter jejuni has been successfully
transferred into E. coli, it has now become possible to produce glycosylated proteins in E.
coli even though there is structural variation between bacterial and eukaryotic glycans
(Wacker, Linton et al. 2002). More recently, the glycosyltransferase pathway from yeast
Saccharomyces cerevisiae was also transferred into the glycosylation modified E. coli system
to enable this modified bacteria to produce lipid linked trimannosyl-chitobiose (Man3-
GIcNAc2) and mannosyl-chitobiose (Man-GIcNAc2) that are seen essential in eukaryotic

glycosylation (Srichaisupakit, Ohashi et al. 2015).

A polypeptide fusion protein called an affinity tag is widely used to enhance recombinant
proteins purification and detection, and is also used to increase protein production, folding
and solubility. As well it can used to express toxic proteins and it could save the tagged
proteins from degradation, reviewed in (Costa, Almeida et al. 2014). Different tags have been
commonly used depending on the protein of interest and popular choices include His-tag,
thioredoxin, Strep-tag, SBP-tag, Nus-tag, Arg-tag, cellulose-binding domain, calmodulin-
binding peptide, c-myc-tag, DSb A and glutathione S-transferase (GST) (Terpe 2003). A 26
kDa GST of Schistosoma japanicum was cloned into an E. coli expression plasmid and the
expressed proteins could be purified from host cell lysates using affinity chromatography on
fixed glutathione. Binding GST protein could be eluted using 10mM reduced glutathione
under non-denaturation conditions and the expressed GST protein is commonly found

soluble in aqueous solution and forms dimers and it could be detected easily by enzymatic
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and immunological methods. However, the GST-tagged proteins can be insoluble and this
could be associated with the presence hydrophobic regions in the tagged protein. GST can be
inserted either at the C or N terminus of proteins and can be used in different expression
systems (Terpe 2003). The GST tag has been shown to stabilise the linked protein better
compared with His-tag. It has been shown that the E. coli acetohydroxyacid synthase-I
isozymes large subunit (AHAS-1-LSU) that is tagged with GST (GST-LSU) was more stable
compared with the His-tagged protein (His-LSU) that was unstable (Li, Liu et al. 2015).

In our group, the E. coli system has been shown to be competent to produce tetraspanins
extracellular domains, EC2s tagged with GST. As described before, the tagged proteins were
shown to be stable and the GST did not interfere with fused protein functions as indicated in
previous study in our group. The system reliably expresses EC2 domains with correct folding
and formation of the disulphide bonds that are crucial to EC2 function. Despite this, a high
proportion of the proteins may be in inclusion bodies as insoluble form that could be as result
of high levels of recombinant proteins expression (Fanaei, PhD thesis, University of
Sheffield, 2013).

5.2 Aims

In present study, targeting tetraspanins CD9 and CD81with specific antibodies in the mouse
macrophage cell line J774 reduced Salmonella uptake. There was no effect with anti-CD63
antibodies, which is not surprising as these cells express very low levels of CD63 on their
surface (Chapter 3). From a previous study in our lab, MDMs treated with antibodies to CD63
and recombinant CD63-EC2 showed a significant reduction in Salmonella uptake (Hassuna,
PhD thesis, University of Sheffield 2010). In the same study, CD9-EC2 also inhibited
bacterial adhesion. Furthermore, another study showed a significant reduction in adhesion of
various bacteria to epithelial cells that treated with tetraspanins EC2-GST recombinant
proteins prior infection (Green, PhD thesis, University of Sheffield 2010) (Green, Monk et
al. 2011). Here, we investigated the effect of human tetraspanins EC2 recombinant protein
on mouse J774 cells prior to Salmonella infection. In addition, mouse CD9-EC2 was

generated, and its effects on Salmonella uptake by J774 cells investigated.
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5.3 Results

5.3.1 Effects of recombinant EC2 fragments on J774 cells infected with
S. Typhimurium NCTC 12023 (flow cytometry)

Previous studies using human monocyte-derived macrophages (MDM) showed that
recombinant versions of the large extracellular domains (EC2s) of tetraspanins CD9 and
CD63 inhibited S. Typhimurium uptake by approximately 50% (Hassuna, PhD thesis,
University of Sheffield 2010). The recombinant proteins also inhibited adhesion of N.
meningitidis and other bacteria to human epithelial cell lines (Green et al., 2011). Since
antibodies to CD9 and CD81 had an inhibitory effect on S. Typhimurium infection of J774
cells, it appeared appropriate here to test the effect of the corresponding soluble EC2 proteins.
The human versions of these recombinant proteins were expressed as GST-fusion proteins in
E. coli and had been prepared by another member of the laboratory (Marzieh Fanaei). These
proteins were shown to be correctly folded in Western blots with conformation-sensitive
antibodies (Marzieh Fanaei, PhD thesis University of Sheffield, 2013) and also showed
biological activity in a number of other assays carried out concurrently with the experiments
described here, including inhibition of adhesion of bacteria to epithelial cells lines and
inhibition of multinucleated giant cell formation in J774 cells induced by infection with
Burkholderia thailandensis (D. Cozens PhD thesis University of Sheffield 2015, A. Elgawidi,

personal communication).

The effect of tetraspanin EC2 proteins was tested by flow cytometry as described in 2.2.5.2
using direct staining with FITC conjugated anti-Salmonella polyclonal antibody (Figure 5.1).
No significant changes in the percentage of cells infected or in the median fluorescence
intensity (MFI), which gives an indication of the level of infection, were shown when
recombinant human CD9 EC2 and CD81 EC2-GST fragments were used to pre-treat J774
cells prior to infection with S. Typhimurium at 500 and1000 nM protein concentrations
compared with the GST control., However, a minor significant change in MFI was observed
with CD9-EC2 for cells treated with 500nM of recombinant EC2 protein compared with

non-treated cells.
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Figure 5.1: Effect of tetraspanin EC2 recombinant protein on Salmonella NCTC-12023 uptake by
J774 cells analysed by flow cytometry. J774.2 cells were harvested, placed in Eppendorf tubes and pre-
treated with CD9 and CD81 EC2-GST at concentration of 500nM (B and C) and 1000nM (D and E) for 60
minutes before infection with Salmonella Typhimurium NCTC12023 at 5 MOI for 30 minutes as described
in 2.2.5.2.1. The cells-bacteria mixture was placed on a rotating mixer and was incubated at 37°C for 30
minutes. The cells were washed and fixed or fixed and permeabilised as described in 2.2.5.2.4 and stained
using FITC conjugated anti-Salmonella polyvalent antibody. Cells were kept in 1% PFA until analysis
using an LSR-II flow cytometer. A: Dot plot from FACS analysis showing how the values shown in B-E
were obtained B: Percentage of J774 cells infected with Salmonella normalized to 100% isotype control.
C: MFI of J774 cells infected with Salmonella normalized to 100% isotype control. D: Percentage of cells
infected with Salmonella NCTC12023 E: MFI of J774 cells infected with Salmonella normalized to 100%
isotype control. F-1: Raw data before normalisation. Bars describe means, while error bars describe
standard error means. MFI is the median of fluorescence intensity, n=5in B and C and n=3 in D and E in
duplicate, data was analysed by Ordinary one sample T-test comparing with non-treated cells and GST
treated control (B-E), graphs (F-1) data was analysed by Ordinary one-way ANOVA Holm-Sidak's multiple
comparisons test, significance * P < 0.05. ns is non-significant.

134



Chapter 5

5.3.2 Generation of soluble mouse CD9-EC2

Human tetraspanin EC2s have previously been shown to be active on mouse cells in other
types of assay (sperm: egg fusion (Higginbottom et al 2003; B. thailandensis-induced fusion
of J774 cells, Atiga Elgawidi, personal communication). However, their lack of an effect on
Salmonella infection might be due to sequence differences between the human and mouse
CD9 EC2 proteins, which show 76% identity.

5.3.2.1 Mouse CD9-EC2 sequence and alignment
The full length of the CD9 protein sequences were obtained from online bioinformatics

database UniProt (http://www.uniprot.org/), and the domain sequences were chosen as

indicated in this online tool. The sequences were aligned using online multi-sequences

alignment, MultAline, (http://multalin.toulouse.inra.fr/multalin/) and BoxShade (http://www.

ch.embnet.org/software/BOX_form.html) where the sequences identities expressed as

percentages were obtained using BLAST 2 sequences alignment (http://blast.ncbi.nim.
nih.gov/Blast.cqi?CMD=Web&PAGE_TYPE=BlastHome).The mouse, rat and human CD9

protein sequence were aligned using a combination of these tools (Figure 5.2). The tetrasp-

anin mouse CD9 shown about 95% identity to rat CD9 and 89% with Homo sapiens CD9.
However, the mouse EC2 shows about 87% homology with rat CD9-EC2 and 77% homology
with Homo sapiens CD9.

CD9-Homosapian KCIKYLLFGEFNFIFWLAGI
CD9-RAT
CD9-mouse

consensus

KCIKYLLFGENFIFWLAGI
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KKK A K KA KA KA KA KA KA KA KA KA KA KA KA KA KA KA KA KR KKK KK KK * kKKK KKK

N-tail T™M-1 EC1

CD9-Homosapian
CD9-RAT
CD9-mouse
consensus

CD9-Homosapian
CD9-RAT
CD9-mouse
consensus

CD9-Homosapian
CD9-RAT
CD9-mouse
consensus

GAV V V
KAk KAk kA kA kA kA kA kKA KAk KAk KKK KK KKK KK KKKk K*

T™-4 C-tail

*ok kok kkok

Figure 5.2: Mouse, rat and human CD9 proteins sequence alignment. All three full CD9 sequence
were obtained from UniProt (http://www.uniprot.org/). The large extracellular domain (EC2) sequences is
shown boxed and in yellow letters. The transmembrane domains (TMs) are underlined. EC1: Is the small
extracellular domain. SIL: Is the small intracellular loop. All domains sites were chosen as it indicated in
UniProt. MultAline, (http://multalin.toulouse.inra.fr/multalin/) and BoxShade (http://www.ch.embnet
.org/software/BOX_form.html) were used to align these sequences.
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5.3.2.2 Mouse CD9-EC2 theoretic structure alignments

The online protein structure prediction tool, Phyr2, was used to build a 3D model protein
structure and shows the putative ligand binding sites and amino acid differences (Kelley,
Mezulis et al. 2015) of mouse, rat and human CD?9, since these protein structures have not
yet been solved . A combination of this online tool with the PyMOL Molecular graphic

system, Version 1.7.4 Schrodinger, LLC. Software (https://www.pymol.org/), was used to

visualised the 3D structure predicted using the Phyr2 tools. The CD9-EC2 of mouse was
predicted and aligned with the predicted rat and human CD9-EC2 structures (Figure 5.3).
And as described previously, the online tools MultAline and BoxShade were used also to
show differences and homology of mouse CD9-EC2 compared with rat and Homo sapient
(Figure 5.2).
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Figure 5.3: The predicted structure, sequence comparison and alignment of mouse, human and rat
CD9-EC2 (large extracellular domain). The grey colour in (1) shows the position of SFQ residues found
in mouse and rat but not in human CD9-EC2 and shown to be needed in mouse gametes fusion (Zhu, Miller
et al. 2002). The yellow colour in (3) represents the sites of differences between human or in rat compared
with mouse. 1A: The predicted structure of mouse CD9-EC2 obtained by Phyre2 (Kelley, Mezulis et al.
2015), the structure was edited and visualised using The PyMOL Molecular Graphics System, Version
1.7.4 Schrédinger, LLC (https://www.pymol.org/). 1B: Space-filling model of the predicted mouse CD9-
EC2 structure. 2: Mouse and human sequence alignment, both full length sequences obtained from the
UniProt online database (http://www.uniprot.org/uniprot/P40240) (http://www.uniprot.org/uniprot/
P21926) and aligned using MultAline (http://www.sacs.ucsf.edu/cgi-bin/multalin.py) and BoxShade
(http://embnet.vital-it.ch/software/BOX_form.html). 2A: The predicted structure of human CD9-EC2. 2B:
Space-filling model of the predicted human CD9-EC2 structure. 2C: Mouse and human aligned structures
of predicted CD9-EC2 showing the structural homology. 3: Mouse and rat aligned sequences, the rat full
length sequence was obtained from UniProt (http://www.uniprot.org/uniprot/P40241). 3A: The predicted
structure of rat CD9-EC2. 3B: Space-filling model of predicted rat CD9-EC2. 3C: Mouse and rat predicted
CD9-EC2 aligned structures showing the structural homology.

5.3.2.3 Cloning of Mouse recombinant CD9-EC2

The expression of mouse CD9-EC2-GST was therefore undertaken to find out the role of
mouse CD9-EC2 in Salmonella uptake. The sequence corresponding to the EC2 was PCR-
amplified from a full-length mouse CD9-GFP construct (Origene) (Figure 5.4) using forward
and reverse primers designed to be complementary to 5° and 3° of mCD9-EC2 and
incorporating EcoR-I and Hind-Ill restriction sites to allow cloning in to corresponding sites
of the pGEX-KG vector, as described in 2.2.8.6 The PCR products were analysed by agarose
gel electrophoresis (Figure 5.5).

CMV promoter

VP1.5 primer
T7 promoter
Sgfl
N\
%
~ Miul
g MG226288
(7.2 kb)
a
&
’
-~
Neo - PolyA signal

SV40 ori

Figure 5.4: Mouse CD9 in pPCMV6-AV-GFP (MG226288) vector. The image was obtained from the
plasmid supplier’s website (http://www.origene.com/mouse_orf_clone/NM_007657/MG226288/Cd9.
aspx) showing the vector construct and the inserted mouse CD9 fused with GFP DNA sequence and the
cloning sites.
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Figure 5.5: PCR amplification of mouse CD9-EC2 from pCMV-AC-GFP mouse CD9. The mCD9-
EC2 was amplified from CD9-GFP using the conditions described in 2.2.8.7. 4ul of PCR product was
mixed with 1pl of 5x DNA loading buffer (BioRad) and loaded for each well of a 1% agarose gel, 5pl of
DNA ladder (hyper ladder 1, Bioline) was used as a marker to indicate the DNA size (H). E1 and E2:
Amplified mCD9-EC2 DNA segments [252 bp] taking into consideration the extra bp in forward and
reverse primers and the restriction sites

The amplified mCD9-EC2 DNA was shown to be pure and the expected size in relation to
the DNA ladder. The amplified mCD9-EC2 was extracted from the gel (2.2.8.8) then double
digested by EcoR-l and Hind-Ill restriction endonuclease enzymes (2.2.8.9). The same
procedure was applied to the pGEX-KG plasmid to produce overhanging ends, then the
restricted PCR purified product was ligated with the pGEX-KG vector to generate a mouse
CD9-EC2-GST construct, as described in 2.2.8.10 and shown in (Figure 5.6). The ligation
product was transformed into DH5a cells which were grown in selective media contain 100pg

carbenicillin to select transformed bacteria.
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Figure 5. 6: Plasmid map for mouse CD9-EC2 in pGEX-KG-GST vector. SnapGene® 2.8 software

was used to draw the plasmid map.

To confirm the presence the mCD9-EC2 in the pGEX-KG vector, different transformed
colonies were taken and grown in selective LB broth followed by plasmid extraction (2.2.8.1).
The extracted plasmids were double digested with EcoR-l and Hind-I1I to excise the EC2
segment from the plasmid and also PCR amplification was carried out using the same primers
used previously to amplify the mCD9-EC2 as well as using primers designed to amplify the
mCD9-EC2 along with the GST-tag (2.1.14.3). Plasmids obtained from two colonies were
shown to be contain the full length inserted DNA fragment by both restriction digest and PCR
amplification. Other colonies analysed gave fragments of unexpected size on double
digestion, but appeared to contain mCD9-EC2 as determined by PCR (Figure 5.7).
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Figure 5.7: Detection of the presence of mCD9-EC2 DNA fragment in the pGEX-KG plasmid: A:
Double digestion of plasmid DNA extracted from different colonies transformed with pGEX-KG
mCD9EC?2 ligation products to excise the inserted mCD9-EC2 (shown in 1 and 2 in red box). B: PCR
amplification of mouse CD9-EC2 from plasmid DNA extracted as for (A). C: PCR amplification of mouse
CD9-EC2-GST from plasmid DNA extracted as for (A). Samples were run on a 1% agarose gel as described
in Figure 5.5. H=Hyper ladder (Bioline), 1-4 = colony number selected post ligation.

Colonies 1 and 2 were expanded and DNA from these sequenced to confirm presence of the
correct mCD9-EC2 construct using the foreword and reverse primers, pGEX-F2 and pGEX-
R1 respectively described in 2.2.8.12. The sequencing confirmed the presence of mCD9-EC2
and that no mutation had been introduced.

5.3.3 Expression and purification of recombinant mouse CD9-EC2
protein in E. coli Rosetta-Gami strain

The confirmed pGEX-mCD9-EC2 and pGEX-GST control vectors were separately used to
transform Rosetta Gami competent cells (2.2.9.1) followed by expression of recombinant
protein in 500ml bacterial cultures (2.2.9.2). After induction of protein expression, the
bacteria were harvested, lysed and the mCD9-GST and GST control proteins were purified
from the soluble lysate fraction as described in 2.2.9.3 (Figure 5.8), essentially following the
methods described previously (Higginbottom, Takahashi et al. 2003) as described in (2.2.9.4).
Fractions taken from each step of the protein purification were checked by SDS-PAGE and
western blotting using primary rat anti-mouse CD9 antibodies followed by HRP conjugated
anti-rat secondary antibodies (Figure 5.9) or HRP tagged anti GST (Figure 5.10). The protein
concentration was estimated by measuring the absorption at 280 nm using a Nano drop
(2.2.9.5).
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Figure 5.8: Analysis of purification of mCD9-GST and GST control by SDS-PAGE and Western
blotting. Lysates were prepared from E. coli cells transformed to express GST-mCD9 or GST control as
described in 2.2.9.1. The insoluble fractions were retained after lysis and re-suspended in PBS buffer for
analysis by SDS-PAGE. Soluble lysate fractions were used for glutathione affinity chromatography.
Samples were taken at each stage of the purification and run on a 12.5% PAGE gel under non-reducing
conditions before staining with Coomassie blue (A). 1: precision plus protein standards. 2,4: GST
expression: insoluble and supernatant fractions, respectively, 3,5 : CD9-EC2-GST expression : insoluble
and supernatant fractions, respectively, 6,8: GST: first and second elution of bound protein from glutathione
beads, respectively, 7,9: CD9-EC2: first and second elution of bound protein from glutathione beads,
respectively. B: Western blot of the proteins described in (A) detected using anti-mouse CD9 primary Ab
followed by anti-rat-HRP secondary Ab (2.2.9.8).

The exposure time in Western blot was increased to visualise the protein bands and see if
mCD9 multimers could be detected (Figure 5.9). The results show the presence of one small
band at the higher exposure time. A relatively high level of insoluble proteins was shown
after treatment of the insoluble fraction with 2M urea solution to re-solubilise the insoluble

proteins.
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Figure 5.9: Expression and purification of t GST-mCD9-EC2 analysed by SDS-PAGE and Western
blotting. Lysates from E. coli induced to express pGEX GST-mCD9 were used in glutathione affinity
chromatography (2.2.9.4). Fractions from each step were selected for analysis by SDS-PAGE and western
blot. Samples were run on 12.5% SDS-PAGE gels. A; Total protein stained with Coomassie stain. B:
Western blot using anti-mouse CD9 and anti-rat-HRP secondary Abs (2.2.9.8), exposure time (5 second
exposure). C: (9.5 second exposure) high exposure time period. M: Protein marker, 1: Insoluble fraction
obtained post-lysis (re-suspended with 2M urea buffer). 2: Soluble fraction obtained post-lysis (applied to
glutathione column. 3: second wash flow through after application of soluble lysate to column, 4: protein
eluted with glutathione.

As shown by Western blotting (Figure 5.10) the purified mCD9-EC2 was successfully
detected with anti-GST-HRP; however, different bands were present in the mCD9- GST
preparation compared with one single band in the GST protein control. The band at 25 kD
corresponds to some free GST, whereas the band at 37 kD is the expected size for CD9EC2-
GST. The higher molecular weight bands could be due to the presence of CD9 multimers and
this has been noted by other workers (Higginbottom et al 2003). Interestingly, the Western
blot obtained using anti-mCD?9 antibody (Figure 5.9) showed a clear single band of mCD9
located in correct position; this could be because the anti-GST antibody gave a stronger signal

and bound more strongly to GST. Overall the results of Western blotting show the mCD9
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was successfully expressed and has correct disulphide bond formation (the mCD9-EC2 was
specifically identified by specific anti-mouse CD9 mAb under non-reducing condition), GST
tagged and purified.
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Figure 5.10: Analysis of recombinant GST-tagged mouse CD9-EC2 protein and GST control by
western Blotting after affinity purification Samples of purified mouse CD9EC2-GST and purified GST
were run under non-reducing conditions on 12.5% SDS-PAGE gels and then transferred to nitrocellulose
membrane. GST was detected using primary HRP conjugated anti-GST antibody. 1: mCD9-GST. 2: GST.

Further investigation was carried out to determine whether there is any cross reactivity
between mouse, rat and human CD9-EC2. Different primary antibodies were used targeting
mouse, rat and human CD9 against mouse and human CD9-EC2 recombinant proteins
(Figure 5.11). No cross reactivity between mouse and human CD9-EC2 was observed by
using anti-mouse CD9 and anti-human CD9, while anti-rat CD9 reacted with human CD9-
EC2 but not mouse CD9-EC2 recombinant proteins. Taken together, the results show that
mouse CD9-EC2 recombinant protein was identified successfully by anti-mouse CD9
antibody and was not identified by anti-rat or anti-human CD9 antibodies.
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Figure 5.11: Detection of recombinant GST-tagged mouse and human CD9-EC2 protein by Western
blot using anti-human, anti-mouse and anti-rat primary Abs. A: Western blotting using anti-rat CD9
primary Abs and anti-mouse HRP tagged secondary Abs. B: Western blotting using anti-mouse CD9
primary Abs and anti-rat HRP tagged secondary Abs. C: Western blotting by using anti-Human CD9
primary Abs and anti-Mouse HRP tagged secondary Abs. M, purified mouse CD9-EC2-GST, H, human
CD9-EC2-GST. Purified recombinant proteins were run on 12% SDS-PAGE gels under non-reducing
conditions prior to transfer to nitrocellulose prior to Western blotting.

144



Chapter 5

5.3.4 Effect of Mouse CD9-EC2 domain in Salmonella Typhimurium
uptake

The mouse version of CD9-EC2 recombinant protein was successfully produced and used in
infection experiments. Infection by Salmonella NCTC12023 and LT2 strains of J774 cells
pre-treated with mouse CD9-EC2 showed no significant reduction in Salmonella uptake
compared with the GST control, using 500 and 1000nM of recombinant proteins; however a
slight but significant reduction in the percentage of cells pre-treated with 1000nM CD9-EC2
with S. Typhimurium NCTC12023 compared with non-treated cells were observed (Figure
5.12). No significant changes were observed for the same cells treated with mouse CD9-EC2
infected with S. Typhimurium LT2 strain. The infected cells were analysed by the flow
cytometry method as previously described (Figure 5.13).
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Figure 5.12: Effect of mouse tetraspanin CD9-EC2 recombinant protein on Salmonella NCTC12023
uptake by J774 cells analysed by flow cytometry. J774.2 cells were harvested, placed in Eppendorf tubes
and pre-treated with mCD9 EC2-GST at concentration of 500nM (B and C) and 1000nM (D and E) for 60
minutes before infection with Salmonella Typhimurium NCTC12023 at 5 MOI for 30 minutes as described
in 2.2.5.2.1. The cells-bacteria mixture was placed on a rotating mixer and was incubated at 37°C for 30
minutes. The cells were washed and fixed or fixed and permeabilised as described in 2.2.5.2.4 and stained
using FITC conjugated anti-Salmonella polyvalent antibody. Cells were kept in 1% PFA until analysis
using an LSR-I1 flow cytometer. A: Dot plot from FACS analysis showing how the values shown in B-E
were obtained B: Percentage of J774 cells infected with Salmonella normalized to 100% isotype control.
C: MFI of J774 cells infected with Salmonella normalized to 100% isotype control. D: Percentage of cells
infected with Salmonella NCTC12023 E: MFI of J774 cells infected with Salmonella normalized to 100%
isotype control. F-1: Raw data before normalisation. Bars describe means, while error bars describe
standard error means. MFI is the median of fluorescence intensity, n=5in B and C and n=4 in D and E in
duplicate, data was analysed by Ordinary one sample T-test comparing with non-treated cells and GST
treated control, significance ** P <0.01. Ns is non-significant.
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Figure 5.13: Effect of mouse tetraspanin CD9-EC2 recombinant protein on Salmonella LT2 uptake
by J774 cells analysed by flow cytometry. J774.2 cells were harvested, placed in Eppendorf tubes and
pre-treated with mCD9 EC2-GST at concentration of 500nM (A and B) and 1000nM (C and D) for 60
minutes before infection with Salmonella Typhimurium LT2 at 5 MOI for 30 minutes as described in
2.2.5.2.1. The cells-bacteria mixture was placed on a rotating mixer and was incubated at 37°C for 30
minutes. The cells were washed and fixed or fixed and permeabilised as described in 2.2.5.2.4 and stained
using FITC conjugated anti-Salmonella polyvalent antibody. Cells were kept in 1% PFA until analysis
using an LSR-11 flow cytometer. A: Percentage of J774 cells infected with Salmonella normalized to 100%
isotype control. B: MFI of J774 cells infected with Salmonella normalized to 100% isotype control. C:
Percentage of cells infected with Salmonella LT2. D: MFI of J774 cells infected with Salmonella
normalized to 100% isotype control. E-H: Raw data before normalisation. Bars describe means, while error
bars describe standard error means. MFI is the median of fluorescence intensity, n=3 in A and B and n=4
in C and D in duplicate, data was analysed by Ordinary one sample T test comparing with non-treated cells
and GST treated control (A-D) and graphs (E-H) data was analysed by Ordinary one-way ANOVA Holm-
Sidak's multiple comparisons test, significance. ns is non-significant.
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5.4 Discussion

This chapter details studies investigating the role of the large extracellular domain of
tetraspanins CD9 and CD81 in Salmonella uptake by mouse macrophages cell line model
J774. Soluble, recombinant human versions of both tetraspanins that had previously been
produced in our lab were first used at two different concentrations (500nM and 1000nM) to
treat J774 cells prior to Salmonella infection. Despite the reduction by antibodies to both
tetraspanins on Salmonella uptake by J774 cells (chapter 4), no clear effect of either
tetraspanin recombinant protein on Salmonella infection was seen when compared with the
GST control (Figure 5.1). As mentioned previously, the recombinant EC2s used here had
been shown to be correctly folded using conformation sensitive antibodies and had shown
biological activity in other assays, including inhibition of adhesion of N. meningitidis to
human HEC-1B epithelial cells (Daniel Cozens, PhD thesis, University of Sheffield 2015).
Human CD9-EC2 is highly homologous with the mouse version (77%) and the recombinant
protein used here was effective in inhibiting giant cell formation induced by Burkholderia
thailandensis in J774 cells (Atiga Elgawidi, personal communication). However, species
differences may be important in some functions; for example human but not mouse CD9-
EC2 reduced giant cell formation in human MDMs induced by Con-A (Parthasarathy, Martin
etal. 2009, Hulme, Higginbottom et al. 2014). The mechanism of action of recombinant CD9-
EC2 proteins is not fully understood as yet. However, a previous study indicated that the
CD9-EC2 could be associating with leukocyte integrin receptors VCAM-1 and ICAM-1 that
were shown to be included in TEMs that act as a “docking structure” on endothelial cells
during leukocyte firm adhesion (Barreiro, Zamai et al. 2008). Soluble GST tagged CD9-EC2
proteins inhibited leukocyte adhesion to endothelial cells and were shown to decrease the
clustering of ICAM-1 and VCAM-1 receptors and interrupt their scattering pattern. It was
suggested that the CD9-EC2-GST competed with the native membrane CD9-EC2 for its
heterophilic and homophilic protein associations, interfering with its action (Barreiro, Zamai
etal. 2008). The EC2 domain of CD9 also exhibited an inhibitory effect on adhesion mediated
by LFA-1 and LFA-1 dependent leukocyte cytotoxicity. The effect of CD9 on LFA-
lappeared to be through altering its aggregation (Reyes, Monjas et al. 2015). Furthermore,
the human recombinant EC2 fusion proteins for CD9, CD63 and CD151 showed a strong
effect in inhibiting adhesion of bacteria to human epithelial cells (Green, Monk et al. 2011).
Here it was also speculated that the soluble EC2s were acting by disrupting interactions of
native membrane tetraspanins in TEMs, which were proposed to form “adhesion platforms”
for the bacteria. In contrast, in HCV infections, a study showed the mouse CD81 EC2-GST

recombinant protein failed to suppress viral infection, whilst cells expressing the full length
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mouse CD81 supported infection, leading to suggestion that CD81-EC2 lacks the ability to
fully mimic the native CD81 (Flint, von Hahn et al. 2006). Taken together, it was postulated
that the lack of effect of human CD9 and CD81 soluble EC2 proteins on Salmonella infection
of J774 might be due to the fact that we were using mouse cell line, although the EC2s of
human and mouse CD9 are 77% identical, while mouse and human CD81-EC2 are 80.2%
identical.

To investigate if this lack of an effect was due to species differences, mouse CD9-EC2 was
cloned and successfully expressed as a GST fusion protein. However, J774 cells treated with
mCD9-EC2-GST prior to Salmonella NCTC12023 strain showed no significant effect on
Salmonella infection relative to the GST control. The mouse CD9-EC2 produced here was
detected using specific monoclonal antibodies in immunoblotting and has been shown to be
biologically active in another system as it inhibited fusion of J774 cells induced by
Burkholderia thailandensis (Atiga Elgawidi, personal communication).

As mentioned before, a previous study in our lab showed that human CD9 EC2-GST reduced
Salmonella uptake by MDMs, whereas no reduction in uptake, was observed with anti-CD9
antibody. This difference in results could be subject to different mechanism of action between
antibodies and recombinant proteins. It is known that the antibody binds directly to antigen,
whilst the mechanism of tetraspanin recombinant proteins is not fully understood yet. It has
been suggested that it could compete with the native proteins or disrupted its association
within TEMs (Noha Hassuna, 2010, thesis). This will be discussed further in Chapter 8.

The generated mCD9-EC2-GST was expressed in E. coli (Figure 5-8 to 5-9) an important
host system for protein expression (Baneyx 1999, Baneyx and Mujacic 2004). A relatively
thick and clear band of about 35kD molecular weight (predicted size of CD9-GST) was
observed with lower molecular weight band down to 26 kDa that bound with anti-GST
antibody but not anti mCD9. This band corresponded to free GST that had been in some way
cleaved or degraded from the full length protein or possibly production of the full length
protein was terminated early in protein translation (Fanaei, PhD thesis, 2013, University of
Sheffield). In addition, degradation by bacterial proteases has been observed, particularly, on
misfolded or partial folded proteins (Baneyx and Mujacic 2004, Sorensen and Mortensen
2005), or aggregated insoluble forms particularly as inclusion bodies. Furthermore, proteins
that have several disulphide bonds seems to be more affected (Georgiou and Valax 1996).
Although the recombinant proteins was identified by a specific anti-CD9 monoclonal
antibody, the recombinant CD9-EC2 protein was not glycosylated as native CD9-EC2, since
E. coli lacks the protein glycosylation machinery present in eukaryotic cells. As mentioned
previously (5.1) the glycosylation machinery from Campylobacter jejuni was successfully
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transferred to E. coli expression system, and this system seems to be promising although this
molecularly engineered E.coli system was relatively inefficient for complicated and large
proteins (Jaffe, Strutton et al. 2014). Hence, the eukaryotic expression system such as
mammalian cells, yeast and baculoviral system seems to be more compatible to produce
proteins that need glycosylation. Amongst these more complex systems, yeast appears to be
more similar to E. coli, yielding sufficient amounts of protein at low expense (Demain and
Vaishnav 2009). Using mammalian cells seems to be more relevant for CD9-EC2 expression.
Nevertheless, attempts to express GST-CD9-EC2 and other tetraspanins using Chinese
hamster kidney (CHO) and mammalian human embryonic kidney cells (HEK293) by our
group were unsuccessful (John Palmer, 2016, thesis, University of Sheffield). More recently,
the yeast, S. cerevisiae, expression system was successfully used to express tetraspanin
proteins and the expressed protein was aggregated in endoplasmic reticulum membrane or in

yeast cells as granules or present in cell membrane (Skaar, Korza et al. 2015).
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Chapter 6: Salmonella uptake by CD9 knockout
macrophages

6.1 Introduction

Tetraspanin CD9 or Tspan29, also known as p24, is a 24 kD molecular weight protein
originally identified as a protein expressed on leukocytes and the expression of p24/CD9 was
also observed in normal platelets and several neoplastic cell types (Hercend, Nadler et al.
1981, Jones, Borowitz et al. 1982). An antibody to CD9 appeared to cause platelet activation
(Jennings, Crossno et al. 1994).

CD9 is now known to be widely expressed on a variety of cell types and tissues (Charrin,
Jouannet et al. 2014) CD9, together with CD81 and CD151, was recently shown to be highly
expressed on blood and lymphatic endothelial cells (Iwasaki, Takeda et al. 2013). CD9 is also
expressed on haematopoietic stem cells and different levels of CD9 expression could be used
as a tool to separate haematopoietic stem cell into different sub-population (Karlsson, Rorby
et al. 2013). Tetraspanin CD9 has also been shown to be expressed in different types of
tumour; it is expressed in basal and squamous cell carcinomas in the skin and actinic
keratosis. Different levels of CD9 expression were observed by using immuno-histochemical
staining of the cell membrane and cytoplasm, with differences in CD9 localization according

to the type of tumour (Ach, Ziemer et al. 2010).

CD9 has been shown to be involved in various cell functions; notably it has been shown to
play an important role in mouse egg fertilization (Rubinstein, Ziyyat et al. 2006), and

described in more detail in Chapter 1.

6.1.1 CD9 and partner proteins

Partner proteins that interact directly with CD9 are described in Yanez-Mo M., et al. 2009.
Of note, integrins are known to be a close CD9 partner (Radford, Thorne et al. 1996, Halova,
Draberova et al. 2013). CD9 was shown to be associated directly to B2 integrin (LFA-1) in a
variety of leukocytes (Reyes, Monjas et al. 2015), and with as, as integrins (Hirano, Higuchi
et al. 1999), Blintegrin (Kohmo, Kijima et al. 2010) and a6 B1 integrins (Park, Inoue et al.
2000). It has been shown the CD9 and CD81 associated directly with a3B1 integrin without
needing this integrin to be connected with other tetraspanins. As the integrin B1 is linked
directly with the membrane cofactor protein, CD46, this protein has been detected as an

indirectly associated partner to CD9 (Lozahic, Christiansen et al. 2000, Gustafson-Wagner
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and Stipp 2013). Tspan-4 (previously known as NAG-2) also associates with CD9 and CD81

in an interaction that also includes a6p1 integrin protein (Tachibana, Bodorova et al. 1997).

A direct and strong interaction of CD9 and CD81 has been observed with the human EWI-2
Ig superfamily protein (which shows 91% homology with mouse EWI-2 protein) (Stipp,
Kolesnikova et al. 2001). A clear association with another 1g superfamily member
(prostaglandin F2a receptor regulatory protein (FPRP), also known as CD9P-1 or EWI-F)
with CD9 and/or CD81 also has been reported (Charrin, Le Naour et al. 2001, Stipp, Orlicky
et al. 2001).

CD9 also interacts with the metalloprotease, ADAM17, and negatively regulated the
sheddase enzyme (Gutierrez-Lopez, Gilsanz et al. 2011). ALCAM also associated with CD9
in surface protein complexes in leukocytes that also contain ADAM17/TAGE (Gilsanz,
Sanchez-Martin et al. 2013). Furthermore, LR11 (low density lipoprotein receptor family
candidate) mediated shedding by ADAM17 was shown to be modulated by tetraspanin CD9
in different leukocyte tumour cell lines, where CD9 suppresses LR11 shedding mediated by
ADAM17 (Tsukamoto, Takeuchi et al. 2014). By using co-immunoprecipitation, an
association between CD9 and CD10, another metalloprotease, has recently been identified.
The C- terminal region of CD9 and EC2 domains were required for the CD9 -CD10
association, and CD9 was shown to enhanced the amount of release of CD10 in exosomes
(Mazurov, Barbashova et al. 2013).

A physical association of CD9, CD63 and CD81 with c-Kkit receptor tyrosine kinase has been
observed (Anzai, Lee et al. 2002) and it was suggested that the tetraspanins may modulate its
activity. As mentioned in Chapter 1, the tetraspanin proteins have also been shown by co-
immunoprecipitation to be associated with protein kinase C (PKCs) and may recruit PKC to
integrins. In Jurkat T cells, PKCa has been shown to be strongly associated with CD9, CDS81
and CD82 (Zhang, Bontrager et al. 2001).

The type 2 scavenger receptor, CD36, has also shown to be directly associated with CD9 in
platelets (Miao, Vasile et al. 2001) and macrophages (Huang, Febbraio et al. 2011), and

integrins were also involved in this interaction.

6.1.2 CD9 Knockout mouse macrophages

The CD9 gene was knocked out at the embryonic stage to generate CD9 +/- mice by the

Boucheix researcher group (Le Naour, Rubinstein et al. 2000). Following the method that

was described in (Capecchi 1989), the CD9 gene was disrupted by CD9 gene targeting in

embryonic stem cells in which the CD9 promoter and exon-1 were replaced by a G418
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(Neomycin) resistance gene and southern blotting was used to confirm this Flow cytometry
and immunohistochemistry analysis confirmed absence of surface CD9 in homozygote mice
(Le Naour, Rubinstein et al. 2000). J2 transforming retrovirus (Cox, Mathieson et al. 1989)
was used to generate the immortal CD9KO and wild type macrophage cell lines used in the
present study by Ha and co-workers. Briefly, bone marrow derived macrophages (BMDM)
were collected and purified from the femur and tibia of CD9-KO and wild type C5BL/6 mice
and transfected with J2 transforming retrovirus to generate immortal cell lines. The CD9KO
and corresponding WT control were kindly donated by Dr. Gabriela Dveksler, Dept.
Pathology, Uniformed Services University of Health Sciences, Bethesda, MD, US (Ha,
Waterhouse et al. 2005).

6.1.3 Microarray analysis method

Microarray analysis of mMRNA provides analysis of thousands of gene expression sets, leading
towards a better understanding of cell physiology. This technique has been used to investigate
different diseases and tumour mechanisms, with support provided from bioinformatics data
bases and statistical analysis (Margalit, Somech et al. 2005, Jeffery, Higgins et al. 2006).

6.2 Aims

Since CD9 antibodies appeared to show a significant effect on Salmonella uptake in J774
cells (Chapter 4), it was of interest to examine uptake in a macrophage cell line derived from
a mouse in which the CD9 gene had been knocked out, with the corresponding wild
macrophage cell line as a control (Ha et al, 2005). Therefore the aims of this chapter were to
investigate the uptake of Salmonella Typhimurium NCTC and LT2 strains by CD9-KO
mouse macrophages compared with corresponding WT cells. In addition, the expression of
tetraspanins by these cells was studied. Differences in the expression of a wide range of
proteins at the mRNA level in CD9-KO and WT mouse macrophages control were
investigated by microarray analysis. Attempts were also made to rescue the CD9-/-
macrophages and to establish a stable macrophage cell line expressing GFP-CD9.
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6.3 Results

6.3.1 Tetraspanin protein expression in CD9KO and wild type mouse
macrophages

6.3.1.1 Western blot analysis

Initially, Western blotting was used to verify that the macrophage cell line derived from the
CD9KO mouse did not express CD9 protein (Figure 6.1). As expected, no CD9 expression
was detected in lysates prepared from CD9-KO mouse macrophages whilst CD9 protein band

(at 24kd) was clearly detected in WT mouse macrophages.
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Figure 6.1: Western blot analysis of lysates prepared from CD9 KO mouse macrophages and WT
control. Cells were lysed with cell lysis solution (2.2.7) and the lysate was run on 12.5% SDS gels under
non-reducing condition and transferred to nitrocellulose as described in 2.2.9.6. The blot was developed
using rat anti-mouse CD9 primary Ab followed by anti-rat-HRP conjugated secondary Abs as described
in 2.2.9.8. M: Protein marker (Table 2.1).

6.3.1.2 Immunofluorescence Microscopy analysis

Immunofluorescence microscopy was also performed on the CD9KO cells and corresponding
WT mouse macrophages. As expected, no surface expression of CD9 in CD9KO cells was
observed compared with high surface expression of CD9 in WT mouse macrophages. In
addition, low expression of CD63 in CD9KO compared with WT control was observed.
CD81 showed little surface expression on either cell type, possible due to sensitivity of the
epitope to the fixation process (Figure 6.2). These results are further confirmed by FACS as

described in the following section.
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Figure 6.2: Immunofluorescence microscopy of mouse CD9 -/- and WT control macrophages. Cells
were cultured on chamber slides and fixed as described in 2.2.4.1, then stained with primary monoclonal
antibody (mAbs) anti CD9, anti CD63 and anti CD81 or appropriate isotype controls at 10 pg/ml as
described in 2.1.7.1. The secondary Abs was a FITC-conjugated anti-Rat Ab (for CD9 and CD63) and anti-
Hamster Abs (for CD81primary anti-tetraspanin antibodies). Nuclei were counter-stained with propidium
iodide, Rat 1gG2a and 1gG2b were used as an isotype controls for CD9 and CD63 respectively, hamster
1gG was used as a control for CD81. These images were obtained by using the 40x objective.
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6.3.1.3 Flow cytometry (FACS analysis)

Immunofluorescence microscopy showed a clear difference in CD9 expression in WT and
CD9 KO cells, but the differences in CD63 and CD81 levels were less clear. Therefore, FACS
analysis was used to investigate total levels of tetraspanins (permeabilised cells) and cell
surface levels (non-permeabilised) cells. As shown in figure 6.3, high expression of CD9 was
observed in WT cells compared with CD9KO cells. Most of the CD9 is found on the cell
surface as there is little difference in levels between permeabilised and non-permeabilised
cells. Both CD9KO and WT show considerable CD63 expression in permeabilised cells by
FACS, as expected since CD63 is known to predominantly associate with intracellular
vesicles. Relatively low, but not significantly, expression of CD63 was observed in CD9KO
cells. Significant changes were observed in CD81 expression between CD9KO and WT
mouse macrophages, in both permeabilised and non permeabilised cells; the percentage of
positive cells and the median of fluorescent intensity (MFI) were significantly lower in
CD9KO compared with WT control cells. To summarise, CD9 and CD81 were highly
expressed on cell surface of WT mouse macrophages, whereas most of the CD63 was

intracellular. CD81 was shown to be significantly downregulated in the absence of CD9.

156



Chapter 6

CD9 CD63 CcD81 CDJY CD63 CD81

150 20000

1=

£
©
o 15000
o 100
2 -
= L 10000
[%2]
o
2 50
5 5000
X
0 0
HETELETTLLEEE L ETTLLET LS
1I
WT CD9KO
250K = ZEDK—:
A B ] Isotvpe
200K = 200»(—; CD81
3 150K = . J— g |5DK—i
&£ &30 &
100K - |DDK—:
s0K — EDK—:
o T ™Y T T T o T T
103 o 103 104 105 —ID:] I[I5
Blue 530_30-A Blue 530 30-A
QEDK—: 250k
C QDDK_: D 200K —|

150K 9 . 150K —

FSC-
FSC-A

100K = 100K =

a0k = soK

Blue 530_30-A Blue 530_30-A

Figure 6.3: Tetraspanin expression in CD9KO and WT mouse macrophages by flow cytometry: The
primary monoclonal antibody (mAbs) used were isotype (control) anti CD9, anti CD63 and anti CD81. The
secondary Abs was a FITC-conjugated anti-Rat Ab (for CD9 and CD63) and anti- Hamster Abs (for CD81,
I: Shows tetraspanins expression in CD9KO and WT control (isotype control values were subtracted) A:
Percent of positive cells expressed tetraspanins .B: MFI of tetraspanins expression. Bars describe means,
while error bars describe standard error means. 11: Shows the raw FACS data in the form of dot plots for
isotype control and anti-CD81 that were used to obtain the values shown in (A and B), line segregate
between negative and positive cells, A and B: cells were stained without permeabilisation. C and D: cells
were stained with permeabilisation. W and K reveals to wild type and CD9-KO mouse macrophage
respectively, P and N reveals to permeabilised and non-permeabilised respectively). n=2 (CD9) and n=3
(CD63 and CD81) in duplicate, the significant difference was analysed by T test compared between means
for each sample. *** p <0.001, ** p <0.01, * p <0.05 and ns is non-significant.
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6.3.2 Salmonella uptake by wild type and CD9-KO mouse
macrophages

6.3.2.1 Immunofluorescence Microscopy

Using the immunofluorescence microscopy assay (2.2.5.1), no difference in infection of the
CD9 KO macrophage cell line was shown for the NCTC12023 strain (at MOls of 10 and 30)
compared to the wild type in any of the categories used to assess infection (Figures 6.4 and
6.5). However, the CD9 KO macrophages showed some increase in the percentage of cells
associated with the LT2 strain at an MOI of 30 and this became significant after the data was
normalised to 100% WT cells control (Figure 6.4). No significant differences were apparent
in the other parameters used to assess infection after such normalisation (data not shown).
Interestingly, the LT2 strain was less associated with WT macrophages than the NCTC12023
strain and this became significant at 10 MOI (Figure 6.5 A and B).

6.3.2.2 Flow cytometry method

Since there appeared to be a slight but significant difference in infection of CD9KO and WT
mouse macrophages by the LT2 strain, infection was also analysed using the flow cytometry
method, (2.2.5.2), as this method is more objective than microscopy. After optimisation, 5
MOI for 30 minutes infection time was chosen for these experiments since this gave a
sufficient number of infected cells. As noted previously in Chapter 4, it seems that a lower
MOI is needed when the cells are infected in suspension compared to when they are adherent
to coverslips. Again, no significant differences were observed in CD9KO compared with WT
control for the NCTC12023 strain. However, CD9KO cells again were more susceptible to
Salmonella infection with the LT2 strain (Figure 6.6). Also, as noticed in previously (Figure
6.4 and 6.5), the LT2 strain was significantly less associated with macrophages than the
NCTC12023 strain (Figure 6.6).
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Figure 6.4: Salmonella Typhimurium uptake by CD9 KO (-/-) and wild type mouse macrophage at
30 MOI analysed by fluorescent microscopy. Cells were infected with S. Typhimurium strains
NCTC12023 and LT2 for 30 minutes as described in 2.2.5.1.3. A: Percentage of cells with associated
bacteria. B: Number of bacteria per 100 cells C: Number of external or attached bacteria per 100 cells. D:
The percentage of internalized bacteria E: Percentage of cells with associated bacteria normalised to 100
CD9-KO cells, Bars describe means, while error bars describe standard error .n=3, performed in triplicate
Data were analysed by T-test (A-D) and One Sample T-test in E, * p <0.05 and ns is non-significant.
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Figure 6.5: Salmonella Typhimurium uptake by CD9 KO (-/-) and wild type mouse macrophage at
10 MOI analysed by fluorescent microscopy. Cells were infected with S. Typhimurium strains
NCTC12023 and LT2 for 30 minutes as described in 2.2.5.1.3. A: Percentage of cells with associated
bacteria. B: Number of bacteria per 100 cells C: Number of external or attached bacteria. D: The percentage
of internalized bacteria. Bars describe means, while error bars describe standard error .n=3, performed in
triplicate. Data were analysed by T-test, ** p <0.01, * p <0.05 and ns is non-significant.
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Figure 6.6: Salmonella Typhimurium uptake by CD9 KO (-/-) and wild type mouse macrophages
analysed by flow cytometry. Cells were infected at 5 MOI with S. Typhimurium strains NCTC12023 and
LT2 for 30 minutes as described in 2.2.5.2 and analysed using an LSRII flow cytometer, capturing 10,000
events per sample. The graph shows percentage of cells with associated bacteria. Bars describe means,
while error bars describe standard error means. n=7 in NCTC and n=4 in LT2 in duplicate. Data were
analysed by T-test, ***p<0.001, * p< 0.05 and ns is non-significant.
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As expected, anti-CD9 antibodies showed no effect on infection of CD9KO macrophages,
but inhibited infection of WT cells significantly (Figure 6.7). Overall the results of this section
show Salmonella uptake in CD9KO mouse macrophages differed compared with WT, but
this was dependent on the Salmonella strain. Surprisingly the CD9KO cells appeared more

susceptible to the LT2 strain.
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Figure 6.7: Effect of anti-CD9 antibodies on Salmonella Typhimurium NCTC12023 uptake by CD9
KO (-/-) and wild type mouse macrophages. Cells were treated with rat IgG2a (isotype control) or anti-
CD?9 antibody at 10pug ml* for 60 minutes prior to infection with an MOI of 5 for 30 minutes and analysed
by flow cytometry as described in Figure 6.6. A: Percentage of CD9 KO cells infected with NCTC12023
(normalised to isotype control). B: Percentage of WT cells infected with NCTC12023 (normalised to
isotype control). C and D: Raw data for A and B respectively. Bars describe means, while error bars
describe standard error. n=4 in duplicate, the data was analysed by One Sample T-test (A and B) and One
way ANOVA (C and D), * p < 0.05 and ns is non-significant.

6.3.3 CD9-KO and WT mouse macrophages RNA microarray analysis

As mentioned in 6.1, microarray analysis is widely used to investigate the broad spectrum of
gene expression in different types of cells including mouse macrophages (Eskra, Mathison et
al. 2003, Cheng, Liu et al. 2010). Since there appeared to be changes in expression of proteins
other than CD9 in the KO macrophage cell line, it was of interest to compare mRNA
expression between the cell lines. It was thought that this might also give information on the
apparent differences in susceptibility of the CD9KO and wild type macrophages to infection

by the LT2 strain of Salmonella. Microarray analysis was carried out on RNA extracted from

161



Chapter 6

each cell line in three independent experiments. The expression profiles of 45101 genes for
CD9 KO cells were compared with that of WT mouse macrophages; this work was carried
out in collaboration with Dr. Paul Heath, Sheffield Institute for Translation Neuroscience
(SITraN), University of Sheffield.

6.3.3.1 RNA Quality

Testing RNA purity and integrity was carried out in all samples of extracted RNA as this can
affect the efficiency of RNA amplification. RNA quality was analysed by using Agilent RNA
6000 Nano Kit as described in 2.2.11.2. The results that were obtained for extracted RNA for
all 6 samples (3 preparations from CD9KO and WT cells) showed high integrity with an
RNA integrity number (RIN) of greater than 9.9 in all cases (Schroeder, Mueller et al. 2006).
The RNA was of a sufficiently a high concentration and the level of contaminants was very
low (Figure 6.8). The electropherograms indicate that the 28S rRNA was full length in a
single peak that corresponds to high integrated non-degraded RNA and double the intensity
of 18S rRNA band. Based on the 28S and 18S rRNA ratio, the mRNA was likely to be intact
and full length.

Wild type mouse macrophages CD9-KO mouse macrophages
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Figure 6.8: Analysis of total RNA extracted from mouse CD9-KO and WT macrophage cell lines.
Electropherograms were obtained using the Agilent RNA 6000 Nano Kit. Graphs show the total RNA
analysis from CD9 KD and WT cells. The total RNA concentration and integrity are shown in the tables
attached to the graphs. The two small peaks to the left of the graphs reveal to marker used, while the two
large peaks reveal 18S and 28S rRNA.

6.3.3.2 Comparison of gene expression in CD9-KO and WT mouse macrophage
cell lines
The GenChip® Mouse Genome 430 2.0 arrays from Affymetrix were used to examine gene

expression in the two macrophage cell lines. The profiles showed some significant consistent
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changes in expression for CD9-KO cells compared with WT control. By using QLUCORE
OMICS explorer software to analyse and cluster the variable gene expression, principle
components analysis (PCA) of all three experiments (three arrays of WT and three arrays of
CD9-KO cells) demonstrated a clear separation between the two groups of samples. The
variables of all three arrays of WT and the three arrays of CD9-KO showed high
interrelationship with 77% in PCA analysis (2.2.11.5) (Figure 6.9). At a significance value of
P<0.05, 1037 genes show either higher expression (252 genes) or lower expression (787
genes) in CD9-KO compared with WT cells. Furthermore, at P<0.01, 194 genes showed
changes in expression, with up-regulation (47 genes) or down-regulation (147 genes) in CD9
KO macrophages compared to WT. (Table 6.1). 9 genes were either downregulated in
CD9KO (6 genes) or upregulated in CD9KO (3 genes) compared with WT considering 1.5
fold-changes and p<0.05.

77 % me

7% — - 6 %

Figure 6.9: Principle Component Analysis (PCA) of mRNA microarray expression results. The
analysis was performed using QLUCORE OMICS explorer in RMA normalised data. The blue and yellow
spheres show 3 separate arrays for CD9-KO and WT mouse macrophages, respectively. The PCA of the
variables was analysed by multi comparison T-test compare the variable of three separate arrays of CD9-
KO cells with WT mouse macrophage cells control. n=3, p<0.05.
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Figure 6.10: The hierarchical clustering and heat map of gene expression of CD9-KO and WT mouse
macrophage cell lines. Hierarchical cluster analysis was performed using 6 arrays (3 for CD9 KO and 3
for WT). The data were analysed using QLUCORE OMICS explorer on RMA normalised data. Red
indicates upregulated gene expression and green indicates downregulated gene expression.

Table 6.1: Summary of significant differences in gene expression between CD9 KO and WT
macrophage cell lines.

Two groups comparison by WT mouse macrophages

Number of
Number of . Number of
Fold changes genes genes with LT Number of down-
e changed ones regulated genes
y expression g
Fold changes [BXIS] 1037 252 787
1 P<0.01 194 47 147
P <0.001 19 6 13
Fold changes 45101
15 P<0.05 . . A

Genes whose expression was up-regulated or down-regulated in CD9KO compared with WT mouse
macrophages were analysed using QLUCORE OMICS explorer, n=3, multiple comparison T test. The fold-
change in gene expression is also shown.

Table 6.2 describes genes that show a 1.5 fold change in expression between CD9KO and
WT macrophage cell lines at p < 0.05. As expected, CD9 is significantly downregulated in
CD9KO macrophages, along with other genes including inactive X specific transcripts (Xist),
cyclin-dependent kinase inhibitor 2A (Cdkn2a), sphingomyelin phosphodiesterase acid like
3A (Smpdl3a).
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Table 6.2: List of genes with significant changes in expression at p <0, 05 and Fold changes greater
than 1.5 (log2).

Cluster ID

Gene Title

Mean (gene

expression (log 2)

Mean (gene
expression log

p-value (T test)

differences

WT

2) CD9KO

1427263 at n inactive X specific
Xist transcripts 8.771663333 3.536686667 0.00340875
1416066_at Cd9 CD9 antigen 11.92996667 6.679943333 0.009066419
1436936_s_at . inactive X specific
Xist transcripts 10.27028667 5.590026667 0.014852971 expression
1427262_at . inactive X specific in CD9-
Xist transcripts 7.97583 3.265586667 0.02585763 KO
1416635 at sphingomyelin Low
- SmpdI3a | phosphodiesterase, acid-like | 9.593803333 5.10127 0.028010708
3A
1450140 _a_at cyclin-dependent kinase
Cdkn2a inhibitor 2A 10.62583 5.919296667 0.041311694
BRIEAED s 3.71228 6.01991 0.039206261 Tl
1423331 aat | p 3 poliovirus receptor-related 3 | 4.157093333 6.969106667 | 0.045487168 FOLH O
1430567_at ; Serine protease inhibitor \(O)
Spink5 kazal-type 5 453532 7.037873333 0.045806818

Genes whose expression was up-regulated or down-regulated in CD9KO compared with WT mouse

macrophages were analysed using QLUCORE OMICS explorer, multiple comparison T test, n=3. The
mean of WT and CD9-KO values correspond to normalised expression levels expressed as log to the base
2 (log 2).* Mouse hypothetical protein full sequence cDNA target probe identified from whole body cDNA.

Tables 6.3 and 6.4 show the top 20 genes with lower and higher expression in CD9KO cells

compared with WT control, respectively.

Table 6.3: List of top 20 downregulated genes in CDIKO compared with WT mouse macrophages.

olid - p-value old i 0g D9 KO
e 0qQ

1427263 at Xist inactive X specific transcripts 0.0034088 0.410772 8.7716633 3.5366867
1427262 _at Xist inactive X specific transcripts 0.0258576 0.431587 7.97583 3.2655867
1416635_at Smpdi3a fﬁ(g'g%’mye"” phosphodiesterase, acid- | g 4580107 0529539 95938033 5.10127
1436936_s_at Xist inactive X specific transcripts 0.014853 0.554648 10.270287 5.5900267
1450140_a_at Cdkn2a cyclin-dependent kinase inhibitor 2A 0.0413117 0.557509 10.62583 5.9192967
1416066_at cd9 CD9 antigen 0.0090664 0.559064 11.929967 6.6799433
1449195 s at Cxcl16 chemokine (C-X-C motif) ligand 16 0.0384578 0.766257 9.1632133 6.9701733
1438498_at N/A N/A 0.038851 0.784942 65227133 5.09923
1428367_at Ndst1 E‘:]e‘:f;cai‘é'ﬁffé L"a';‘;:)?lt)’al"s‘(e’ase 0.0226324 0.78663 7.07705 55451233
1443783_x_at N/A N/A 0.0063796 0.793061 3.29521 2.6150667
1438858_x_at N/A N/A 0.0268185 0.840707 6.7662 5.6961367
1430672_at N/A N/A 0.0367112 0.849284 7.46829 6.3399767
1455741 _a_at Ecel endothelin converting enzyme 1 0.0300922 0.849423 7.80457 6.6259233
1442218 at N/A N/A 0.0148969 0.850929 4.92839 4.19017
1440413_at N/A N/A 0.0364437 0.851115 3.7763433 3.2087833
1452388 _at Hspala heat shock protein 1A 0.0117909 0.85863 7.9276267 6.8083233
1439475_at N/A N/A 0.041715 0.85957 6.6055333 5.66356
1452431 s at H2-Aa ';I';‘tfawmpa“b"“y 2 class Il antigen A, | 4545763 0.862184 6.3508767 5.4692933
1447494 _at D7Bwg0826e \5\)/%;:2 ’geer:e t(i:cgrongerg(T)?g;s% : 0.0131046 0.867507 3.85747 3.3472
1432723 at N/A N/A 0.0020257 0.872652 3.78802 3.3045367

The expression value data were analysed using T test, QLUCORE OMICS explorer software, n=3, P <0,

05.
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Table 6.4: List of top 20 upregulated genes in CD9KO compared with WT mouse macrophages.

1423331_a_at Pvrl3 poliovirus receptor-related 3 0.045487 1.69633 4.157093 6.969107

1437534 _at 0.039206 1.63258 3.71228 6.01991

1430567_at N/A N/A 0.045807 1.58347 453532 7.037873
related RAS viral (r-ras)

1417398 _at Rras2 oncogene homolog 2 0.034543 1.4263 5.082387 7.237393

1455869_at 0.036756 1.41965 6.37495 9.062807

1415965 _at Scdl Sltearoy"coenzyme Adesaturase | os5557 1.40215 5.70242 7.950387

1425708 _at Rnf17 ring finger protein 17 0.030104 1.34886 4.214657 5.682737

1449484 _at Stc2 stanniocalcin 2 0.045969 1.34773 4.94744 6.718833

1456226 x_at Ddrl fT:ZfT‘]’g‘é'rnldOma'” receptor family, |5 13073, 1.30163 3.40317 4.431883
sema domain, immunoglobulin

1427673_a_at Sema3e domain (lg), short basic domain, 0.025358 1.29009 5.069307 6.508393
secreted, (semaphorin) 3E

1436501_at N/A N/A 0.015441 1.26409 4.001333 5.069983

1419417 at Vegfc }’aacsfo‘i'f:’ endothelial growth 0.029201 1.2509 3.761343 4707927

1440739 _at N/A N/A 0.003451 1.23823 4.548617 5.638523
sema domain, immunoglobulin

1425906_a_at Sema3e domain (lg), short basic domain, 0.048039 1.22191 4.91507 6.00677
secreted, (semaphorin) 3E

1429462_at N/A N/A 0.028464 1.21682 4.095197 4.968653

1421193 a_at Pbx3 pre B cell leukemia homeobox 3 0.039064 1.21246 5.637947 6.816113

1439489 at N/A N/A 0.039913 1.21164 5.04427 6.121793
spermatid perinuclear RNA

1426411 _a_at Strbp binding protein 0.037228 1.20429 6.137743 7.37052
zinc finger, CCHC domain

1428402_at Zcche3 containing 3 0.025575 1.2038 5.644963 6.780513
BRCA1/BRCA2-containing

1426605_at Brce3 complex, subunit 3 0.03085 1.19821 4.11993 4.925937

Data were analysed using T test, QLUCORE OMICS explorer software, n=3, P <0.05.

As expected, the CD9 gene expression is significantly lower in CD9-KO cells compared with
WT macrophages and the CD9 expression showed the highest up-regulated fold change in
WT cells. In contrast, no significant changes were seen with other tetraspanins (Figure 6.11
and Table 6.5). In particular CD81, which was significantly reduced in protein expression as
determined by flow cytometry in CD9-KO (Figure 6.3), showed no significant change at the
MRNA level. The data were collected manually from the main microarray expression data set
for all three experiments and the mean expression levels were taken to represent the mMRNA
levels of the tetraspanins. These results show the highest mRNA expression were for CD53
and CD?9 followed by tetraspanin SAS (Tspan 31), CD81, CD63, Tspan 4, Tspan 3, CD82,
Tspan 32, Tspan 13 and CD37. As previously described (6.3.1.1) the CD9, CD81 and CD63
protein expression level look compatible with mRNA expression level (in terms of the level
of expression). As expected, CD53 shows a high level of expression in these cell lines as this
protein is particularly expressed in white blood cells, along with CD37 (Figure 6.11). It was
not possible to observe the expression of other tetraspanins at the protein level due to the lack

of availability of monoclonal antibodies specific for mouse tetraspanins.
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Figure 6.11: Tetraspanin mRNA expression in CD9 KO mouse macrophages and WT control as
determined by RNA microarray analysis. The graph shows the level of mMRNA expression in both CD9-
KO and WT mouse macrophages. CD9 was significantly down regulated in CD9KO cells compared with
WT cells control. Data were analysed using multiple comparison T test, **p < 0.001, Qlucore Omics
explorer software, n=3.
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Table 6.5: Tetraspanin mMRNA expression in CD9 KO mouse macrophages and WT control as
determined by RNA microarray analysis.

3 WT Bi-weight CD9KO Bi- CD9KO Fold Change ANOVA p-
Z{S;Zﬁ_r:g Avg Signa\lg \é\gizﬁ:‘dard Star!da_rd (linear) (WgT value (W“I]' Vs.
log2 Deviation

1448617_at Cd53 134 13.57 0.93 0.54 -1.12 0.562474
1416066_at Cd9 12.26 6.57 1.66 1.06 51.34 0.009897
1416556_at Tspan31 11.88 11.86 0.54 0.47 1.01 0.961661
1416330_at Cds1 11.56 11.09 0.55 0.5 1.38 0.148905
1417057_a_at Cd63 11.21 11.52 0.45 0.74 -1.25 0.403789
1430029_a_at Tspan31 10.98 11.05 0.34 0.29 -1.04 0.971217
1448276 _at Tspan4 10.8 10.58 0.5 0.37 1.16 0.818489
1416009_at Tspan3 10.43 10.44 0.56 0.38 -1 0.793574
1416401_at Cds2 10.38 10.38 0.43 0.6 1.01 0.782086
1418398 _a_at Tspan32 10.26 10.64 1.2 1 -1.3 0.620637
1418643 _at Tspanl3 9.76 9.26 1.09 1.6 1.42 0.68876
1419206_at Cd37 9.27 9.55 1.75 1.23 -1.21 0.883932
1423924 s_at Tspanl4 8.92 8.59 0.26 0.08 1.26 0.119316
1437670_x_at Cdi151 8.75 8.78 0.32 0.49 -1.02 0.838355
1424093 x_at Cd151 8.47 8.56 0.23 0.28 -1.06 0.79979
1431289 _at Tspan32 8.36 8.32 0.39 0.03 1.03 0.575533
1449611 at Cds2 7.98 7.8 0.28 0.13 1.13 0.708419
1417179_at Tspan5 7.49 8.16 0.36 0.46 -1.6 0.286094
1431530_a_at Tspan5 7 7.78 0.44 0.54 -1.72 0.269263
1427525_at Cd151 6.99 6.96 0.21 0.15 1.02 0.236338
1424334 _at Tspanl? 6.97 6.67 0.1 0.35 1.23 0.633919
1424649_a_at Tspan8 6.84 7.02 1.39 0.81 -1.13 0.51709
1424653 _at Tspanl5 6.81 6.46 0.41 0.22 1.28 0.282095
1428197_at Tspan9 6.7 6.66 0.06 0.14 1.03 0.638838
1425736_at Cd37 6.35 6.37 0.3 0.04 -1.01 0.870017
1441968 _at Tspan9 6.32 6.24 0.14 0.05 1.06 0.567916
1426588 _at Tspanl0 6 597 0.05 0.13 1.03 0.305498
1420017_at Tspan8 5.83 572 0.24 0.46 1.08 0.612396
1442174 at Tspanl8 5.56 5.48 0.12 0.13 1.06 0.505433
1420921 _at Cd151 5.49 5.36 0.17 0.05 1.09 0.30413
1432417 _a_at Tspan2 5.34 526 0.14 0.23 1.06 0.124232
1417957_a_at Tspanl 5.33 537 0.04 0.06 -1.02 0.238855
1425157_x_at Tspan33 5.27 5.04 0.22 0.18 117 0.575588
1441776_at Tspanll 5.19 5.22 0.12 0.04 -1.02 0.674501
1417502_at Tspan? 511 523 0.24 0.16 -1.09 0.74318
1430310_at Tspanll 5.04 5.02 0.16 0.23 1.01 0.767338
1417958 at Tspanl 5.02 4.89 0.19 0.01 1.09 0.301564
1424568 _at Tspan2 4.94 5.04 0.09 0.12 -1.07 0.675034
1416872_at Tspan6 454 455 0.13 0.28 -1.01 0.953296
1429856_at Tspanl8 4.28 4.14 0.11 0.23 111 0.081541
1436626_at Tspanll 4.01 413 0.1 0.12 -1.08 0.650124
1437095_at Tspanl8 3.93 3.84 0.33 0.18 1.06 0.409074
1448737_at Tspan? 3.87 3.88 0.02 0.18 -1 0.482717
1420019_at Tspan8 3.77 3.63 0.27 0.13 11 0.163325
1424567_at Tspan2 3.47 3.28 0.14 0.15 1.14 0.371873
1445860_at Tspanll 3.3 3.46 0.17 0.04 -1.12 0.524847
1420018 _s_at Tspan8 3.13 3.26 0.23 0.27 -1.1 0.963114
1448501 _at Tspan6 2,77 2,77 0.04 0.04 1 0.275909

The table shows the level of mRNA expression in both CD9-KO and WT mouse macrophages. CD9 is
significantly down regulated in CD9KO cells compared with WT cells control. Data were analysed using
multiple comparison ANOVA test, Transcriptome Analysis Console v3.0 (Affymetrix) software, n=3.

CD9 is known to be involved in cell adhesion and cell:cell fusion and studies by another
member of the laboratory have shown that the CD9 KO macrophages show an enhanced
ability to fuse when infected with Burkholderia thailandenesis (Atiga Elgawidi, personal
communication). It was therefore of interest to examine changes in expression of genes
related to adhesion and cell-cell fusion. The Database for Annotation, Visualization, and
Integrated Discovery (DAVID) was used to identify, annotate, and summarise a list of
significantly variable genes that were obtained from Qlucore Omics explorer microarray data
analysis software to summarise adhesion related proteins (Table 6.6). Some proteins that are

involved in adhesion show changes in their expression, either up- or down-regulated,
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particularly integrin B3 that has been shown to be associated with CD9 (Indig, Diaz-Gonzalez
et al. 1997) and was downregulated in CD9KO cells. In addition, the integrin 6, another
tetraspanin partner protein, was also downregulated in CD9KO mouse macrophages.
Claudin-1, another CD9 partner protein (Kovalenko, Yang et al. 2007), was also
downregulated in CD9KO cells.

Table 6.6: Expression of adhesion related genes in CD9 KO and WT macrophages.

Gene id Gene Gene Title Difference | Fold change | average Average
Symbol (Log2) CD9KO (log2 WT (Log2

1456226_x_at Ddr1 discoidin domain receptor family, 0.0302315 | 0.380319 1.30163 4.43 3.40
member 1
1449764 _x_at | Ssx2ip synovial sarcoma, X breakpoint 2 0.0386983 | 0.166595 1.12241 3.01 2.68
interacting protein
1431611 _a_at | Cadml cell adhesion molecule 1 0.0434334 | 0.166575 1.12239 8.58 7.65
1421614 at Zan zonadhesin 0.0433298 | 0.107517 1.07737 5.52 5.13
1416133 _at Efr3a EFR3 homolog A (S. cerevisiae) 0.0396587 | 0.059217 1.0419 9.74 9.35
1446332_at Pcdhge protocadherin gamma subfamily 0.0131914 | 0.0304663 1.02134 3.54 3.46
A, 8; protocadherin gamma
subfamily A, 9; protocadherin
gamma subfamily B, 4;
protocadherin gamma subfamily
C, 3; protocadherin gamma
subfamily C, 5; protocadherin
gamma cluster; protocadherin
gamma subfamily C, 4;
protocadherin gamma subfamily
A, 2; protocadherin gamma
subfamily A, 3; protocadherin
gamma subfamily A, 11;
protocadherin gamma subfamily
A 12
1444317_at Pcdh15 protocadherin 15 0.0031688 | -0.037897 0.974074 2.82 2.89
1429072_at RIKEN RIKEN cDNA 1110001D15 gene 0.0252886 | -0.0399849 0.972665 5.46 5.61
cDNA
1110001D15
gene
1441706_at, dscaml1 Down syndrome cell adhesion 0.0298455 | -0.0521435 0.964502 4.01 4.16
1432196_a_at molecule-like 1
1435349 at Nrp2 neuropilin 2 0.0245295 | -0.0531348 0.96384 10.17 10.55
1450922_a_at | Tgfb2 transforming growth factor, beta 2 | 0.0440474 | -0.0549237 0.962645 2.97 3.09
1426997_at Thra thyroid hormone receptor alpha 0.0346426 | -0.056231 0.961773 7.10 7.38
1416357_a_at | Mcam melanoma cell adhesion molecule 0.0160792 | -0.0621606 0.957829 4.25 4.44
1422590 _at Cdk5 cyclin-dependent kinase 5 0.0415928 | -0.0695461 0.952938 5.94 6.23
1432281 a_at | Itgh6 integrin beta 6 0.0262944 | -0.0703539 0.952404 3.55 3.72
1438662_at ajapl adherens junction associated 0.032503 -0.0730263 0.950642 4.34 457
protein 1
1447825 x_at | Pcdh8 protocadherin 8 0.0060953 | -0.0786623 0.946935 3.07 3.24
1433413 at Nrxnl neurexin | 0.0016809 | -0.0798047 0.946186 5.96 6.30
1435190 at N/A N/A 0.0347286 | -0.0804348 0.945773 2.97 3.14
1419423 at Stab2 stabilin 2 0.0342327 | -0.0836406 0.943673 5.28 5.59
1445798 _at dlgl discs, large homolog 1 0.0290769 | -0.0857195 0.942315 2.92 3.10
(Drosophila); similar to Discs,
large homolog 1 (Drosophila)
1460412 at Fbin7 fibulin 7 0.0370743 | -0.0857738 0.942279 3.77 4.01
1421511 at 1tgh3 integrin beta 3 0.0423281 | -0.0872572 0.941311 5.09 5.41
1450341_at Pcdhb8 protocadherin beta 8 0.0328162 | -0.0905556 0.939161 4.75 5.06
1437932 a at | Cldnl claudin 1 0.0034232 | -0.0965702 0.935254 3.52 3.76
1421633 _a_at | Haplinl hyaluronan and proteoglycan link 0.0259266 | -0.0973429 0.934753 3.08 3.30
protein 1
1418664_at, Mpdz multiple PDZ domain protein 0.0003761 | -0.112017 0.925293 4.65 5.02
1441361 _at
1449586 _at Pkpl plakophilin 1 0.0461386 | -0.117819 0.92158 3.95 4.29
1445731 _at N/A N/A 0.0385795 | -0.119602 0.920442 4.65 5.05
1450199 a_at | Stabl stabilin 1 0.0242771 | -0.133711 0.911484 7.41 8.13
1419527_at Comp cartilage oligomeric matrix 0.0425262 | -0.13966 0.907733 5.32 5.87
protein
1421723 at Pcdhb18 protocadherin beta 18 0.022168 -0.145366 0.90415 3.05 3.38
1416066_at Cd9 CD9 antigen 0.0090664 | -0.838915 0.559064 6.68 11.93

Variably expressed genes were annotated using DAVID online annotation software from analysed p<0.05
significant value by multiple T test in Qlucore Omix explorer software. n=3.

169



Chapter 6

6.3.4 Transfection of mCD9-GFP in J774 mouse macrophage cells

The pCMV6-AV construct obtained from Origene (Table 2.9) carrying mouse CD9-GFP was
used initially to try to rescue mCD9 in CD9-KO cells. This would also provide the
opportunity to visualise CD9 by microscopy without the need for antibody staining. However,
despite using different transfection techniques (including chemical transfection, conventional
and nucleofector electroporation, data not shown) the transfections were unsuccessful. The
pCMV6-AV vector carries G418 resistance, but the CD9-KO mouse macrophages already
have the G418 resistance gene from the CD9 knock down experiment (Le Naour, Rubinstein
etal. 2000, Ha, Waterhouse et al. 2005). Attempts to select for transfectants by co-transfection
using a second plasmid carrying puromycin resistance were therefore also carried out but

were unsuccessful.

Instead, attempts were made to over express mCD9 in J774 cells by transfecting the cells with
the CD9-GFP vector using electroporation as described in 2.2.10.2. mCD9-GFP was
successfully expressed and localised in cell membrane of transfected J774 cells (Figure

6.12), with most cells shown to be expressed mCD9-GFP after cell sorting.

mCD9-GFP

Figure 6.12: Expression of mCD9-GFP transfected J774 cells. Cells were transfected with the mCD9-
GFP construct (Table 2.9) by electroporation as described in 2.2.10.2. followed by selection of transfected
cells using G418 containing media. GFP expressing cells were sorted by flow cytometry. The sorted cells
were visualised using an inverted florescent microscope.

Screening for expression of tetraspanins CD9 and CD81 was carried out using appropriate
antibodies labelled with Alexa fluor and flow cytometry. CD9 expression was about two
times higher in mCD9-GFP transfected cells compared with non-transfected cells (Figure
6.13 B). As described previously in fluorescence microscopy, most transfected cells
expressed CD9-GFP (Figure 6.13 A). A significant reduction in CD81 expression was
detected in mCD9-GFP transfected cells compared with non-transfected cells (Figure 6.13
C).
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Figure 6.13: Tetraspanin CD9 and CD81 expression in mCD9-GFP transfected J774 cells.
A: Dot plot showing the main parameters that were used in the experiments. B, C: Surface expression of
CD9 and CD81, respectively, in CD9-GFP transfected J774 compared with non-transfected cells. Anti-
mouse tetraspanin primary mAbs or appropriate isotype controls conjugated with Alexa fluor® 647 were
used (Table 2.5.B). Data were analysed by BD FACSDiva 8.0.1. The gate was set depending on the non-
treated cells control (washing buffer was added to the cells instead of antibody). The experiment was done
in duplicate, MFI =Median fluorescent intensity. N=3 in duplicate, the significant difference was analysed
by Two ways ANOVA, Sidak's multiple comparisons test, significance **** p <0.0001 and * P <0.05, ns

is non-significant.
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6.3.5 Localisation of CD9 during Salmonella infection in mCD9-GFP
transfected J774 cells

A permanent mCD9-GFP transfected cell line was successfully generated, which provides an
important tool to study CD9 localisation during Salmonella infection by taking advantage of
having mCherry expressing Salmonella. The mCD9-GFP transfected J774 cells were
prepared and infected with Salmonella NCTC12023-mCherry and then fixed and prepared
for confocal microscopy at different time points. The results showed that CD9-GFP was
aggregated and surrounded Salmonella at phagocytosis sites and some CD9 appears to be
present on the membrane of the phagosomes containing internalised Salmonella at 15 minutes
post- infection. By 120 minutes post infection, internalised bacteria do not co-localise CD9
(Figure 6.14).
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120 min.
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Figure 6.14: Confocal microscopy of mCD9-GFP transfected J774 cells infected with Salmonella Typhimurium
NCTC12023-mCherry. J774 cells were infected with NCTC12023-mCherry strain (magenta) at 50 MOI for 0, 5, and
10. 15, 30, 60 and 120 minutes, as described in (2.2.12.2). The cells then were fixed then cellular and bacterial DNA

were stained blue (DAPI) stain (blue). Images were visualised using Nikon Al Confocal inverted system with
EM-CCD camera and 60x objectives.
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6.4 Discussion

CD9 is one of most important tetraspanin family members encoded by a gene that was found
on chromosomel2 in humans (Maecker, Todd et al. 1997) and chromosome 6 in mouse
(Elliott and Moore 1996). Tetraspanin CD9 (Tspan29) has been detected in a variety of
mammalian cells such as basophils, macrophages, eosinophils, epithelial cells, fibroblasts,

neurons, oocytes, different cancer cells and cancer cell lines (Zhang, Kotha et al. 2009).

In the current study, we have shown high expression of CD9 in mouse macrophages at both

MRNA (microarray analysis results) and protein expression level (immunofluorescence and
flow cytometry). CD9 has been shown to be involved in bacterial adhesion to human
epithelial cell lines (Green, Monk et al. 2011) and mouse macrophages cell lines (Chapter 4).
To further investigate the role of CD9 in infection of mouse macrophages by Salmonella,
macrophage cell lines derived from CD9KO and corresponding wild type mice were used.
There was no difference in the infection of CD9KO or WT macrophages by the NCTC12023
strain of Salmonella, but surprisingly, CD9KO macrophages were more susceptible to
infection by the LT2 strain. This might also relate to the effects of CD9 gene knock out on
other tetraspanin members (as there was significant reduction in expression of CD81 in CD9
KO cells) or on other proteins relevant to infection. It has been found that Salmonella
Typhimurium NCTC12023 is less able to invade epithelial cell lines compared with
Salmonella Typhimurium SL1344 strain because it is deficient in some of the T3SS proteins
(Clark, Perrett et al. 2011). Furthermore, T3SS is also important for Salmonella survival after
uptake by macrophages (Cirillo, Valdivia et al. 1998). In addition, the differences in
Salmonella strains uptake could relate to differences in uptake mechanism, with LT2 seeming
to be more resistant to phagocytosis than Salmonella strain NCTC12023, as described in
6.3.2.

Western blot, immunofluorescence and FACS analysis with anti-CD9 antibodies showed
strong expression of CD9 in wild type control and no expression of CD9 in CD9KO.
However, a very slight shifting of the cells to the positive gated region (based on the isotype
control) was observed for the CD9KO cells in flow cytometry analysis. As no expression was
apparent by Western blotting, it is likely that this was due to slightly higher non-specific
binding of the anti-CD9 antibody to the cells compared to the isotype control. CD81 showed
a significant reduction at the protein level, but not in mMRNA expression, in the CD9KO cells.
CD63 protein expression also appeared lower in the CD9KO cells, although this was, not

statistically significant from flow cytometry analysis and high levels of CD63 mRNA were
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observed in both cell types in microarray analysis. CD9 and CD81 are known to interact at
the protein level, but the effect of knock down or knock out of CD9 on expression of other
tetraspanins seems to vary depending on cell type. Knockdown of CD9 or CD81 in human
dermal lymphatic endothelial cells (HDLEC) led to increased protein expression of the other
tetraspanin without affecting the CD151 expression levels (lwasaki, Takeda et al. 2013).
However, in the same study, sSiRNA knockdown of CD9 in human umbilical vein epithelial
cells (HUVEC) had little effect on CD81 expression and blood or lymphatic endothelial cells
from CD9 KO mice showed little change in CD81 protein expression compared to wild type.
In another study, no changes in CD81 and CD151 mRNA and protein expression levels were
noticed after knocking down CD9 by lentiviral ShRNA in vascular smooth muscles, although
the CD9-KD cells showed a different phenotype (Herr, Mabry et al. 2014). It is possible that
knockdown of CD9/CD81 leads to compensatory changes in expression of the other
tetraspanin in some cell types but not others. Interestingly, CD81 protein expression was also
down regulated in mouse macrophage J774 cells transfected to over-express CD9, as
described in 6.3.4. As far as we are aware, the expression of other tetraspanins on macrophage
cell lines derived from CD9KO mice has not been investigated at the protein expression level
because of the limited number of anti-mouse tetraspanin antibodies available. The fact that
CD81 expression seems to be downregulated either in CD9KO macrophages or CD9
overexpressing J774 mouse macrophages may be related to the role of CD9 in the proper
trafficking of CD8L1 in these cells.

Microarray analysis has emerged and developed since it was used for graphic evaluations of
results, to more sophisticated algorithmic comparisons of gene expression used in many types
of biological research (Allison, Cui et al. 2006). The quality of the extracted RNA in gene
expression experiments has a vital role in microarray analysis and high sensitivity of several
microRNAs to the method of RNA isolation used has been demonstrated (Podolska,
Kaczkowski et al. 2011). The extracted RNA should not contain any contaminants such as
proteins, cell debris and DNA; in addition, the RNA samples should not contain RNA
extraction related materials such as salts, phenol and ethanol. These contaminants could lead
to a decrease in the efficiency of reverse transcription and reduce amplification levels. The
RNA full length integrity is another important factor that affects RNA quality as a degraded
RNA will produce cDNA with missing portions of the transcripts that are complemented with
probes in the array (Podolska, Kaczkowski et al. 2011). Testing RNA purity and integrity
were carried out in all samples of extracted RNA (Figure 6.8), confirming that it was of high

quality.
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Different methods have been developed to evaluate the significance of changes in gene
expression; T test analysis was shown to be powerful in microarray analysis of a range of
different sizes of gene sets (Jeffery, Higgins et al. 2006). Here, two different software
analyses were used: QLUCORE OMICS explorer that uses T-Test analysis, and Affymetrix®
Transcriptome Analysis console (TAC) software that uses the ANOVA test. Despite some
differences in the results that were obtained from these two types of microarray analysis tools
, a highly significant reduction of CD9 mRNA in CD9KO cells was shown (p<0.01combined
with 1.5 log? fold change). Three genes shown to be also highly down regulated in CD9KO
mouse macrophages were Xist, Cdkn2a and Smpl3a. The Xist gene (X-inactive specific
transcript) is an RNA gene that has a role X chromosomal inactivation (XCI), and mainly
functions to genetically suppress one of two feminine X chromosomes (Brockdorff, Ashworth
et al. 1991). It is expressed in both somatic and germ cells (McCarrey and Dilworth 1992)

and has also been shown to be involved in embryo development (Hartshorn, Rice et al. 2002).

Cdkn2a (cyclin-dependent kinase 2a) was firstly identified as being mutated in melanoma,
but mutations in this gene were soon shown to be related to different non melanoma tumors.
Cdkn2a codes for two different tumor suppressors pl6 (INK4a) and p19 (ARF) that have
roles in regulating cell proliferation and cancer malignancy, reviewed in (Aoude, Wadt et al.
2015). It has been shown that p19 (ARF) is important in the p53 tumor suppressor pathway
(Herzog, Noh et al. 1999); furthermore, p53 is involved in cancer adhesion and metastasis.
CD?9 is shown to be upregulated in p537°?*® mutants of ovarian cancer cells in both whole
genome sequence microarray and RT-PCR along with several adhesion related proteins (Lee,
Ahn et al. 2015). The p53 gene was also shown to be significantly downregulated (p<0.05

and fold change not considered) in CD9KO mouse macrophages compared with WT control.

The Smpdi3a (encoding the sphingomyelin phosphodiesterase, acid-like 3A protein) was
another gene that was shown to be downregulated at the mRNA level, in CD9KO cells. In
primary human macrophages Smpdl3a expression is shown to be regulated by cholesterol and
by liver X receptor (LXR and cyclic AMP (cAMP) (Traini, Quinn et al. 2014). Regulation of
CD9 expression by the cAMP/PKA signaling pathways has been observed (Muroi, Sakurai
et al. 2009).

Three genes were shown to be upregulated in CD9KO cells (p <0.05 and 1.5 fold changes).

Of note, the poliovirus receptor-related 3 (Pvrl3) gene encodes the poliovirus receptor-related

3 protein (also known as Nectin 3) and is known to be associated in cell-cell adhesion (Satoh-

Horikawa, Nakanishi et al. 2000). The Pvrl3 gene was shown to be associated in human eye

development through its involvement in cell-cell adhesion that mediated by Nectin (Lachke,

Higgins et al. 2012). Nectin is thought to co-operate with E-cadherin in the development of
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cell: cell adhesion junctions, in human epithelial cells (Peng, Mandai et al. 2002).
Interestingly, tetraspanins including CD9 have been reported to co-localise with E-cadherin
(Yanez-Mo, Mittelbrunn et al. 2001).

In contrast to the results reported here for macrophage cell lines, embryonic stem cell (ESC)
lines established from CD9-/- (3 cell lines) and WT (2 cell lines) mouse ESCs were shown
by microarray analysis to have globally similar (but not identical) expression patterns. The
cell lines were phenotypically similar and no difference in CD81 protein expression was
observed. Also, no differences were observed in predicted tetraspanins expression (MRNA
level) or CD9 associated proteins between CD9KO ESCs and WT control (Akutsu, Miura et
al. 2009).

The online tools DAVID ( The Database for Annotation, Visualization and Integrated
Discovery) were used to cluster, annotate and extract functional genes from gene list to
understand functional analysis and annotation of variable genes (Huang da, Sherman et al.
2009). The CD9 associated proteins, integrin a3 (Indig, Diaz-Gonzalez et al. 1997) and
claudin-1(Kovalenko, Yang et al. 2007) were down regulated in CD9KO cells (Table 6.6).

Attempts to rescue the CD9 -/- macrophages with CD9-GFP were unsuccessful, but a stable
J774 cell line expressing CD9-GFP was established, which is useful for fluorescence
microscopy. The results showed that transfected CD9 behaved, in term of distribution,
similarly to cells expressing native CD9. As shown in (Figure 6.12), CD9-GFP was correctly
distributed on the plasma membrane while no obvious cytoplasmic CD9 was detected. An
obvious co-localisation of CD9 and Salmonella was observed during the phagocytic process
by J774 macrophages; however, this co-localisation was not clear after Salmonella
internalisation. It could be that the CD9 was affected by degradation in internalised bacterial
phagosome or could it be that CD9 is not present in the endosomal compartments where
Salmonella is found at the later stages of infection. Attempts were made to visualise the CD9
distribution and association with Salmonella during infection in live imaging using J774
overexpressing CD9-GFP and mCherry expressing Salmonella. However, it was difficult to
analyse the results using available imaging analysis software because of high background

signals that made it difficult to observe any association.

Other workers have reported that cancer cell motility was decreased after introducing CD9-
GFP in small cell lung cancer (SCLC) (Funakoshi, Tachibana et al. 2003). Overexpression of

CD9-GFP was also used to investigate cell membrane fusion induced by HIV-1 virus
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infection (Gordon-Alonso, Yanez-Mo et al. 2006). The stably transfected GFP-CD9 J774

macrophage cell line generated here may be useful for further functional studies in the future.
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Chapter 7: Investigation of the effects of syntenin
knockdown on Salmonella Typhimurium uptake

7.1 Introduction

Previous studies from this laboratory indicated an important role for tetraspanin CD63 in the
association of Salmonella Typhimurium with human MDMs (Noha Hassuna, PhD, thesis,
University of Sheffield, 2010). Binding of S. Typhimurium to MDM was shown to be
inhibited by antibodies to CD63, which induced internalisation of cell surface CD63, and by
siRNA knockdown. During the course of present studies, a HeLa cells that had been stably
knocked-down for the expression of syntenin, a partner of CD63 involved in its trafficking
(Latysheva et al, 2006), became available; it was therefore of interest to investigate S.

Typhimurium uptake by these cells.

7.1.1 Syntenin-1

Syntenin-1 is a scaffolding protein containing two PDZ domains, which was originally shown to
link syndecan (a family of transmembrane heparin sulphate proteoglycans) to the cytoskeleton. It
co-localised with syndecan at the plasma membrane and at intracellular vesicles (Grootjans,
Zimmermann et al. 1997). The PDZ domain shows homology with domains found in yeast,
plant and bacteria (Ponting 1997) (Kennedy 1995). Syntenin is expressed in various cell types
and cell lines and is found at sites of cell-cell adhesion, microfilaments and the nucleus (Stier,
Totzke et al. 2000, Zimmermann, Tomatis et al. 2001, Meerschaert, Bruyneel et al. 2007). It
is also known as melanoma differentiation association gene-9 (mda-9) because of its role in
regulating melanoma metastasis (Boukerche, Su et al. 2005).

7.1.2 Syntenin functions

As a scaffolding or adaptor protein, syntenin is involved in various cell functions including
membrane-cytoskeletal organisation (Grootjans, Zimmermann et al. 1997), adhesion, where
it was originally shown to play a role in adherence junction formation by regulating cell
membrane Kinetics  (Zimmermann, Tomatis et al. 2001) and protein trafficking
(Zimmermann, Zhang et al. 2005). Mice knocked out for the syntenin-1 gene appeared normal
but had elevated levels of intestinal immunoglobulins, suggesting that syntenin negatively
regulates their production. (Tamura, Ikutani et al. 2015). In the nervous system, syntenin is
involved in regulating nerve cell maturation and formation of synapses in central nervous
system (CNS) (Hirbec, Martin et al. 2005). In cancers, syntenin promotes angiogenesis (Das,

Bhutia et al. 2013) and metastasis, migration and invasion (Lee, Kim et al. 2011, Das, Bhutia
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et al. 2012, Das, Bhutia et al. 2012, Zhong, Ran et al. 2012, Hwangbo, Tae et al. 2015) and
is upregulated in metastases in a number of cancers including melanoma (Helmke,
Polychronidis etal. 2004) (Boukerche, Su et al. 2005). Syntenin is also expressed in exosomes
and has been implicated in their biogenesis (Friand, David et al. 2015, Roucourt, Meeussen
et al. 2015). It has also been shown to negatively regulate HIV-1 invasion of T cells (Gordon-
Alonso, Rocha-Perugini et al. 2012).

7.1.3 Syntenin structure

The PDZ domains are the main feature of syntenin structure, consisting of 80-100 residues
organized in six B strand and two a helices (Kegelman, Das et al. 2015). The functional
syntenin-1 is made up of 298aa consisting of 2 PDZ domains, with PDZ-1 positioned at a.a.
114-193 and PDZ-2 positioned at a.a.198-273 and N and C-terminal tails (http://www.uniprot
.0rg/uniprot/O00560). The human syntenin crystal structure has been solved, showing that

the two PDZ domains are structurally quite similar (Figure 7.1) (Kang, Cooper et al. 2003).
Both PDZ domains are required for syntenin functions (Zimmermann, Tomatis et al. 2001)
and it has been suggested that PDZ; acts as the main syndecan binding domain while PDZ;
acts as an auxiliary binding domain to syndecan (Grootjans, Reekmans et al. 2000).
Nevertheless, both PDZ domains in syntenin have a crucial role in mediating the interaction
between syntenin and syntenin-associated proteins (Sarkar, Boukerche et al. 2004).

Figure 7.1: Structure of PDZ tandem of Syntenin-1. The structure 1N99 (Kang, Cooper et al. 2003) was
obtained from PDB data base (http://www.rcsh.org/pdb/explore/explore.do?structureld=1N99) and was
visualised using the PyMOL molecular graphic viewer. A: A cartoon diagram shows the two PDZ domains.
B: A surface diagram showing the two PDZ domains that compose syntenin-1 protein.
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7.1.4 Syntenin protein associations

Syntenin was initially shown to interact with the heparin sulphate proteoglycan syndecan
through the FY A sequence in the C-tail of syndecan (Grootjans, Zimmermann et al. 1997). It
also interacts with a wide range of other proteins including schwannomin (sch-1)
(Jannatipour, Dion et al. 2001), the glycine transporter protein2 (GlyT2) (Ohno, Koroll et al.
2004), the type | membrane glycoprotein CD6 (Gimferrer, Ibanez et al. 2005), the c-Src
proto-oncogene (Boukerche, Su et al. 2008), type 1 membrane protein NG2 (Chatterjee,
Stegmuller et al. 2008), TRAF6 (Chen, Du et al. 2008), frizzled 7 receptor (Luyten, Mortier
et al. 2008), lysyl-tRNA synthetase (Meerschaert, Remue et al. 2008), PIP2 (Zimmermann,
Meerschaert et al. 2002, Zimmermann, Zhang et al. 2005), IL-5 receptor (Beekman, Verhagen
et al. 2009) and Notch ligand Delta-1 (Estrach, Legg et al. 2007). Importantly for this study,
it has also been shown to interact with tetraspanin CD63 and was suggested to be a component
of TEM (Latysheva, Muratov et al. 2006). The interaction between tetraspanin CD63 with
syntenin-1 was direct and no association of CD9 or CD81 was detected by
immunoprecipitation. The tetraspanin CD63 C-terminus is crucial to the association with
Syntenin-1 as deletion of the last two C-terminal amino acids abolished the interaction. The
interaction occurred through the PDZ domain of syntenin but the syntenin C-terminus also
stabilized this association as removing this abolished the interaction. Over-expression of
syntenin slowed internalisation of CD63, and CD63 internalisation was arrested in cells
expressing mutant syntenin-1 lacking the N-terminal 100 amino acids (Latysheva, Muratov
et al. 2006). As mentioned previously (Chapter 1) CD63 has an internalization/lysosomal
targeting motif at its C-terminus that facilitates interaction with AP-2 complexes that promote
its internalisation (Rous, Reaves et al. 2002). It has therefore been suggested that syntenin
competes with AP-2 mediated internalisation of CD63 to regulate endocytosis (Latysheva,
Muratov et al. 2006).

7.1.5 HeLa syntenin —KD cells

The Hela syntenin knock down cell line was generated using a pLKO-sh Syntenin clone,
while the control cell line was transfected with pLKO-puro vector (Fedor Berdichevski,
personal communication). Both Hela syntenin-KD and control cell lines were kindly provided
by Fedor Berditchevski (Institute for cancer studies, the University of Birmingham,

Birmingham, United Kingdom).
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7.2 Aims

Since syntenin directly associates with CD63, which has previously been implicated in
association of S. Typhimurium with human MDM, it was of interest to investigate association
of the bacteria with cells that had been stably knocked down for syntenin expression.
Furthermore, as mentioned previously, anti-CD63 antibody inhibition of this association was
mediated by CD63 internalisation, which may be affected by syntenin (Latysheva, Muratov
et al. 2006).

7.3 Results

7.3.1 Investigation of expression of syntenin-1 protein in syntenin-1 KD
and control HeLa cells

Syntenin-1protein has been shown to be expressed in different cell types and cell lines
(Meerschaert, Bruyneel et al. 2007), including HelLa cells (Latysheva, Muratov et al. 2006).
Western blot and immunofluorescence microscopy were performed to investigate differences
in syntenin protein expression on HelLa syntenin KD cells and HeLa cells control.

7.3.1.1. Western blot of HeLa-syntenin KD and control cell lysates

To independently verify knock-down of syntenin-1 expression in the cell line provided by
Professor Berditchevski, Western blotting was used to detect syntenin-1 in syntenin KD and
control HeLa cells. As expected, no expression of syntenin was shown in HeLa syntenin KD
cells compared with a clear protein band in HeLa control cells (Figure 7.2) at ~33kd, the

expected size of syntenin.

183



Chapter 7

SIZE (kD) M KD C

250
150
100
75

50

. L g

37

25
20

- gt
prsw—"
-~

15

-+

HIRIEEN

10

Figure 7.2: Western blot of lysates prepared from HelLa Syntenin KD and control cells. Cells were
lysed with 0.5% Brij 98 and 0.5% Triton 100X as described in 2.2.7 and the lysate was run on 12.5% SDS-
PAGE gels under reducing conditions before transfer to nitrocellulose membrane. The membrane was
probed with anti-human syntenin followed by anti-rabbit-HRP. M, protein markers; KD and C, lysate from
syntenin KD and control cells respectively.

7.3.1.2 Immunofluorescence microscopy analysis of syntenin expression in KD and
control HeLa cells

Immunofluorescence microscopy was performed to investigate the total level of syntenin-1
protein expression and distribution in HeLa syntenin-KD cells and control cells as described
in 2.2.4.1. The results showed low expression of syntenin protein in syntenin-KD HeLa cells
compared with WT cells control (Figure 7.3). Slight background staining was observed in
isotype treated cells control indicating some non-specific binding of the rabbit 1gG or the
secondary antibody.
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Figure 7.3: Immunofluorescence microscopy of syntenin KD and control HelLa cells stained for
syntenin. Hela cells were seeded in 8-well chamber slides, fixed and permeabilised and stained with
primary anti-syntenin or rabbit 1gG control (10ug ml?) (Sigma) followed by anti-rabbit-FITC as described
in 2.2.4.1 Nuclei were counter-stained with propidium iodide. These images obtained using 20 x, 40x and

100x oil immersion objective lenses.

7.3.2 Investigation of tetraspanin protein expression in syntenin-KD
and control HelL a cells

The expression of tetraspanin proteins was investigated in syntenin-KD cells and control
HeLa cells by flow cytometry and immunofluorescence microscopy. The flow cytometry
was carried out on both live, fixed (for surface expression only) and fixed and
permeabilised cells (for surface and cytoplasmic protein expression). Staining was also
carried out on live cells here to address the possibility that the fixation reagent used

(paraformaldehyde) might be itself be causing some permeabilisation. In live cell staining,
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the surface expression (MFI) of CD151 showed a significant reduction in syntenin KD cells
compared with control cells. No significant changes were observed for other tetraspanins
(Figure 7.4, A and B). Nevertheless, the tetraspanin protein expression showed some
differences after fixing and permeabilising the cells prior to staining. A significant increase
in total CD63 expression and, to a lesser extent CD81, was observed in syntenin-KD cells
compared with control cells (Figure 7.4, C). The percentage of CD63 and CD81 positive
cells also increased. Although the MFI did not increase, the percentage of CD9 and CD151

positive cells was increased in fixed and permeabilised syntenin KD cells (data not shown).
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Figure 7.4: Tetraspanin expression in syntenin KD and control HelLa cells determined by flow
cytometry. Hela cells were stained with primary anti-tetraspanin mAbs or isotype control (JC1) as
described in 2.2.3.6 followed by FITC-conjugated anti mouse antibody. MFI =Median fluorescent intensity.
A: MFI of live cell stained. B: The percentage of live cells stained, Figure A and B work was carried out
in our lab by a 3" year project students S. Howard and V. Rose (under my supervision). C: MFI of fixed
or fixed and permeabilised cells stained. n=4 in duplicate, the data was analysed by Two ways ANOVA
Tukey's multiple comparisons test comparing with isotype control, significance *** P <0.001, ** p <0.01
and * P <0.05, ns is non-significant.
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In immunofluorescence microscopy, the tetraspanins CD9, CD63 and CD81 staining of
fixed, permeabilised cells also appeared stronger in the syntenin-KD cells compared with

control cells (Figure 7.5).

Control Syntenin-KD

JC1

CD63

CD82

Figure 7.5: Immunofluorescence microscopy of syntenin KD and control cells stained for
tetraspanins. Cells were prepared and fixed as described in Figure 7.3 before staining with anti —
tetraspanin antibodies or isotype control Nuclei were counter-stained with propidium iodide. These images
were obtained by fluorescence microscopy using the 40x objective.
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7.3.3 HeL a cells integrin expression

The expression of integrin proteins as, o6 and 1 was also investigated in syntenin-KD cells
and control HeLa cells by flow cytometry, since CD151 expression on syntenin-KD cells was
significantly reduced and CD151 is known to associate with integrins (Figure 7.4 A). This
work was carried out by a 4" year project student under my supervision. The flow cytometry
was carried out using live cells to investigate the surface expression of these proteins. The
surface expression (MFI) of B: integrin showed a significant reduction in syntenin KD cells
compared with control cells. No significant changes were observed for other integrins (a3 and
as) (Figure 7.6).
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Figure 7.6: Integrins expression in syntenin KD and control HelLa cells determined by flow
cytometry. Integrin expression assay carried out by M. Jones. Briefly, HelLa cells were stained with
primary anti-a3, anti-p1 and anti-a6 mAbs or corresponding isotype control followed by FITC-conjugated
anti mouse antibody. MFI =Median fluorescent intensity. n=3 in duplicate, the data was analysed by T- test
comparing Syntenin-KD HeLa cells (K) with cells control (C), significance * P < 0.05, while ns is non-
significant.

7.3.4 Salmonella uptake by HelL a-Syntenin KD cells compared with
WT control

HeLa syntenin KD and WT control were infected by Salmonella Typhimurium NCTC12023
and LT2 strains at MOI 100 for 1 hr. The cells were then washed and incubated in antibiotic
containing medium to kill extracellular bacteria before analysis at various time periods post-
infection, as described in (2.2.5.3.2). As noticed in chapter 4 (Figure 4.15), the HelLa cells
were more susceptible to infection by the LT2 strain compared to NCTC12023 strain
(comparing figure 7.7. A and B, E and F). It was noticeable that at all time points and for both
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strains, the syntenin KD cells appeared to have more bacteria associated with them than the
control cells, although this only reached significance at certain time points when considering
total cell associated bacteria and cells with internalised bacteria for the LT2 strain. However,
for the NCTC12023 strain, the percentage of cells with internalised bacteria was significant

at all time points.
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Figure 7.7: Salmonella Typhimurium uptake by syntenin KD or control HeLa cells at 100 MOI for
different time periods analysed by flow cytometry. HeLa cells were infected with S. Typhimurium as
described in 2.2.5.3.2 for 1hr before washing to remove unbound bacteria and incubating in medium
containing 100ug ml* kanamycin for the times indicated before harvesting, fixing and permeabilising and
staining with FITC-conjugated anti-Salmonella antibodies and analysis by flow cytometry as described in
2.2.5.3.2. A: Total percentage of cells infected with NCTC12023 strain (permeabilised cells) or B: LT2
strain (permeabilised cells). C: Percentage of cells with attached bacteria NCTC12023 strain or D: LT2
strain. E: Percentage of cells with internalised bacteria NCTC12023 strain or F: LT2 strain. (The percentage
of cells with internalised bacteria was determined by subtracting the value obtained for non-permeabilised
cells form that of permeabilised cells). Bars describe means, while error bars describe standard errors. n=5
in A, C and E and n=3 in B, D and F in duplicate, the data was analysed by T test to compare the mean
between WT and KD infected cells, ** p< 0.01, * p< 0.5 and ns is non-significant.

To investigate possible differences in bacterial adhesion to syntenin KD and control cells,

both cell lines were infected at MOI 100 for shorter time periods and the number of non-
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permeabilised cells with attached bacteria determined (Figure 7.8). (In the experiments
described above, the principle aim had been to investigate any differences in internalisation
of bacteria. In the previous protocol it would be expected that most attached bacteria would
be killed by the antibiotic treatment used after infection and removed during washing and
harvesting as described in 2.2.5.3.2 and (Figure 7.7). The present experiment was carried out
to observe cells with attached bacteria infected in suspension as described in 2.2.5.2. There
was no significant difference in adhesion of the NCTC12023 strain to KD or control cells but
at the earlier time points, the percentage of KD cells with attached LT2 bacteria was lower

than for the control cells.
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Figure 7.8: Adhesion of Salmonella Typhimurium to syntenin KD and control HeLa cells at 100 MOI
for different time periods (analysed by flow cytometry). HelLa cells infected with S. Typhimurium.
NCTC12023 and LT2 strains in tube and stained with anti-Salmonella-FITC conjugated antibody, as
described in (2.2.5.2) without permeabilisation to observe attached bacteria only. A: Percentage of cells
with attached NCTC12023 or B: LT2 strain. Bars describe means, while error bars describe standard errors.
n=3 in duplicate, the data was analysed by two ways ANOVA test Sidak’s multiple comparison test to
compare the mean between WT and KD infected cells, ** p< 0.01, * p< 0.5 and ns is non-significant.

7.3.5 Confocal microscopy analysis of Syntenin KD cells and WT cells
control infected with Salmonella

Syntenin KD cells appeared to be more susceptible to infection by both strains of Salmonella,
but this did not appear to correlate with any difference in bacterial adhesion. Confocal
microscopy studies were therefore undertaken in an attempt to see if there were any obvious
differences in trafficking of Salmonella between the cell lines. The confocal microscopy was
performed as described in (2.2.6). Different fluorescent stains were used to indicate
Salmonella-containing vacuoles (SCVs), the nucleus, and the cell boundary and to investigate
Salmonella localisation within the cells cytoplasm. LAMP-1 (or CD107a) is described as a
SCV marker (Brumell, Tang et al. 2002) and it co-localises with SCV at different stages of
Salmonella infection (Rajashekar, Liebl et al. 2014). Anti-LAMP-1-AF®647 conjugate was
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therefore used to detect SCV within the cytoplasm and give a good indication of Salmonella
internalisation, survival and replication inside the infected cells. To track Salmonella bacteria
inside infected cells, a GFP expressing Salmonella strain was used as described in 2.2.6.
Cellular actin was stained by Alexa Fluor®568 phalloidin, to indicate the cell boundary.
Preliminary experiments using flow cytometry showed similar, but slightly lower expression

of LAMP-1 in syntenin-KD cells compared with controls (Figure7.9).

The LAMP-1-Salmonella co-localisation experiment showed an obvious increase in
Salmonella with time after infection, as shown previously by flow cytometry (7.3.4). Syntenin
KD cells showed relatively more bacteria within the cytoplasm niche compared with control
cells in both Salmonella strains, particularly at the 24 hours post-infection time point. LAMP-
1 started to co-localise with Salmonella at 2 hours post infection, indicating SCV biogenesis.
This LAMP-1-Salmonella association decreased from 6 hours post infection, correlating with
intracellular bacterial replication. Most of the bacteria accumulated in one place within the
cell cytoplasm and no obvious differences were observed between HelLa syntenin-KD and
control cells in terms of bacterial accumulation and distribution. At earlier time points (1 hour
infection time point) it was difficult to determine whether the bacteria were simply attached
to cells or internalised. However, localisation of LAMP-1 with bacteria revealed internalised
Salmonella, although this could not be observed in earlier stages of infection (Figure 7.10,
7.11 and 7.12). Attempts were made to quantitate co-localisation of GFP-bacteria with
LAMP-1 using Fiji software (Figure 7.12). For the LT2 strain, there was significant co-
localisation at 2- 6 hr post-infection in both cell lines. The same pattern was apparent for
NCTC strain in the syntenin-KD cells, but co-localisation was not significant at 2 hr for
control cells and was also slightly reduced at 4 hr. This suggests that knock-down of syntenin
may promote uptake of the NCTC strain, which is broadly in agreement with the observations

made previously from flow cytometry (Figure 7.7).
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Figure 7.9: LAMP-1 expression in syntenin KD and control HelLa cell lines determined by flow
cytometry. Permeabilised cells were incubated with anti-LAMP-1 AF® 647 antibody before analysis by
flow cytometry using LSR-I1 flow cytometer as described in 2.2.3.5. Bars describe means, while error bars

describe standard errors.
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Actin Salmonella NCTC LAMP-1 Overlay

Figure 7.10: Confocal microscopy of syntenin KD or control HeLa cells infected with Salmonella
Typhimurium NCTC12023-GFP. HelLa cells were infected at 100 MOI for 1 hour, as described in (2.2.6),
then incubated with 100 Ut penicillin, 100ug streptomycin /ml for the time period indicated. The cells then
were fixed and stained with anti-LAMP-1 AF®647 (red) followed by AF®568 Phalloidin (magenta, to stain
actin), and cellular and bacterial DNA stained blue (DAPI) stain. K= HeLa syntenin-KD cells, C= Control
cells. 1, 2, 4, 6, 12 and 24 reveals to time points for Salmonella infection, while 0 depicts non infected cells.
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Actin Salmonella LT2 LAMP-1 Overlay
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Actin Salmonella LT2 LAMP-1 Overlay

Figure 7.11: Confocal microscopy of syntenin KD or control HeLa cells infected with Salmonella
Typhimurium LT2-GFP. HelLa cells were infected at 100 MOI for 1 hour, as described in (2.2.6), then
incubated with 100 Ut penicillin, 100pg streptomycin /ml for the time period indicated. The cells then were
fixed and stained with anti-LAMP-1 AF®647 (red) followed by AF®568 Phalloidin (magenta, to stain actin),
and cellular and bacterial DNA stained blue (DAPI) stain. K= HeLa syntenin-KD cells, C= Control cells.
1, 2,4, 6, 12 and 24 time points for Salmonella infection, while 0 mean non infected cells.
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Figure 7.12: Analysis of confocal microscopy images of syntenin KD or control HeLa cells infected
with Salmonella Typhimurium-GFP strains. HelLa cells were infected at 100 MOI for 1 hour, as
described in (2.2.6), then incubated with 100 U penicillin, 100ug streptomycin /ml for the time period
indicated. The cells then were fixed and stained with anti-LAMP-1 AF®647. Images were analysed using
Fiji analysis software using Manders coefficients test to quantify co-localisation of Salmonella (GFP/green)
NCTC12023 (A) and LT2 (B) and LAMP-1 (AF®647/far red). The co-localisation analysis value is between
0 (no co-localisation) to 1 (optimum co-localisation). K= HelLa syntenin-KD cells, C= Control cells. 1, 2,
4,6, 12 and 24 reveals to time points for Salmonella infection.

7.4 Discussion

The 33 kd scaffolding protein, syntenin-1, is broadly expressed in different cell types and
tumours and is involved in regulating membrane and cytoplasmic protein signalling pathways
(Yang, 2007). It has been shown to form a direct and stable association with tetraspanin CD63
and is postulated to be a constituent of TEM (Latysheva, Muratov et al. 2006). Syntenin-1
expression regulated CD63 internalisation and overexpression of syntenin-1 reduced
internalisation of CD63. In the present study, we investigated HeLa cells that had been stably
knocked down for syntenin expression by transfection with a plasmid encoding shRNA
specific for syntenin. Knockdown of syntenin expression was verified independently by
Western blotting compared to control HeLa cells transfected with empty vector. Analysis by
flow cytometry showed no significant differences in cell surface CD63 expression between
syntenin-KD and control cells (Figure 7.4), but there were slight but significantly higher
levels of CD63 in permeabilised KD cells indicating higher intracellular levels of this
tetraspanin. Since Latysheva and co-workers showed that overexpression of syntenin-1
reduced CDG63 internalisation (Latysheva, Muratov et al. 2006), knock down of syntenin-1
might increase CD63 internalisation that could, consequently, increase expression of CD63
to compensate. A slight, but significant increase in total CD81, was also observed, and this
tetraspanin was shown by Latysheva and co-workers to associate with syntenin indirectly,

probably through its interaction with CD63.
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CD151 was the only tetraspanin investigated that showed a difference in cell surface
expression, with a slight but significant decrease in the level on unfixed syntenin-1 KD cells
relative to controls. A possible interaction between cell surface CD151 and syntenin-1 was
not reported in the previous study (Latysheva, Muratov et al. 2006). It would be interesting
to determine if CD151 and syntenin could be co-immunoprecipitated from whole cell lysates
of HelLa cells. Interestingly, CD151 is known to be strongly associated with integrins
including a3B1, a6p1, a6p4 and a7B1 integrins (Hemler 2014) and syntenin is reported to
facilitate the assembly of B1 integrin signalling complexes on the plasma membrane
(Hwangbo, Park et al. 2011). Syntenin also strongly associates with syndecan, which also has
been shown to be involved with B1 integrin cell adhesion (Gama-de-Souza, Cyreno-Oliveira
etal. 2008). Thus, integrins (a1, o6 and B1) expression in both cell lines were also investigated,
as shown in (Figure 7.6). A significant reduction of (1 integrin in syntenin-KD cells was
observed compared with control cells, however, no significant change in either a3 or os
integrin surface expression was observed. This suggested, therefore, the reduction in CD151
expression in syntenin-KD cells may be linked to its integrin B1 association. This could be

affected by knock-down of syntenin or through syndecan.

As discussed previously in this thesis, Salmonella Typhimurium has the ability of to infect
mammalian non phagocytic cells by a sequence of steps starting from bacterial adhesion to
host cells, activation of Salmonella T3SS-1 and spreading a wave of off effector proteins to
trigger the rearrangement of the host cells actin-cytoskeleton (Misselwitz, Kreibich et al.
2011). Here, both control and syntenin-1 knock down HelLa cells were infected by S.
Typhimurium. The infection rate was relatively low, but comparable with that seen in wild
type HelLa cells (Figure 4.15) and again the LT2 strain showed greater infectivity than the
NCTC strain. Infection of syntenin-1 KD cells was consistently higher compared to control
cells and this showed greatest significance in the increased number of NCTC bacteria
internalised by the syntenin-1 KD cells (Figure 7.7 E). Analysis of images obtained of GFP-
bacteria taken up by the two cell lines also suggested increased uptake by the syntenin-1 KD
cells and co-localisation of NCTC bacteria and LAMP-1 occurred earlier in the syntenin-1
KD cells (Figures 7.12). However, there were no significant differences in adhesion of the
bacteria to the cell lines after 1 hour (the time period used for infection) (Figure 7.8).

These studies were undertaken since previous data on human MDM indicated that surface
expression of CD63 is important in adhesion of S. Typhimurium to these cells. Syntenin-1
has previously been shown to regulate internalisation of CD63 (Latysheva, Muratov et al.
2006), but surprisingly there was no significant change in surface levels of CD63 between

control and syntenin-1 KD cells. Interestingly, however, preliminary results from stochastic
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optical resolution microscopy (STORM), have shown a significant change in cell membrane
CD63 distribution and clustering between the cell lines. In brief, clusters of CD63 are smaller
in terms of diameter and area in syntenin KD cells compared with control HeLa cells (Megan
Jones, MSc student project, 2016). This, together with the observed decrease in CD151
expression, suggests some disruption of TEM on the syntenin KD cells; however, there is no
clear relationship between the increased infection in the syntenin-1 KD cells and the
tetraspanins. As reported in chapter 4, antibodies to tetraspanins, including CD63, had no
effect on infection of Salmonella Typhimurium by wild type HelLa cells. The differences in
infection may therefore relate to the interactions of syntenin with other partner proteins
involved in plasma membrane/cytoskeletal proteins signalling. As mentioned previously,
syntenin-1 binds syndecans, a family of proteoglycans with heterogeneous heparan sulphate
chains (Grootjans, Zimmermann et al. 1997). Interestingly, it has been shown that S.
Typhimurium can utilise heparan sulphate as a means of adhering to and invading host cells.
This is mediated by PagN, a bacterial outer membrane protein (Lambert and Smith 2009). It
is possible that alterations in syndecan organisation or trafficking in the syntenin-1 KD cells
has some effect on infection of the Hela cells by S. Typhimurium. Syndecan-1 and syndecan-
4 have been shown to have a role in Neisseria gonorrhoeae adhesion and uptake; over
expression of syndecan-1 and 4 in HelLa cells led to increased Neisseria gonorrhoeae uptake
compared with WT control and it was concluded that syndecan may serve as a receptor for
Neisseria gonorrhoeae (Freissler, Meyer auf der Heyde et al. 2000). Furthermore, Syndecan-
1 KO epithelial cells show more resistance to Staphylococcus aureus infection (Hayashida,
Amano et al. 2011).

The intracellular Salmonella survive through disrupting and arresting the maturation pathway
of the invasion vacuole and, consequently, this provides a safe place for Salmonella
replication (Brumell and Grinstein 2004). The SCV is found to acquire lysosomal membrane
glycoprotein Lampl, CD63 and vacuole ATPase (Martinez-Lorenzo, Meresse et al. 2001). In
addition to these lysosomal markers, the host proteins Rab5, EEA1 and late Rab7 endosomal
marker are also acquired during the early steps of SCV biogenesis. The involvement of early
and late endosomal markers presents the potential for host/SCV interaction along with the
action of T3SS effectors such as SifA (required for SCV membrane stability) to provide
Salmonella Typhimurium an intracellular niche to replicate. Maturation of the SCV occurs
by specific interactions with the endocytic pathway, in which most of the SCVs are
surrounded by Golgi network membranes after invasion of epithelial cells (da Silva, Cruz et
al. 2012) and as discussed in Chapter 1. The T3SS effector protein SipC is involved in

acquiring LAMP-1 protein through its association with the host cell protein Syntaxin6
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(Madan, Rastogi et al. 2012). Loss of SCV integrity has been shown to lead to increased
cytosolic Salmonella replication in HeLa cells and this could arise by targeting either the SCV
effectors involved or the cells endosomal system (Brumell, Tang et al. 2002). It is suggested
that maintaining SCV in epithelial cells may prevent antigen presentation via MHCI and
activation of proinflammatory responses. LAMP-1 has been shown to be a good SCV marker,
so this protein was used for confocal microscopy. Preliminary experiments showed a
noticeable reduction in LAMP-1 expression in syntenin-KD cells by flow cytometry (Figure
7.9). However, no noticeable differences in LAMP-1 association with Salmonella was
observed in syntenin-KD compared with control cells. A highly significant association of
LAMP-1 with replicating intracellular Salmonella was observed after 2 hours infection and
this increased at 4 to 6 hour. Nonetheless, this association decreased after 12 to 24 hours post
infection at the time when the internalized bacteria show a high level of replication.

In macrophages, Salmonella could overcome lysosomal action by containing every single
bacterium in a single SCV resulting in increased SCVs and Salmonella replication inside the
cells. This is reported to deplete the number of acidic lysosomes in infected cells as a result
of increasing Salmonella multiplication as the cell cannot produce enough acidic lysosomes

to target the rising number of SCVs (Eswarappa, Negi et al. 2010).
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Chapter 8: General discussion

Tetraspanins are increasingly observed to be of importance in various cell activities and have
attracted the interest of many researchers due to their role in infections (Hassuna, Monk et al.
2009, van Spriel and Figdor 2010, Green, Monk et al. 2011, Monk and Partridge 2012).
Nevertheless, relatively little research has been published describing the association of
tetraspanins with bacterial infection processes. Work from our group indicates that certain
tetraspanins are involved in bacterial adhesion and uptake; mAb specific for CD9, CD63 and
CD151, the corresponding recombinant EC2 domains and siRNA knockdown of each of these
tetraspanins reduced Neisseria meningitidis adhesion to human epithelial cells (Green, Monk
et al, 2011; Cozens, 2015, PhD thesis, University of Sheffield). In addition, tetraspanins were
implicated in the adhesion of a range of other bacteria (Neisseria lactamica, Streptococcus
pneumonia, Escherichia coli, Staphylococcus aureus) to epithelial cells (Green, Monk et al,
2011), suggesting a general bacterial adhesion mechanism involving TEM. More recently,
reagents targeting CD9 have been shown to reduce adhesion of Staphylococcus aureus to
human keratinocytes and a 3-D model of human skin (Ventress, PhD thesis, University of
Sheffield 2016; Ventress et al., manuscript submitted). Of particular relevance to this work,
anti-CD63 mAb, siRNA CD63 knockdown and recombinant tetraspanin EC2 proteins also
reduced Salmonella Typhimurium uptake by human primary MDMs (Hassuna, 2010, PhD
thesis, University of Sheffield). However, more studies are needed to understand this

association.

The ability of Salmonella to attach to, invade and replicate in wide range of host cells and
cell lines representing either phagocytic on non-phagocytic cell types (Finlay, Ruschkowski
et al. 1991, Mills and Finlay 1994, Lajarin, Rubio et al. 1996, Haraga, Ohlson et al. 2008,
Rosales-Reyes, Perez-Lopez et al. 2012) make this bacteria ideal as a model to investigate
the involvement of tetraspanin proteins in the infection process. As previously discussed, the
ability to invade non-phagocytic cells is mediated by T3SS-1 (Rosselin, Abed et al. 2011),
whereas macrophage infection can also be mediated by phagocytosis (Aderem and Underhill
1999). Salmonella is able to survive in macrophages and these cells may play an important
role in bacterial survival and spread (Lathrop, Binder et al. 2015). In the present study,
different cell lines, representing mouse and human macrophages as well as human epithelial
cells, were used to investigate the potential effect of tetraspanin proteins on Salmonella

infection.

Previous studies in the laboratory investigated the role of tetraspanins in the uptake of
Salmonella enterica serovar Typhimurium by human monocyte derived macrophages
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(MDMs). Specific monoclonal antibodies (mAbs) for various tetraspanins showed
different effects, enhancing (CD37) or inhibiting (CD63) Salmonella binding to cells. The
inhibition of Salmonella binding to MDMs was shown by using recombinant proteins
corresponding to CD63-EC2 and CD9-EC2. In addition, the siRNA-mediated
knockdown of CD63 also reduced Salmonella Typhimurium adhesion (Hassuna, PhD
thesis, University of Sheffield 2010)

Immunofluorescence microscopy showed that CD63 co-localized with Salmonella
containing vacuoles (SCVs) at different time periods after infection. Overall from this
study an important role for tetraspanin CD63 in the initial binding of Salmonella
Typhimurium to macrophages was suggested, with the likely involvement of other
tetraspanins (Hassuna, PhD thesis, University of Sheffield 2010). However, one of the
drawbacks of relying on MDMs are donor variation and the difficulty of generating these
cells in large amounts. Therefore, using macrophage cell lines such as J774.2 and RAW 247
could overcome this problem. However, these cell lines are of murine origin and relatively
few antibodies to native murine tetraspanins are available. Thus, we also aimed to develop a
human macrophage cell line model of infection using human THP-1 cells to investigate the
role of tetraspanins in Salmonella infection. In parallel, tools were developed including
Salmonella self-expressing fluorescent proteins and a flow cytometry assay to assess
Salmonella infection, which could help to obtain rapid and objective results. Approaches used
to investigate the function of tetraspanins included the use of specific monoclonal antibodies,
recombinant EC2 proteins and a stable CD9 knock-out macrophage cell line. Furthermore,
the role of the CD63 tetraspanin partner protein, syntenin, on Salmonella infection of HelLa

cells was also studied.

Screening surface expression of the tetraspanin proteins showed a similar pattern for the
mouse macrophage cell models J774, RAW (Figures 3.1 and 3.3) and WT mouse
macrophages (Figure 6.3), with highest expression for CD9 followed by relatively high levels
of CD81, while CD63 showed lower expression in RAW and WT mouse macrophages with
no expression on J774. By contrast, macrophages derived from human THP-1 cells, showed
higher expression of CD63 than CD9, with relatively high expression of CD81 compared
with the mouse macrophage cell lines (Figure 3.5). Differences in expression patterns were
also observed in the epithelial cell lines used, HEC-1-B and HeLa; although both cell lines
showed high expression of CD9 and CD81, higher expression of CD151 was observed in
HeLa cells (Figure 3.9) with only low expression of this tetraspanin on HEC-1-B (Figure 3.7).
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Chapter 3 also describes attempts to generate fluorescent bacteria to try to enhance and
facilitate assessing Salmonella infection. Different vectors carrying the GFP or RFP genes
were used. The GFP protein seems to be stably expressed and detected in both Salmonella
strains by FACS (Figure 3.12), either as Salmonella-GFP alone or in cells associated with
Salmonella-GFP. A 28 kDa DsRed fluorescent protein that shows less susceptibility to pH
(4.5-12), more resistance to an acidic environment than GFP and less sensitive to photo-
bleaching (Baird, Zacharias et al. 2000) could offer a good Salmonella detector particularly
with tetraspanin-GFP tagged protein. However, in contrast to GFP, generating high and stable
self-expressing RFP Salmonella seemed to be more difficult, despite the fluorescent protein
being well-expressed in E. coli. The percentage of positive cells and fluorescence intensity
for Salmonella expressing DsRed were unstable and varied depending on Salmonella strains,
time period of incubation and concentration of selective antibiotic (Chapter 3, section 3.3.3).
This could be related to more time being needed to obtain dimerization and maturation (Baird,
Zacharias et al. 2000). Therefore, choosing another RFP protein, mCherry was recommended.
The expression of mCherry in Salmonella was successful, although lower expression of this
florescent protein was observed after 2 hours incubation compared with overnight cultures.
mCherry has the advantage of no overlapping in emission detected either by fluorescence
microscopy or by FACS, in contrast to DsRed (as described in section 3.3.3). The mCherry
fluorescent protein was found to be relevant for bacterial investigations combined with GFP
expressing cells or FITC-labelled antibodies for fluorescence microscopy.

8.1 Development of tools to assess Salmonella infection

Flow cytometry analysis has the potential to offer a rapid and appropriate method to study
bacteria-host invasion. Other workers have reported it to be comparable with other methods
for investigating bacterial pathogenicity and bacterial: host interaction, particularly when
combined with self-fluorescence expressing bacteria (Valdivia and Falkow 1998, Pils,
Schmitter et al. 2006, Trouillet, Rasigade et al. 2011). Nevertheless, high levels of fluorescent
protein expression or features of the plasmid construct used could interfere with Salmonella
invasion properties (Wendland and Bumann 2002, Clark, Martinez-Argudo et al. 2009). Here,
a flow cytometry assay was developed for assessing infection, and shown to be comparable
with the microscopy assay with the advantage of giving more objective results. In assays
where antibodies were used to stain Salmonella after infection, the results were very
comparable with the conventional fluorescence microscopy method (Chapter 4, comparing
the results shown in Figure 4.3 and 4.4 with Figure 4.10; Figure 4.9 with 4.11). Interestingly,

a lower MOI was needed to reach similar infection levels in the flow cytometry assay, and
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we speculate that when cells are incubated with bacteria in suspension, bacterial binding may

be facilitated compared to cells adhered to coverslips.

8.2 Tetraspanins effects on Salmonella uptake

The overall results show a significant reduction in Salmonella NCTC12023 infection after
treating the mouse macrophage cell model with anti-CD9 and CD81 prior to Salmonella
infection (Figure 4.3, Figure 4.4, Figure 4.10, and Figure 6.7 B). This contrasts with previous
studies on human MDM, where no inhibition with anti-CD9 mAbs was observed; however
recombinant soluble CD9-EC2 proteins inhibited Salmonella association with human MDM
suggesting that this tetraspanin is involved in this process (Hassuna, PhD thesis, University
of Sheffield 2010), and it has been found that anti-CD9 antibody inhibited adhesion of
bacteria to human epithelial cell lines (Green, PhD thesis, University of Sheffield 2010).
Interestingly, in the present study, no effect on cell associated bacteria in human THP-1
derived macrophages was noticed (Figure 4.5) when these were pre-treated with the same
anti-CD9 antibody used in the human MDM experiments, where it also showed no effect.
The differences in the effects of the anti-CD9 antibodies may relate to differences between
mouse and human cell CD9 or the relative levels of CD9 expression compared with other
tetraspanins including CD63, (as described in chapter 3, Figure 3.1, 3.3 and 3.5 ) that may
affect TEMs structure and organisation. There were no effects with anti-CD63 in contrast to
previous studies, but this is likely to be due to the apparent absence of CD63 on the mouse
macrophage cell line used. As found in the previous studies on human MDM, anti-CD63
antibodies inhibited association of Salmonella NCTC12023 to THP-1 derived macrophages.
In contrast, anti-CD81 and anti-CD151 antibodies caused inhibition of infection of THP-1
macrophages, whereas no effect was seen with human MDM. The level of tetraspanin
expression (chapter 3) may account for the differences in cell-bacteria association, since low
levels of CD151 were shown to be expressed in human MDMs (Hassuna, PhD thesis,
University of Sheffield 2010). Interestingly, anti-CD151 antibodies were previously found to
reduce Neisseria meningitidis adhesion to human epithelial cells (Green, Monk et al. 2011)
and found to be required for Listeria monocytogenes invasion of the human epithelial HeLa
cell line (Tham, Gouin et al. 2010).

Different patterns of results were seen in some cases for cells infected with the Salmonella
LT2 strain compared to NCTC12023 post anti-tetraspanin treatment (comparing Figure 4.6
with 4.7; Figure 4.14 in macrophages derived THP-1 and in undifferentiated THP-1
respectively). In macrophages derived from THP-1 by phorbol ester treatment, the inhibitory

effect of anti-CD63, anti-CD81 and anti-CD151 antibody pre-treatment is more pronounced
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in cells infected with Salmonella NCTC12023 than for the LT2 strain. Also no reduction by
anti-CD81 was observed for undifferentiated THP1 cells infected with LT2, in contrast to the
NCTC12023 strain. Higher rates of infection were observed for the LT2 strain compared with
NCTC12023 in epithelial cell lines (Figure 4.11 E and F and G and H (HEC-1-B); Figures
7.7 and 7.8 (HeLa cells). This could perhaps relate to differences in SPI-1-T3SS expression
depending on Salmonella strains. It has been reported that S. NCTC12023 has less ability to
invade epithelial cell lines, which may be due to low expression of prgH that is important for
needle complex formation in other Salmonella Typhimurium strains (Clark, Perrett et al.
2011). As expected, Salmonella were attached to and internalised by HEC-1-B and HelLa
cells after one hour incubation (results described and discussed in chapter 4 and chapter 7).
However, no significant change in cells associated with bacteria on pre-treatment with anti-
tetraspanin antibodies was observed in HEC-1-B cells infected with either of the Salmonella
strains (Figures 4.9 and 4.11). This finding appears to contrast with a previous study that
showed a reduction in cells associated with attached Salmonella NCTC12023 in HEC-1-B
cells that had been pre-treated with a combination of all three antibodies (CD9, CD63 and
CD151) before infection (Green, 2010, thesis, University of Sheffield). Using a combination
of all three antibodies could have a greater effect on TEMs by disrupting wider areas and
affecting various tetraspanin associated proteins within the structure of TEMs. The results
presented here could also indicate less involvement of tetraspanins and uptake mediated by
Salmonella T3SS. Interestingly, infection of MDMs by Salmonella induced to express high
levels of T3SS was less affected by anti-CD63 antibodies (Noha Hassuna, PhD thesis 2010).
This also contrasts with results reported that anti-CD81 reduced Listeria meningitidis uptake
by HeLa cells (Tham, Gouin et al. 2010). Different bacterial types, strains and mode of uptake
might cause this diversity in tetraspanins responses.

8.3 Recombinant EC2 domain effects on Salmonella uptake

As previously discussed, recombinant tetraspanin EC2s, including CD9-EC2, have been
shown to inhibit bacterial binding to human epithelial cells (Green, Monk et al 2011; Daniel
Cozens, PhD thesis University of Sheffield 2015). It was suggested that the soluble EC2s
were disrupting interactions of native membrane tetraspanins in TEMs that were proposed to
act as “adhesion platforms” for the bacterial adhesion. This was similar to the finding that
CD9-EC2 inhibited attachment of human leukocytes to endothelial cells. Here, the suggested
mechanism, supported by electron microscopy and fluorescence imaging, was that this
recombinant protein competed with the native membrane CD9-EC2 and interfered with its

action for its heterophilic and homophilic protein associations (Barreiro, Zamai et al. 2008).
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Also as previously reported soluble recombinant CD9 EC2 inhibited adhesion of Salmonella
Typhimurium to human MDM (Noha Hassuna, PhD thesis, University of Sheffield 2010).
Therefore, a recombinant version of the EC2 of tetraspanin CD9 was also used in the present
study to investigate the role of this tetraspanin in Salmonella uptake by J774 cells as described
in Chapter 5. Soluble, recombinant versions of human CD9 (hCD?9) that had previously been
produced in our lab were first used, since there is high homology between human and mouse
CD9-EC2 (77% identity). In addition, hCD9-EC2 was functionally active in inhibiting giant
cell formation induced by Burkholderia thailandensis in J774 cells (Atiga Elgawidi, personal

communication).

No significant change in cells associated with bacteria was seen, even in cells pre-treated with
high concentrations of EC2 (1000nM) prior to infection. This was surprising, since as
described in chapter 4, a significant reduction in cells associated with bacteria on anti-CD9
pre-treatment of in J774 cells was demonstrated (Figure 5.1). The same preparation of EC2
had been shown to be correctly folded and detected using conformation-sensitive antibodies.
It also had biologically activity in other assays, inhibiting N. meningitidis adhesion to human
HEC-1B epithelial cells (Dan Cozens, PhD thesis, University of Sheffield 2015) and giant
cell formation induced by B. thailandensis in J774 cells as described above. Nonetheless,
species variation may be important in some functions. DNA corresponding to mouse CD9
EC2 was therefore cloned and used successfully to generate recombinant mouse CD9-EC2-
GST. This was produced and purified and detected by monoclonal antibodies targeting mouse
CD9 (chapter 5, Figure 5.8, 5.9 and 5.11 B) but not human CD9 (Figure 5.11 C). Pre-
treatment of J774 with mCD9-EC2-GST before Salmonella NCTC strain infection again
showed no significant effect compared with the GST control. However, this preparation of
mCD9-EC2 was biologically active in another assay involving mouse macrophages, as it
suppressed J774 fusion induced by Burkholderia thailandensis (Atiga Elgawidi, personal

communication).

The differences in results between cells treated with antibodies or with recombinant EC2
domain may indicate that Salmonella binding to J774 cells is not dependent on TEMs and the
antibodies are acting in a different way here. Alternatively, it could relate to the differences
in methods used to assess bacterial infection (the flow cytometry method was carried out in
the current study while Green et al (2011) used immunofluorescence microscopy, although
the methods appeared very comparable when the effects of antibodies were investigated). If
time had permitted, it would have been useful to investigate the effects of the CD9-EC2
proteins on bacterial adhesion to epithelial cell lines using flow cytometry. Alternatively, it

could be that the recombinant EC2 lacks some feature needed for activity in this particular
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instance. It may have been interesting to look at other tetraspanin EC2s, for instance CD81,
since antibodies to this tetraspanin also affected Salmonella infection of mouse macrophages.
Further investigation is also needed to gain insight into the dynamics of action of EC2 and/or
antibodies in Salmonella infection, such as electron microscopy or super resolution
microscopy and using labelled EC2 protein to investigate its binding to cells. Unlike N.

meningitidis, little is known about “receptors” for Salmonella.

To further investigate the role of CD9 in infection of mouse macrophages by Salmonella,
macrophage cell lines derived from CD9 KO and corresponding wild type mice were used,
as detailed in Chapter 6. There was no difference in the infection of CD9KO or WT
macrophages by the NCTC12023 strain of Salmonella, but surprisingly CD9KO
macrophages were more susceptible to infection by the LT2 strain. However, the
corresponding wild type macrophages were less susceptible to infection by the LT2 strain
compared with the NCTC12023 strain. This contrasts with human epithelial cells, where as
described above, the LT2 strain showed greater infectivity. This might be related to the
differences in Salmonella Typhimurium strains T3SS effector protein expression, as
mentioned previously (Clark, Perrett et al. 2011). Moreover, it has been indicated that the
T3SS is also important for Salmonella survival after uptake by macrophages (Cirillo, Valdivia
et al. 1998). The differences in Salmonella strains uptake could also relate to differences in
the uptake mechanism, with the LT2 strain seeming to be more resistant to infection by the
phagocytosis route than the Salmonella strain NCTC12023 in the wild type macrophage cell

line.

CD9 gene knock out also affected protein expression of other tetraspanin members; a
significant reduction in cell surface expression of CD81 in CD9 KO cells was found. CD9
and CD8L1 are known to associate with one another (Gustafson-Wagner and Stipp 2013) and
this suggests a role for CD9 in correct trafficking of CD8L1 in these cells. In RNA microarray
analysis, expression of several genes were found to be highly and significantly (p<0.05 and
1.5, log?, fold change) affected after knocking-out CD9, either downregulated (including Xist,
Cdkn2a and Smpl3a) or upregulated (including Pvrl3 and Spink5). These results present the
possible role of CD9 in the expression of these proteins at mMRNA level. Further study may
be needed to confirm these changes using qPCR and their protein expression levels using

antibodies.
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8.4 Syntenin and Salmonella infection in HeLa cells

A direct association of syntenin-1 with tetraspanin CD63 has been shown and the protein is
postulated to be a constituent of TEM and affect CD63 internalisation (Latysheva, Muratov
et al. 2006). CD63 involvement in Salmonella uptake has shown previously using MDMs
(Hassuna, PhD thesis, University of Sheffield 2010) and in the present study anti-CD63
antibodies reduced S. Typhimurium NCTC12023 association with THP-1 derived
macrophages (Chapter 4). It was therefore of interest to investigate a direct or indirect role
for syntenin-1 in Salmonella infection using HeLa cells stably knocked down for syntenin
expression. As described in chapter 7, (Figure 7.4), there was little difference in cell surface
expression of CD63 although higher cytosolic levels of CD63 were observed in syntenin KD
HeLa cells; this could relate to the role of syntenin in CD63 internalisation (as discussed in
7.4). However, interestingly, preliminary STORM microscopy results have shown that
surface CD63 distribution and clustering were significantly changed between the cell lines
(described in chapter 7, 7.4) (Megan Jones, MSc student project, 2016). Furthermore, a
reduction of CD151 expression was observed in syntenin KD cells. CD151 is directly
associated with integrins including a3, a6B1, a6p4 and a7p1 integrins (Hemler 2014), and
enhances their signalling complex assembly on cell membranes (Hwangbo, Park et al. 2011).
The Blintegrin subunit expression, but not a3 and a6 subunits, was significantly decreased
on the syntenin KD cells. An association of syntenin with syndecan that is also associated
with B1 integrin cell adhesion molecules has been reported (Gama-de-Souza, Cyreno-Oliveira
et al. 2008). Salmonella infection was assessed by flow cytometry and the results supported
by immunofluorescence imaging of infected cells; the S. LT2 strain showed a higher infection
rate compared with NCTC12023 strain, and in both strains, syntenin KD cells were more
susceptible to infection than control cells (chapter 7, Figure 7.7). However, no significant
changes were observed in the early stages of Salmonella adhesion, even though, from
previous studies, CD63 appeared to be important to Salmonella adhesion into MDMs. Also,
as reported in Chapter 4, antibodies to CD63 had no effect on uptake of GFP-Salmonella by
wild type HeLa cells. The results with the reduction of CD151 and B1 expression in syntenin
KD cells, together with preliminary STORM microscopy, suggested disruption of TEM in
syntenin KD cells. However, there is no clear link here between TEM and bacterial adhesion
as was found previously for human macrophages. As discussed in Chapter 7, the effects of
syntenin knock down may therefore relate to its interaction with other partner proteins such
as syndecan. Syntenin-1 is an adaptor protein that is known to be involved receptor trafficking
(Beekman and Coffer 2008) and may be involved in actin remodelling (Gordon-Alonzo et al
2012). These processes could be important in Salmonella entry into non-phagocytic cells by
the T3SS system.
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8.5 Other future directions

Using murine cell lines have many advantages as cell model; however there are limited
numbers of commercial antibodies currently available to native mouse versions of the
tetraspanins. Despite this, some antibodies against mouse tetraspanins are becoming
commercially available, but these are often raised against peptides or recombinant proteins.
Such antibodies against mouse CD37 and CD151 were tested but did not recognize native
tetraspanins on the surface of mouse macrophages cell lines. It may be worth testing
additional commercially available antibodies to mouse tetraspanins to investigate their roles
in Salmonella infection. The commercially available antibodies may be useful for looking at
levels of expression of different tetraspanins in Western blotting, but they cannot be used for

functional studies if they do not recognise native proteins.

The CD9KO mouse macrophages cells that were generated from CD9KO mice (Le Naour,
Rubinstein et al. 2000) showed no difference in Salmonella NCTC12023 infection; however,
interestingly CD9 KO mouse macrophages was more susceptible to S. LT2 strain. Hence,
more experiments are needed to understand the cells behavior in relation to strain variation,
particularly in long term infection and whether there are any differences in tetraspanin
expression related with the Salmonella strains and time periods of infection. Also, regarding
the stable CD9-GFP expressing J774 cell line that was generated in this study, it would be
worth investigating the effect of overexpression of CD9 on Salmonella infection. Since CD81
was downregulated in CD9 overexpressing cells, it would be worth checking the expression
of other tetraspanins by western blotting. In addition, many tetraspanin KO mice (CD37,
CD81 or CD151) have been generated in different studies (Gartlan, Belz et al. 2010,
Makkawi, Moheimani et al. 2015, Martinez del Hoyo, Ramirez-Huesca et al. 2015), and it
would be useful to try generate immortal bone marrow derived macrophages from these mice.
It would also be interesting to use these tetraspanin-KO mice to investigate the immune
response following systemic infection with Salmonella. Also, using primary renal and hepatic
cells from these KO mice could offer a good tool to obtain a better understanding of the
infection process in the absence of particular tetraspanins. A similar study has been published
more recently that investigated the effect of knockout of CD81 in mice infected with Listeria
monocytogenes (Martinez del Hoyo, Ramirez-Huesca et al. 2015). As mentioned previously,
such CDB81 -/- mice were more susceptible to infection and a role for CD81lin negatively
regulating the immune response was demonstrated. Also, knocking out tetraspanins in cell
lines using the CRISPR-Cas9 system could offer another good way to generate tetraspanin-

KO cell lines.
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Studying the expression of tetraspanins at the mRNA level offers a good tool to investigate
the differences in tetraspanin expression profile in a wider context. RNA microarray analysis,
increasingly, has been applied in many studies (Margalit, Somech et al. 2005, Jeffery, Higgins
et al. 2006). This method could be used to investigate global changes in many different
proteins, including tetraspanin and partner proteins, at the mRNA level. The gene responses
to bacterial infection at the mRNA level was investigated in RAW264.7 mouse macrophages
infected with Brucella abortus bacteria using microarray analysis (Eskra, Mathison et al.
2003). It will be useful to try screening the possible changes, at the transcription level, of
gene expression during the infection process and in persistent infection with Salmonella.

Co-immunoprecipitation trials with CD9, CD81 and other possibly associated tetraspanins or
tetraspanin partner proteins, particularly integrins, was within the initial aims in this study.
However, time limitation prevented this being possible. These types of experiment could help
to detect possible interactions between tetraspanins and putative Salmonella receptors since

little is known about these.
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