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Furthermore, no changes in the mRNA expression of TGF-$1/2/3 were noticed in HIV
infected samples compared to non-infected control, suggesting that TGF-p is not
produced during in vitro HIV infection (Figure 4.16). The TGF-B2 isoform, was not

detected in the ex vivo samples.



CHAPTER V

DISCUSSION

Owing to the difficult accessibility of human thymus tissues due to ethical and
logistical limitations, the role of thymic Tregs during HIV infection remains unclear.
In this study, ex vivo phenotypic characterization of human thymic Tregs was done to
investigate markers associated with thymic Treg development, and in vitro HIV
infection of thymocytes was performed to understand the differentiation of thymic
Tregs in the context of HIV infection and in the presence of TGF-f.

For the ex vivo characterization, thymocytes were divided into three categories based
on their CD3 expression levels. Treg-associated markers were assessed within these
groups. Tregs use CD39 in concert with CD73 to produce immunosuppressive
adenosine, which inhibits effector T cell proliferation and IL-2 production in effector
T cells, and thus helps Tregs to carry out their regulatory functions (Deaglio et al.,
2007). Hence, higher expression of CD39 is expected in the thymic CD3Me" cell
population, comprising mature Tregs that should be the most functional cells. However,
CD39+ Tregs were more prevalent within the CD3"% and CD3™ thymocyte
populations compared to the CD3"&" subset. Nunes-Cabago et al. reported that CD3hig?
DP FoxP3+ thymocytes comprise a greater percentage of CD39+ cells compared to SP
CD4+ FoxP3+ thymocytes (Nunes-Cabaco et al., 2011). These authors reported that
CD39%eh thymocytes express high levels of FoxP3, CD25 and CTLA-4, thereby

displaying characteristics of activated Tregs (Nunes-Cabaco et al., 2011). In addition,
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these DP FoxP3+ thymocytes express higher CD127 and BCL-2, which most likely
protected from apoptosis due to negative selection, and helped them become CD4SP.
Therefore, they concluded that in the human thymus, Treg development is thought to
be initiated as early as the double positive stage, as DP cells express most of the Treg
markers. Our results also indicate that expression of the Treg-associated marker CD39
occurs in immature thymocytes. However, lesser percentage of CD39+ cells within
CD3%eh thymocyte population was found. It has been reported that CD39 is also
upregulated by activated conventional CD4+ and CD8+ T cells (Raczkowski et al.,
2018), and activation in the context of the thymus refers to recognition of self-antigens.
However, it should be underscored that thymocytes recognizing self-antigens with high
affinity are negatively selected and eliminated, to maintain self-tolerance. Therefore,
one possible explanation is that the higher percentage of CD39+ Tregs within CD3'"
and CD3™ populations is indicative of encounters with self-antigens and activation .
Some of these CD39+ cells may be highly activated by self-antigens and hence
eliminated, which would result in lesser CD39+ cells within the CD3"&" subset. Nunes-
Cabago et al. drew their conclusions by comparing DP and SP CD4 T cells expressing
FoxP3 within the thymocyte CD3"& population, whereas Tregs within CD39
expressing Tregs within CD3M€", CD3™™ and CD3"°% thymocytes are compared in our
study . Hence, our expanded analyses extends the reports of Nunes-Cabago et al.
Furthermore, in line with the report of these authors, we also did not observe CD73

expression by human tTregs.

During inflammatory conditions, naive CD4+ T cells in peripheral blood initiate
expression of RORyt in response to the cytokines TGF-$ and IL-6 and become IL-17-
producing Th17 cells. In addition, RORyt-expressing subset of FoxP3+ Tregs are
described in the context of intestinal inflammation and such Tregs were reported to

have higher suppressive capacity compared to their RORyt-deficient counterparts
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(Yang, B. H. et al., 2016). However, in the thymus, RORyt expression seems rather
associated with thymocyte maturation, as its expression wanes as thymocytes mature.
RORyt is required for maturation of thymocytes in the earlier stages as it inhibits their
proliferation, but must be downregulated thereafter since it inhibits IL-2 production
and proliferation of SP cells. ROR#t is required by DP thymocytes (less mature) since
they undergo positive and negative selection, and mitosis must be blocked during these

selection events (He et al., 2000).

The transcription factor Helios was shown to be upregulated in CD4+ CD25+
regulatory T cells, binding to the FoxP3 promoter and siRNA-mediated knockdown of
Helios in these cells led to FoxP3 downregulation, thereby emphasizing its role in
regulating FoxP3 (Getnet et al., 2010). Thorton ef al. demonstrated that 100% of mouse
thymic CD4+ FoxP3+ T cells express Helios, while in vitro TGF-B-induced FoxP3+
cells (murine and human) as well as iz vivo induced antigen-specific FoxP3+ cells do
not; hence these authors proposed that Helios is a marker to delineate tTregs (Thornton,
Angela M. et al., 2010). However, in a second independent study, Helios+ and Helios-
cells were shown to be present within the CD4+ CD45RA+ FoxP3+ naive Tregs
isolated from human peripheral blood (Himmel et al., 2013). In addition, Helios has
also been demonstrated to be a marker of T cell activation, irrespective of the T cell
subset (Akimova et al., 2011) and FoxP3+ Tregs generated extra-thymically, both in
vivo and in vitro, were shown to express Helios, thereby rejecting its use as a marker
for tTregs (Gottschalk, Rachel A. et al., 2012). An important role for Helios is its
contribution to T cell tolerance, as this transcriptional factor is known to bind to the IL-
2 gene promoter on its own or in combination with FoxP3, which leads to IL-2
transcriptional silencing (Baine ef al., 2013). Helios has also been associated with self-
tolerance mechanisms in the thymus; it is co-expressed with Bim (Daley et al., 2013),

a pro-apoptotic protein marker upregulated by self- reactive thymocytes that are
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destined to undergo negative selection in the thymus (Baldwin et Hogquist, 2007). As
mentioned in the section 1.2.3, the current theoretical models of thymic Treg
development suggest that Tregs, which bear TCR responding to self-antigens, escape
the negative selection process in the thymus. Indeed, our analysis shows that all thymic
CD4+ FoxP3+ cells express Helios, thereby suggesting that despite being self-reactive,
these cells survive negative selection. Supporting the role of Helios in the maintenance
of self-tolerance, both thymic and peripheral T cells bearing transgenic TCR specific
to a self-antigen, regardless of FoxP3 expression, upregulate Helios and become
anergic in a mouse model of autoimmune gastritis (Ross ez al., 2014). Altogether, these
facts suggest that Helios expression in the thymus is more likely to be associated with

the maintenance of tolerance in general.

CD45RO and CD45RA are two different isoforms of the CD45 cell surface protein
tyrosine phosphatases (PTPs) (Thomas, 1989). As for PTPs, CD45 isoforms are
responsible for the regulation of signal transduction mechanisms controlling cell
division or apoptosis. Chang et al.. demonstrated that murine DN thymocytes do not
express CD45RA nor CD45RO mRNAs, and that transcription of CD45RO isoform is
maximal at the single positive stage (Chang, H. L. et al., 1991). Subsequently, Fujii et
al. studied CD45RA and CD45RO protein expression in human thymocytes in detail,
reporting that the majority of triple negative (least mature thymocytes) were CD45RA+,
while CD45RO+ cells constituted about 80% of DP and SP (CD4 and CD8) thymocytes
(Fujii et al., 1992). The latter is consistent with our findings. CD45RA is a marker for
naive T cells and CD45RO is a marker for memory T cells, which are in the peripheral
blood. In addition, CD45RA to CD45RO isoform switching occurs in TCR activated
CD4 T cells following antigen recognition (Johannisson et Festin, 1995). It is important
to note that the terminology “naive” or “memory” in the thymus is inappropriate, since

thymocytes are activated only against self-antigens, to become positively and
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negatively selected. Fujii ef al.. explain that, as in peripheral blood, isoform switching
in DP or SP thymocytes also occurs as a result of TCR binding. Higher CD45RO
expression by DP and SP thymocytes is concurrent to TCR activation, which in the
thymus would indicate higher self-reactivity. In this case, apoptosis and negative
selection could be triggered in the thymus. Thus, DP and SP thymocytes expressing
CD45RO will likely be eliminated by negative selection, due to high self-reactivity.
On the other hand, if developing thymocytes switch back to CD45RA expression, they
are egressed out of the thymus (Fujii ez al., 1992).

It is well documented that CD45RO+ CD4 T cells in peripheral blood and lymph nodes
are preferentially infected by HIV compared to CD45RA+ CD4 T cells, and are
destroyed at the earlier stages of infection (Schnittman et al., 1990). In addition,
CD45RO+ cells are known to harbor 10 times more HIV DNA compared to CD45RA+
CD4 T cells (Schnittman et al., 1990). Although the complete and exact signaling
mechanisms accounting for the differences in susceptibility to HIV infection are
unknown, it has been reported that the CD45RO+ cells differentially regulate their
downstream tyrosine kinases (Helbert et al., 1997) and as a result prevent endocytic
pathways for CD4, facilitating syncytium (fused cells following infection) formation,
resulting in higher infection (Chowdhury ef al., 1992). It has also been suggested that
HIV-infected CD45RA+ CD4 T cells will initiate CD45RO expression, as a result of
immune- activation due to the infection (Helbert et al, 1997).We were therefore
interested in studying the susceptibility of thymic CD45RO+ Tregs and non-Tregs to
HIV infection. CXCR3 is a chemokine receptor for CXCL-9, 10, 11, and serves as a
co-receptor for HIV. CXCR3+ is induced during early stages of naive CD4 T cell
differentiation even before CCRS5 (Rabin et al., 2003). CXCR3+ CCR6+ memory cells
in the peripheral blood are also highly permissive to HIV infection (Gosselin et al.,
2010). However, the susceptibility of CD45RO+ tTregs to infection is not known and
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role of CXCR3 expression in CD45RO+ thymocytes (which are possibly recirculating
cells or cells undergoing negative selection), is unclear. We detected that CD45RO+
tTregs express the chemokine receptor CXCR3 while CD45RO+ non-Tregs do not,
suggesting that tTregs are potentially more permissive to infection compared to non-
Tregs. However, it is to be noted that thymic CD45RO+ Tregs, unlike their peripheral

counterparts, are probably pre-apoptotic and may undergo cell death prior to infection.

CCR7 is the receptor for the chemokines CCL19 and CCL21, which are highly
expressed by medullary thymic epithelial cells (Rivino et al., 2004). Studies in mice
show that CCR7 expression in developing thymocytes facilitates their migration from
cortex to medulla to complete their development (Kwan et Killeen, 2004; Ueno et al.,
2002). Surprisingly, increased Treg numbers are found in mice deficient in ccr7
compared to wild-type mice, which complicates understanding of the role of ccr7 in T
cell and specifically Treg development. In this context, it has been speculated that
CCR7 most likely plays a role in tTregs egress and its deletion resulted in intra-thymic
accumulation (Cowan et al., 2014). Later, Cowan et al. demonstrated a heterogeneity
in CCR7 expression within mouse tTregs. Indeed, CCR7- CCR6+ recirculating cells
within the tTreg and their precursor populations (CD25+ FoxP3- or CD25- FoxP3+)
exist (Cowan et al., 2016). It was proposed that CCR7 is required by de novo Tregs in
the medulla to compete with recirculating Tregs for the medullary niches. In this
context, deletion of CCR7 would enable recirculating cells to outcompete intra-
thymically generated cells, thereby resulting in increased Treg numbers (Cowan et al.,
2016). As reported by Cowan et al. 2016, CCR6, the receptor for CCL12, is expressed
by recirculating cells in the mouse thymus, and is also expressed by Th17 cells and
Tregs, enabling them to migrate to inflammatory sites (Yamazaki ef al., 2008). The
presence of recirculating Tregs which are distinguished from intra-thymically
generated cells by the expression of CD31or PECAM-1, has been shown to inhibit de
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novo tTreg generation in mice and humans (Thiault et al., 2015). Thirty to fifty percent
of Tregs in the mouse thymus and 20-25% of Tregs and 9-12% of Tconv cells in the
human thymus were found to be CD31-, suggesting their recirculating nature (Thiault
et al., 2015). However, the differential expression of CCR7 and CCR6 by thymus-
derived or recirculating cells respectively, in the human thymus have not been reported.
We observed that the higher percentage of CCR7+ cells was found in non-Tregs
(Median: 20.1%) compared to Tregs (Median: 7.1%). A small percentage (Median:
3.78%) of CCR6+ tTregs was found, whereas non-Tregs did not express CCR6 at all.
Two possible explanations could account for these differences in percentages of
CCR7/CCR6-expressing Tregs in humans and mice. First, our definition of Tregs as
CD4+ CD127- CD25+ FoxP3+ is more specific, compared to the phenotypes defined
in other studies, which have considered Tregs as CD25+ FoxP3+ CD4 T cells. Second,
out of all the recirculating Tregs in the human thymus, it is likely that only a small
subset express CCR6. Third, the study by Cowan et al.. was performed on adult mice
while our study population involved infants (about 4 month-old, although the age for
all donors were not known). This could result in important differences in the expression
of inflammatory markers, like CCR6, since these infants would probably have not
encountered any foreign antigens at all, and would have much less developed immune

systems compared to adult mice.

Knowing that recirculating cells exist within the human thymus, we explored the
expression of the gut homing markers Integrin-B7 and CCRY, relevant in the context of
HIV infection. HIV gp120 binds to a4p7 receptors expressed on CD4 T cells (Cicala
et al., 2011). In HIV-infected individuals, CCR9+f7hi CD4+ T cells have impaired
gut-homing capacity and are more present in the peripheral blood compared to the gut,
enhancing thereby mucosal immune disruption and contributing to disease progression

(Mavigner et al., 2012). We observed that Integrin-B7 and CCR9 are expressed by a
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small percentage of Tregs and non-Tregs in the human thymus, which suggest their
susceptibility to HI'V infection as well as their recirculating nature. We observed higher
expression of CCRS on thymic Tregs compared to non-Tregs which suggests that

tTregs are potentially more susceptible to HI'V infection with RS tropic HIV strains.

Methylation sequencing of foxp3 gene locus was performed on bisulfited converted
genomic DNA extracted from the three CD3 subsets of thymocytes to check if their
methylation status reflected the FoxP3 protein expression pattern as shown in Figure
4.2. Although significant differences in methylation were observed in four out of the
six specified regions, there were no significant differences in the enhancer and CNS2
regions, which is described as the TSDR. It was surprising to find that the enhancer
region was not more demethylated in the CD3"¢" subset. Since FoxP3-expressing cells
represent around 6% of CD3"&" thymocytes, it is likely that the demethylation seen in
FoxP3+ cells is being masked by the huge majority of FoxP3- thymocytes present
within the CD3"#" population. This shortcoming could potentially be overcome by
sorting Tregs. However, since FoxP3 staining is performed intracellular and requires
permeabilization and fixation of cells, which might potentially interfere with
subsequent steps involved in the assessment of epigenetic status. However, the fact that
there is significant difference in methylation between CD3"&" versus CD3!°" suggests
that the methylation status of foxp3 gene starts undergoing changes right from early
stages of human thymocyte development. In addition, expression of DNMT enzymes
was assessed on thymocytes sorted based on CD3-expression, and not on enriched
tTregs, which is also a limitation of this study. It is to be noted that DNMT enzymes
could regulate multiple genes in addition to foxp3, or might regulate foxp3 through
indirect mechanisms. Owing to the limitations of the sorting strategy, a correlation

between FoxP3 protein expression and methylation status might not be useful.




108

TGF-B regulates FoxP3 expression in the thymus (Chen, W. et Konkel, 2015), induces
Treg development in secondary lymphoid tissues during inflammation (Chen, W. et al.,
2003) and mediates lymphoid tissue fibrosis is HIV-infected individuals (Theron et al.,
2017; Zeng et al., 2011). Hence, we postulated that TGF- might contribute to the
induction and maintenance of Tregs within the thymus during HIV infection. When
human thymocytes were treated with recombinant human TGF-B1, we observed an
increase in the percentage of CD127+ CD4 T cells, which confirmed the TGF-§
administration, since TGF-B signalling promotes CDI127 expression (Ouyang,
Weiming et al., 2013). All TGF-B-treated samples showed increase in Treg frequencies
compared to untreated ones, although not statistically significant, likely due to the

small sample size.

Our in vitro data rather indicated that Tregs are not infected by HIV. The transcription
factor FoxP3 is known to inhibit HIV viral transcription by suppressing NFAT (Selliah
et al., 2008). The transcription factor NFAT binds the HIV-1 LTR and thereby
contribute to HIV gene transcription by binding to the HIV-1 LTR (Cron et al., 2000).
Since FoxP3 inhibits NFAT activity, it contributes to reduced viral transcription in
Tregs (Selliah et al., 2008). It was also demonstrated that CD4+ CD25+ CD127- cells
(of which 80% express FoxP3) and CD4+ CD25- CD127+ ( of which 30% express
FoxP3) isolated from peripheral blood of untreated HIV-infected individuals have
comparable levels of HIV p24 (Moreno-Fernandez et al., 2009). Although this
confirms in vivo HIV infection of Tregs, the same study showed that in vitro HIV
infection of Tregs appeared to be lower compared to infection of effector T cells
(Moreno-Fernandez et al., 2009). In addition, Tregs coming from the colon of SIV-

infected macaques are less infected, and are hence protected from SIV-mediated cell
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death, accounting for their preferential survival (Allers et al., 2010). Although previous
studies showed higher rate of thymocyte infection with X4 virus compared to R5 virus
(Nunes-Cabago ef al., 2015), we only detected infected cells in two out of six samples
(thymus #18 and #19). This might be due to our use of laboratory constructed viral

strains and not clinically isolated viral strains.

Our results indicate that HIV infection alone does not increase FoxP3 expression, nor
does the combination of HIV infection and TGF-f treatment. Furthermore, we did not
observe any increase in TGF-f mRNA levels in HIV-infected thymocytes. However,
we measured low infection rates both in fresh and thawed thymocytes. One possible
explanation for achieving low infection rates could be the use of laboratory constructed
viral strains and not clinical isolates as reported (Angel, 2012), which might be more
virulent. A major negative effect of TGF-B in HIV-infected individuals is its
contribution to lymphoid tissue fibrosis, by enhancing the activity of fibroblast cells,
which results in excessive collagen deposition (Zeng et al., 2011). However, in HIV-
infected individuals, the direct effect of TGF-B on viral replication has not been yet
studied. Our results indicate that TGF-p does not modulate HIV infection. It is to be
underscored that in vitro infections are not necessarily representative of what happens
in vivo. APCs in the thymus are major sources of TGF-B during in vivo infection. In
the peripheral blood and tissues of HIV-infected individuals, platelets, Tregs and CD8
T cells secrete TGF-f (section 1.4.5). We do not observe TGF-3 production most likely
because Tregs remain unaffected by infection or probably because the Tregs present

are not functionally active.



110

In summary, our results provide a comprehensive description of the phenotypic
markers expressed by human thymic Tregs. Our study remains the first to demonstrate
the use of high throughput methylation sequencing, MiSeq, for the assessment of foxp3
epigenetic status on human thymocyte samples. Although our initial hypothesis about
the impact of TGF-B on thymic Treg differentiation during HIV infection was not
confirmed, the in vitro assays validate the potential use of this model for further studies
on human thymocytes in the context of HIV infection, as proposed earlier (Angel,
2012).




CHAPTER VI

CONCLUSIONS

Although Treg frequencies are reported to be higher in chronic HIV-infected
individuals and TGF-B is known to mediate lymphoid tissue fibrosis and disease
progression in such individuals, the role of TGF-B in inducing thymic Tregs during
HIV infection remains unclear. This study aimed at determining the contribution of
TGF-B in the induction of FoxP3 expression and Treg generation during in vitro HIV

infection of human thymocytes.

The ex vivo phenotypic characterization of thymic Tregs provided a complete overview
of the characteristics of these cells. The expression of certain markers by Tregs imparts
a different meaning in the context of the thymus, in comparison to the peripheral blood.
For instance, although RORyt is the master transcription factor of Th17 cells in the
peripheral blood, in the thymus, it is rather associated with thymocyte maturation. The
ex vivo assessment of the epigenetic status of non-coding regulatory sequences of the
foxp3 gene in subsets of thymocytes based on CD3 expression levels showed that the
establishment of methylation status of foxp3 begins at early stages of thymocyte
development. The use of high throughput methylation sequencing (MiSeq) for human
thymocytes has been performed for the first time and encourages the use of this

technique for further methylation studies in human specimens.
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The in vitro TGF- treatment of human thymocytes resulted in increased expression of
CD127 and increased Treg frequencies. HIV infection of human thymocytes with R5
and X4 tropic viral strains showed that FoxP3+ CD4 T cells are not infected by HIV.
TGF-B treatment had no impact on the rate of HIV infection and did not affect FoxP3
expression or Treg generation during HIV infection. Although the initial study
hypothesis was not confirmed, the study validates the usefulness of in vitro co-culture
model of human thymocytes and OP9-DL1. It has taken us one-step further in

understanding human thymic Treg development in the context of HIV infection.

As a next step, it would be interesting to check the epigenetic status of foxp3 in e ex
vivo sorted-tTregs, which will provide insights on human tTreg development under
homeostatic conditions. It would also be interesting to infect thymocytes with clinical
virus isolates , which may increase the infection rates. Eventually, sorting of infected
(p24+) tTregs and their epigenetic analysis may allow characterizing the effects of

HIV infection on tTreg development.
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