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Abstract

Title of Dissertation: Direct Suppression by Healthy and SLE Human Tregs of
B cell Immunoglobulin Secretion
Elizabeth Weingartner, Doctor of Philosophy, 2017

Dissertation Directed by: Dr. Amit Golding, MD, PhD, Department of Medicine

Regulatory T cells (Tregs) are characterized by their role in maintaining peripheral self-
tolerance and immune homeostasis. One such role is regulation of the humoral response,
which is most clearly demonstrated by abundant auto-antibody production in Scurfin
mice and IPEX patients, both of which lack functional Tregs. Indirect Treg regulation of
the humoral response via their influence on helper T cells, in particular in germinal cen-
ters, is well established. Prior demonstration of direct Treg inhibition of B cells has also
been demonstrated, primarily in mice, but is mostly attributable to Treg killing of B cells.
This regulation may be especially relevant in B cell-mediated diseases, such as systemic
lupus erythematosus (SLE). SLE is an extremely heterogeneous, autoimmune disease
characterized in part by high titers of autoantibodies. We hypothesize SLE Tregs are defi-
cient in their ability to suppress immunoglobulin secretion by B cells relative to Tregs
isolated from healthy donors.

We addressed this hypothesis by first developing and characterizing a modified
suppression assay in which the only variable is the source of Tregs. In this assay, sup-
pression by human Tregs of a homogenous, germinal center like B cell cell line, Ramos,
is measured by ELISA for IgM and flow cytometry for cell death. We demonstrate that

human Tregs directly suppress IgM by Ramos B cells through a partially contact- and



death-independent mechanism. In addition, we demonstrate that pre-stimulation of the
Tregs with aCD3/CD28 increases the suppression of IgM secretion but again, is inde-
pendent of inducing B cell death. After development and characterization of this modi-
fied suppression assay, we evaluated the behavior of Tregs isolated from SLE patients in
the assay. Interestingly, we found that the average suppression of IgM secretion by SLE
Tregs is not statistically different from the average suppression by Tregs isolated from
healthy donors. However, we found that SLE Tregs induce death in the Ramos B cells
unlike Tregs isolated from healthy donors. Based on our findings, we offer a model by
which Treg-induced B cell death might actually promote more SLE disease by further re-
lease of auto-antigens. Future experiments will be aimed at elucidating the mechanism

and type of cell death.
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Chapter 1: Introduction and Scope of Dissertation?

1. Regulatory T cells
1.1 Discovery and Characterization of Treg

Naturally occurring regulatory T cells (Tregs) are a subset of CD4+ T cells re-
quired for maintaining self-tolerance and immune homeostasis® *2 . These natural Tregs
develop in the thymus, where they are selected on self-peptide—-MHC complexes. Mature,
natural Tregs in mice and human constitutively express CD25, the high affinity IL-2 re-
ceptor, as well as the transcription factor Foxp3. In addition to thymically-derived Tregs
(tTregs), peripherally induced Tregs (pTregs), which are conventional CD4 T cells con-
verted into functional, FoxP3+ Tregs, have been convincingly demonstrated in mice. In
contrast to tTregs, which have stable TSDR demethylation and are Helios+, pTregs do
not have TSDR demethylation and are Helios-. In vitro induced human Tregs (iTregs) are
similarly Helios- and do not have stable TSDR demethylation!!. Since pTregs have not
been conclusively proven in humans, the focus of this thesis in on human tTregs.

The first experiment suggesting the existence of Tregs was neonatal thymectomy
on day 2—4 in mice after birth, which led to widespread autoimmunity. Concurrently,
adult thymectomy and subsequent rounds of X-ray irradiation in rats® also led to wid-
spread autoimmunity. The autoimmune disease present in both models was prevented by
adoptive transfer of normal CD4+ T cells. Later experiments showed that transfer of thy-
mocytes or peripheral CD4+ T cells depleted of the CD25+ fraction still led to autoim-

munity 4. These early experiments suggest that there is a natural population of CD4+ T

! Adapted from Weingartner E, Golding A. Direct control of B cells by Tregs: An opportunity
for long-term modulation of the humoral response. Cell Immunol. 2017 Aug;318:8-16. doi: 10.1016/j.cel-
limm.2017.05.007. Epub 2017 Jun 1. Review. PubMed PMID: 28595857.
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regulatory cells that originate in the thymus, unlike peripherally-induced regulatory cell
subsets, and these natural suppressors are indispensable for maintaining self-tolerance. In
addition, these initial experiments identify Tregs as CD4+CD25+. Unlike Tconv, Tregs
constitutively express CD25, which is the high affinity 1L-2 receptor ® . The importance
of this constitutive expression is discussed in Chapter 1, Section 1.2.

Later investigations identified Foxp3 as the master transcription factor required
for Treg function in both human and mice. In the mouse mutant Scurfy, two additional
base pairs are inserted into the Foxp3 gene ’ *8+° resulting in a nonfunctional Foxp3 pro-
tein and consequently lethal systemic autoimmunity. In the human disease Immuno-
dysregulation Polyendocrinopathy Enteropathy X-linked syndrome (IPEX), mutations in
the Foxp3 gene disrupt the ability of Foxp3 protein to bind DNA° . IPEX patients de-
velop widespread autoimmunity, and typically die at a young age unless they receive
bone marrow transplantation. The transplanted bone marrow is thought to provide a
source of intact Tregs, which can restore immune homeostasis in these patients.

Both mouse and human naive CD4 Tconv can be induced to express Foxp3 .
However, thymically-derived Tregs display a greater degree of demeythylation at the
Treg-specific demethylation region (TSDR) within the foxp3 locus *? . Measuring de-
methylation status of the TSDR is the characteristic method used to confirm the identity
of natural Tregs.

In addition, expression of Helios, a member of the Ikaros family of transcription
factors, is also a key differentiator between Tregs and other CD4 T cell subsets ! . While
all thymocytes express Helios, only a subset of T cells in periphery maintain Helios ex-

pression 3 . Sugimoto et al. demonstrated in mice that this subset of T cells were



CD4+CD25+, which fits with the Treg phenotype. Thorton et al. developed a monoclonal
antibody against Helios and confirmed that Tregs from mouse (CD4+ Foxp-GFP+) and
from human (CD4+CD25+CD127-) express Helios. In addition, their data demonstrated
that Tconv from either mouse or human do not express Helios even when activated in the
presence of TGF-Beta, which induces Foxp3 expression. Therefore, Helios is specific to
naturally occurring Tregs as compared to other CD4+ T cell subsets.

Another characteristic of human Tregs is their lower level of CD127, which is the
IL-7 receptor, when compared to other CD4+ T cell populations * . Foxp3 has been
shown to interact with the CD127 promoter, which repress CD127 expression. When cul-
turing sorted CD4+ T cell subsets of varying CD25 and CD127 expression with lympho-
cytes 1° , CD4+CD25+CD127- T cells suppress the proliferation of lymphocytes better
than CD4+CD25+ T cells, identifying the lack of CD127 expression as a method to dis-
tinguish Tregs and activated Tconv.

Taken together, this body of work suggests natural, human Tregs are identified
specifically as CD4+CD25hiCD127-Foxp3+Helios+. In practice, cell sorting or magnetic
bead separation of CD4+CD25hiCD127- cells is the most common and accepted method

used to isolate Tregs for study.

1.2 Treg-mediated immune regulation

Tregs regulate immune responses in multiple scenarios and through multiple
mechanisms ! . The majority of studies have focused on Treg regulation of cellular im-
mune responses, or their direct action on Tconv. One of the main mechanisms by which

Tregs regulate Tconv is via IL-2 consumption. As mentioned above, Tregs constitutively



express the high affinity receptor for IL-2, whereas Tconv express the low affinity 1L-2
receptor until activated. IL-2 was initially described as a T cell growth factor because of
the proliferative effect on naive Tconv 1718  Once activated, naive Tconv produce
IL-2 and use it in an autocrine fashion. However, IL-2 -/- mice are still able to mount a
relatively normal immune response, suggesting IL-2 is not required for a T-cell depend-
ent immune response 8 1° . Malek and Bayer propose a model in which, TCR ligation
and co-stimulatory molecule engagement induces some clonal expansion of T cells but
broad expansion and differentiation requires IL-2.

IL-2 is however, undeniably required for Treg production and function %° . Un-
like activated Tconv, Tregs do not produce IL-2 when they are activated 2>?* . Constitu-
tive expression of the high affinity 1L-2 receptor allows Tregs to compete for IL-2 in ho-
meostatic situations, preventing inappropriate immune activation. In addition, by con-
suming the IL-2 produced by activated Tconv, Tregs block the IL-2 autocrine signaling
on Tconv in scenarios of T cell activation, ultimately suppressing an immune response 2! .

IL-2 signaling in Tregs is thought to induce expression of proteins, such as Foxp3,
that allow additional suppressive mechanisms® 2223 :24.2526.27 The syppressive abili-
ties of Tregs, including IL-2 consumption, were identified primarily through in vitro sup-
pression assays. Briefly, the initial suppression assay was developed by Thornton and
Shevach co-cultured Tregs with labeled Tconv, soluble anti-CD3, and spleen cells de-
pleted of T cells?* . Labeling the Tconv with tritiated thymidine allowed for assessment
of Tconv proliferation in response to activation provided by the anti-CD3 and spleen

cells. Thorton and Shevach demonstrated Tregs suppressed Tconv proliferation. Aspects



of this assay have been modified since as to evaluate the additional mechanisms of sup-

pression.

1.3 Treg regulation of humoral immunity

Intriguingly, both Scurfy mice and IPEX patients that lack Tregs (discussed in
Chapter 1, Section 1.1) develop high titers of class-switched autoantibodies. In addition,
defects in Tregs are associated with increased IgE responses to food antigens and aller-
gens 28 2%  This suggests that Tregs, in addition to maintaining cellular self-tolerance, are
also necessary for proper regulation of the humoral response.

Given the breadth of activities in which Tregs can be involved, it is commonly as-
sumed that the humoral autoimmune phenotypes in Scurfy mice and IPEX patients are a
result of dysregulation of Tconv in these contexts. Indeed, multiple studies using both
mouse and human Tregs have shown that Treg can act on CD4 T cells, particularly follic-
ular helper cells, to modify the humoral response. Tregs also modulate the ability of anti-
gen presenting cells (APCs) to stimulate a response via CTLA-4%° . In the context of reg-
ulating the humoral response, these mechanisms are referred to as indirect suppression.

In addition to such indirect suppression, there are a small but intriguing number of
studies that suggest that Tregs may directly regulate B cells without the need of another
intermediary cells. This direct regulation is especially interesting because it suggests that
Tregs have a much larger timeframe in which they can regulate an antibody-mediated im-
mune response after antigen exposure. In the context of indirect suppression, Tregs have
a few days during which they can control Tconv before those cells activate a B cell re-

sponse. On the other hand, protective antibodies are detectable for years after exposure



because the antibody-producing cells are maintained 3 3232 However, the underlying

mechanisms for this direct suppression have not yet been extensively studied.

1.4 Indirect regulation of humoral immunity by Treg

The evidence for the regulation of antibody responses by Tregs come from both
cellular depletion and genetic knockout experiments and has been extensively reviewed 3
. Many of the initial studies suggested Treg control of the humoral response against self-
antigens. Using a transgenic mouse, Seo and colleagues demonstrated that Tconv acti-
vated anergic, dsSDNA specific B cells but addition of Tregs maintained peripheral toler-
ance by preventing the autoreactive B cells from producing antibody *® . Using a trans-
genic mouse that expressed hen egg lysozyme (HEL) and ovalbumin (OVA) as self, pan-
creatic antigens, Ludwig-Portugall et al. confirmed the function of Tregs in maintaining
peripheral B cell tolerance, by showing that adoptively transferred, HEL-specific B cells
only proliferated and survived in the absence of Tregs . In mouse models of arthritis,
lupus, and autoimmune hemolytic anemia, depletion of Treg by treatment CD25-specific
antibodies led to increased titers of autoantibodies *” 38 +° In addition, more severe au-
toimmunity, including high titers of autoantibodies, was also observed in nude mice that
were reconstituted with T cells that had been depleted of GITR+cells *° . Mouse studies
suggest GITR is a marker of activated Tregs*! .

Additional studies demonstrated that this phenomenon is not only specific to self-
antigens but also occurs in maintaining immune homeostasis. Depletion of CD25+Tregs
in Helicobacter-infected mice led to increased Helicobacter-specific antibody levels and

an altered isotype distribution %> . Administration of anti-GITR in mice before and during



immunization with ovalbumin and hemagglutinin led to increased antigen-specific and
neutralizing antibody titers ** . Treg-specific knockout of CTLA-4 led to hyper-produc-
tion of IgE without immunization or antigen exposure 2° . These and other in vivo data set
the stage to further clarify how Tregs indirectly controlled humoral responses.

In the above studies, the use of in vitro models were specifically helpful in laying
out a two-step process which emphasizes Tregs acting on Tconv first, followed by the
Tconv helping (or not) the activated B cells. Tregs use various mechanisms to downregu-
late the functions of Tconv, which impact on the ability of the regulated Tconv to drive B
cell responses 3 . Broadly, these regulatory activities can act at multiple steps — starting
with a general dampening of Tconv activation to very specifically limiting pathways,
such as ICQOS, that Tconv require to drive B cell responses.

An example of such studies would be those from Eddhari and colleagues, where
Tconv were first cultured and activated with splenic Tregs. Then, after removing the
Tregs, B cells were added under B cell activating conditions. In this case, the Tregs sup-
pressed the Tconv so that they were unable to induce antibody secretion by the B cells.
The mechanism for this suppression was via Treg secretion of TGF-p — a cytokine that
can dampen multiple aspects of T cell activation ** . Alternately, studies such as those
from Fields, et. al. showed that Tregs isolated from lymph nodes do not hinder the overall
activation or follicular entry of Tconv but instead reduced ICOS expression on the sur-
face of Tconv . The resulting decrease the authors observed on autoantibody production
is an example of a specific effect of Tregs on a pathway required by Tconv for B cell

help. Indeed, the precision of this regulation was confirmed in a later study by the same



group that demonstrated over-expression of ICOS on Tconv dampened the ability of the
Tregs to suppress Tconv -induced anti-chromatin immunoglobulin responses 6 .

The above two sets of studies are also a good place to point out potential differ-
ences between mouse and human Tregs in this regard. TGF-B, for instance, decreases
ICOS expression on in vitro activated murine Tconv, but not in in vitro activated human
Tconv. In the latter, TGF-B alone or in conjunction with IL-12 and/or IL-23 has been re-
ported to even cause a slight increase in ICOS expression*’ . Such differences need to be
studied further to be reconciled.

A significant advance in studying indirect regulation of humoral immunity by
Tregs is the identification of Tregs’ localization at B cell follicles and their specialized
function in suppressing germinal center responses. These lymph node-resident cells,
termed T follicular regulatory cells (Trr) were initially discovered and described in hu-
man 8 . Subsequent studies in mouse models demonstrated that Ter express canonical
Treg markers (Foxp3, CTLA-4, GITR, Helios), as well as T follicular helper cells’ (Trr)
markers (CXCR5, BCL6, ICOS) to localize to the germinal center 4° %51 In addition,
Trr express BLIMP-1, which is typically though to counteract BCL6 in conventional Trn
as well as B cells. Early studies determined that Trr originate from thymically-derived
Tregs, which migrate to the lymph node upon activation via CXCL13 chemokine gradi-
ents and localize in the germinal center ?” . A recent study demonstrated that Trr cells can
also develop from naive T cells in secondary lymphoid organs *° . These specialized
Tregs can also circulate in the blood % . Detailed reviews of Ter are available in %35

Initial studies showed that Trr suppress the proliferation of both Tr+ and antigen

non-specific B cells, class switch in B cells, and antigen-specific antibody production ° -



5051 In vivo experiments demonstrated that CTLA-4, a surface molecule commonly as-
sociated with Treg suppressive function, played a role in suppression of the humoral re-
sponse *° . Knockdown of CTLA-4 on Ter led to increased numbers of Tew, GC B cells,
and Trr, as well as increased ICOS expression on Ter specifically. In addition, the ability
of the Trr to inhibit B cell class switch was impaired without CTLA-4, but surprisingly,
B7-1 and B7-2 expression on the surface of B cells and total antibody titers were un-
changed. A second report echoed these findings except the data suggested that in fact
CTLA-4 on Ter was responsible for down regulating B7-1 and B7-2 on GC B cells ¢ .
Both studies saw a significant increase in IgE when CTLA-4 function on Tregs was ab-
lated. These authors suggest that CTLA-4 on Tregs decreases IL-4 production by T
helper cells, which is necessary for IgE class switch. This explains the hyper IgE pheno-
type in mice lacking CTLA-4 on Tregs specifically?® . In addition, time-lapse microscopy
experiments suggested that Trr might physically disrupt Trn -GC B cell interactions as a
mechanism of suppression °’ .

Overall this body of literature strongly supports the notion that Tregs/Trr can con-
trol the humoral response by acting on T helper cells, particularly Trn. Given the histori-
cal timeline, wherein Tregs were originally studied in the context of regulating T cell ac-
tivity, it is not surprising that their ability to influence B cell responses is largely consid-
ered a secondary context. Furthermore, the existence of this well-defined indirect sup-
pression of the humoral response makes it challenging to tease out the role for Tregs in
direct suppression of B cells and plasma cells. It requires careful in vitro experiments and

in vivo imaging to establish direct interactions. Therefore, it has been quite exciting to



watch a slow but incremental stream of new reports that explore such direct interactions

in both mouse and human models, which are summarized in the next section.
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Figure 1.1 Proposed Mechanisms of Treg Direct Suppression of B cells. Both
mouse and human studies have suggested that Tregs act directly on B cells through
the depicted proposed mechanism to alter B cell effector function.
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1.5 Evidence from mouse models for direct suppression of B cells by Tregs

While the majority of evidence has focused on T-dependent responses (i.e.
aCD40/CD40L and IL-21 or IL-4 stimulation), some of the earliest evidence for direct
suppression was found using T-independent antibody response in mice . Long before
Tregs were well-characterized, Jandiski and Scott suggested the presence of a subset of
“suppressor” T cells could control a B cell response to a T-independent antigen trinitro-
phenyl hapten %8 . However, there is no direct evidence for the suppression of B cells
stimulated by T-independent antigens by Tregs alone. Certainly, peripherally-induced
Tregs have been shown to contribute to tolerization of resident B cells to the gut microbi-
ome via IL-10 and TGF-B°, but this mechanism is also dependent on tissue-resident
tolerizing APCs and the dynamic balance between peripherally-induced Treg and Tn17
cells.

My thesis focused more on direct suppression of B cells by natural Tregs, in par-
ticular B cell responses to classically T-dependent rather than T-independent antigens. A
study by Jansens et. al. used a monoclonal, Treg-like cell line to show that Tregs could
kill a cognate antigen-presenting B cell line via Fas-FasL interactions ®° . Subsequently,
several other groups published evidence for the induction of B cell death as one direct
mechanism of suppression for Treg suppression of B cells. Zhao, et. al. showed that acti-
vated Tregs preferentially killed antigen-presenting B cells via perforin and granzyme B,
but not Fas-FasL, while B cells that did not present the specific antigen not killed 5* . Us-
ing a transgenic mouse that expressed HEL and OVA as self, pancreatic antigens, Lud-
wig-Portugall, et al. concluded that Tregs maintained peripheral tolerance in this model

by suppressing proliferation of and killing the autoreactive B cell * . likuni, et al. showed

12



that Tregs from NZB/W mice, a Systemic Lupus Erythematosus (SLE) model, sup-
pressed stimulated B cells by induction of apoptosis via perforin and granzyme %2 . Xu et
al. demonstrated that thymically-derived Tregs induce apoptosis in LPS-stimulated B
cells, while TGF-B-induced Tregs suppress B cell activation, proliferation, and antibody
secretion via a non-cytotoxic and cell-contact dependent mechanism 3 .

These publications support a common notion that Tregs can kill B cells while
pointing to different mechanisms. Both Janssens, et. al. and Zhao, et. al. found that Tregs
kill B cells acting as an APC but the death was induced by different mechanisms. Im-
portantly, Janssens, et. al. used a Treg-like cell line that was not pre-activated for co-cul-
ture with antigen and the cognate antigen-presenting B cell line. Alternately, Zhao et.al.
did not observe B cell killing unless the primary Tregs were activated. Activated murine
Tregs do express granzyme B but direct Killing of Tew or GC B cells by Trr was not ob-
served#° % % Notably, Trr express lower levels of granzyme B compared to peripher-
ally-circulating Tregs. Together these studies This all suggests that the activation status
of Tregs and the environment of both Tregs and B cells determine whether or not killing
will be the mechanism of suppression.

Additional studies have also suggested that killing as a mechanism of direct hu-
moral suppression is more or less important depending on the model. Gondek, et. al.
showed that Tregs isolated from granzyme B knockout mice are less suppressive of T ef-
fector proliferation in a classic suppression assay, although this mechanism was not de-
pendent on perforin % . Timothy Ley’s group demonstrated that Tregs use granzyme B to
negatively regulate NK and CD8+ T cells in the context of a tumor but in the context of

graft vs host disease granzyme B expression in Tregs is not necessary to control the
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allogeneic response ®” , 8 . However, an earlier paper by Gondek, et. al. demonstrated that
granzyme B-expressing Tregs were necessary for tolerance in a skin allograft model ¢° .
Unfortunately, these studies do not measure the effects on granzyme B knockout in Tregs
on the humoral response but do suggest that the use of granzyme B as a mechanism of
suppression depends on the context.

While the majority of the studies that investigated killing as a direct mechanism
of suppression were done in vitro, Gotot, et. al. used complex mouse models to look in
vivo % . The authors demonstrate that Tregs express PD-L1 and —L2 and use these ligands
to directly suppress autoreactive B cells by causing upregulation of PD-1, which conse-
quently induce apoptosis. Their data suggest this was specific to autoreactive B cells and
conclusively showed it was a direct interaction between the Treg and B cell. As men-
tioned, Trr have not been shown to induce cell death in either Try or GC B cells, but Trr
do express lower levels of granzyme B compared to peripherally-circulating Tregs“° . It’s
unclear from these studies if specific circumstances, such as antigen presentation, auto-
antigen specificity, or interaction outside the lymph node, cause Tregs to kill B cells. To
decipher this, a study is necessary that uses one model in which these circumstances are
varied and B cell death is assessed.

There are also some studies in mouse indicating Tregs act directly on B cells to
suppress or modulate their effector function without inducing death. For example, TGF-$
is one of the mechanisms by which Tregs suppress and TGF-f is known to induce IgA
class switch ™* 7273 Nakamura, et. al. demonstrated that Tregs suppress murine Tconv
proliferation via cell-surface bound TGF-§3 and suggested this mechanism of suppression

is also relevant in suppression of 1gG secretion * . It was unclear though, if the effect on
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B cells was a direct or indirect mechanism. Using a TGF- blocking antibody and co-cul-
ture system, Cong, et. al. confirmed that activated Tregs directly induce IgA secretion by
naive, splenic B cells via TGF-B ° . Again, there seems to be a difference between mouse
and human because studies have shown that addition of TGF-p or activated Tregs to a hu-
man B cell culture suppresses IgA secretion /77,

More recently, there is suggestion in the literature that Tregs play a role in di-
rectly modulating plasma cell behavior. For example, Jang, et. al. used an autoimmune
mouse model that also lacked functional Tregs to study the migratory patterns, matura-
tion, and lifespan of plasma cells ’® . They found that, compared to autoimmune mice
with functional Tregs, those without had an increased number of mature, autoantibody se-
creting plasma cells in the spleen and draining lymph nodes. This was accompanied by a
decrease in autoantibody secreting plasma cells in the bone marrow, suggesting to the au-
thors that, without Tregs, plasma cells do not migrate as efficiently to the bone marrow.
This was despite normal surface expression of CXCL12 on the plasma cells.

Building upon this work, a recent paper by Zaretsky, et. al. used in vitro imaging
to show that Tregs co-localize and interact with plasma cells in the bone marrow " . In
addition, their data showing positive correlation between the number of Tregs and plasma
cells in the bone marrow and knock out of CTLA-4 in Tregs suggests that Tregs interact
with plasma cells, and other cell types in the bone marrow, to control plasma cells. Hu-
man Tregs also traffic to the bone marrow and are found there in higher numbers com-
pared to peripheral blood, lymph node, or thymus®® . As mentioned in the Introduction,
this is especially interesting to consider given that long term, humoral immunity is medi-

ated by the maintenance of these long lived plasma cells in the bone marrow.
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1. 6 Evidence from human for direct suppression of B cells by Tregs

As mentioned, there are a limited number of studies using human samples that in-
vestigate Tregs direct regulation of the humoral response. Understanding this type of reg-
ulation in humans has important potential implications for disease management, espe-
cially in autoimmune diseases and cancer. Many autoimmune diseases are characterized
by high titers of autoantibodies, whereas cancer involving B cells is often due to uncon-
trollable B cell proliferation. Therefore, understanding if, when, and how Tregs suppress
B cells could offer additional therapies for these diseases. Despite the challenges associ-
ated with this area of study in human, the available published data is intriguing and re-

viewed herein. These publications are also summarized in Table 1.1

1.6a Healthy individuals

Initially, Lim and colleagues published data characterizing Tregs in human ton-
sils, now referred to as Trr (see description above) 8 . This seminal paper suggested that
Tregs can be found in human tonsils and identified as CD4+CD25+CD69—. They tested
for indirect suppression of B cells in an in vitro assay combining Tregs, T helper cells
and B cells. The total CD4+CD25+T cell population from tonsils did not indirectly sup-
press antibody secretion via T helper cells as effectively as the CD4+CD25+CD69— sub-

population, suggesting that the total CD25+cells included both regulatory T cells
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(CD69-) as well as activated effector T cells (CD69+) which have up-regulated
CD25 and are therefore not true suppressor cells.

Building upon their initial observations, Lim and colleagues published a second
paper that focused on the outcome of Trr directly interacting with naive B cells
(CD19+IgD+CD38-) /" . The co-cultures proceeded under B and T cell activating condi-
tions, and the concentration of secreted IgG antibody in the supernatant was reduced by
~70% and IgA by ~65% when Trr were present at a 1:1 ratio to B cells, suggesting hu-
man Trr could directly suppress antibody secretion. Proliferation and cell death of the B
cells were not assessed. Using a transwell assay, the authors concluded that the suppres-
sion of IgA secretion was dependent on direct cell-to-cell contact between Tregs and B
cells. The addition of blocking antibodies, either to TGF-1 or CTLA-4 or both antibod-
ies, only partially reversed suppression (~65% to ~55% suppression), and there was no
synergistic effect of combining blocking antibodies to both TGF-B1 and CTLA-4. To fur-
ther elucidate the mechanism, the authors measured expression of AID and productive Ig
(19G1,2,3,4 and Al,2) transcripts in the B cells after co-culture, as well as switch circles,
which are generated by class switch recombination. The expression of AID and 1gG and
IgA transcripts was almost absent when naive B cells were activated and co-cultured with
Tregs compared to B cells alone. In addition, switch circles were also dramatically de-
creased, as measured by DC-PCR. This work suggests that Ter are present in human
lymph nodes and are capable of directly suppressing antibody secretion by naive B cells
via a contact-dependent mechanism that downregulates expression of genes necessary for

antibody secretion.
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A few years later, Adjobimey and colleagues published data that also suggested
human Tregs directly suppress lg secretion by B cells & . In these studies, Tregs were co-
cultured with B cells activated by CD40L and IL-4, as well as various TLR ligands. Acti-
vated Tregs suppressed IgM, 1gG1, 1gG2, IgG3, and IgE secretion by CD40L and IL-4
stimulated B cells but actually caused an increase in 1gG4. This observation held true
when the B cells were sub-divided into naive or memory populations, stimulated, and co-
cultured with Tregs. In addition, the percentage of B cells expressing CD138+, MHC
class 11, and CD69 on the surface was reduced after co-culture with Tregs, compared to
co-culture with Tconv or culture of B cells alone. Interestingly, these suppressive abilities
were overcome when the B cells were stimulated with LPS, a TLR-4 ligand, or CpG, a
TLR-9 ligand, in addition to CD40L and IL-4. The authors hypothesize that Tregs drive
IgG4 production, a subclass of 1gG generally thought to be anti-inflammatory, by the B
cells to avoid the excessive inflammation that can occur with a substantial amount of in-
nate stimuli. The authors do not comment on the viability of the B cells after co-culture.

Taken together, these studies agree that healthy, human Tregs are capable of sup-
pressing antibody secretion. It seems that there are multiple potential suppressive mecha-
nisms, possibly differing depending on the context of B cell activation. In addition, these
results suggest that Tregs have direct modulatory effects on B cells (i.e. inducing IgG4
secretion), in addition to suppressive effects. As with mouse, future studies should focus
on completing the paradigm by defining the circumstances under which Tregs suppress

activation markers on B cells vs Ig secretion or otherwise.
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1.6b Patients with autoimmune disease

Understanding the functional capacity of Tregs and the potential for resistance to
Treg mediated suppression by effector cells within the context of autoimmune disease has
important implications for treatment. likuni and colleagues began to explore this using
NZB/W mice (discussed in chapter 1, section 1.5) and cells isolated from the peripheral
blood of SLE patients, a systemic autoimmune disease discussed in depth in chapter 1,
section 2. This study measured suppression enacted by CD4+CD25hiCD127— Tregs on
total CD19+B cells, as well as the CD19+CD27-1gD— (activated naive) and
CD19+CD27hi (memory) subpopulations ®2 . In this co-culture, B and T cell activation
was added and the suppression of antibody secretion after 16 h of co-culture was, on av-
erage, ~25% when the Tregs were isolated from healthy controls and cultured at a 1:1 ra-
tio. In addition, cells were isolated from 9 SLE patients and the average suppression was
higher, ~60%.

The authors invoke a mechanism of suppression involving B cell death because
they demonstrate that the average percentage of Annexin V+7AAD+B cells increased
significantly after co-culture from ~12% to ~22% for cells from SLE patients. Interest-
ingly, the percentage of Annexin V+7AAD+B cells in co-cultures from healthy donors
did not increase significantly. Our lab has unpublished data that agrees with this finding
using healthy individuals - we also do not see an increase in B cell death by Annexin V
and 7AAD when CD19+B cells are cultured with autologous Tregs under B cell stimulat-
ing conditions. Importantly, Efimova, et al. found that human Tregs isolated from periph-
eral blood do not express granzyme B 8! . They also demonstrated that expression of

granzyme B in Tregs can be induced by prolonged TCR and CD28 stimulation in the
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presence of IL-2. Therefore, it’s possible, given the highly inflammatory environment of
SLE, that peripheral SLE Tregs are activated and therefore, able to kill effector cells via
granzyme.

likuni et al. also tested suppression of the CD19+CD27—-IgD— and CD19+CD27hi
subpopulations of B cells because these populations are associated with increased SLE
disease activity, renal disease, and autoantibodies 8 , 8 . The data, using cells from SLE
patients, demonstrated that Tregs cause a significant increase in dead/dying cells in both
subpopulations of B cells, regardless of whether or not they were stimulated by anti-
CDA40, IL-4, IL-10 and IL-2.

Another group focused on Treg suppressive function in Myasthenia gravis (MG),
an autoimmune disease characterized by pathogenic autoantibodies against the acetylcho-
line receptor 8 . Tregs and B cells from healthy donors and MG patients were activated
overnight and then co-cultured in the presence of IL-2, IL-4, and IL-10. IgG secretion
was measured after 5 days. The suppression of 1gG secretion was significantly dimin-
ished in samples from MG patients compared to healthy controls. Interestingly, this abro-
gation of suppressive function appeared to be restored in MG patients treated with pred-
nisone.

This data supports the hypothesis that human Tregs can directly suppress B cells
and that, like in mice, this suppression can include induction of cell death. These findings
suggest the SLE Tregs suppress B cells with a different mechanism than healthy donor
Tregs, but it is unclear why. Future experiments should be aimed at teasing apart this dif-
ference. For instance, are the SLE Tregs killing the SLE B cells because they are auto-

antigen specific? Or is it because the SLE B cells are secreting such a large amount of
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antibody? In addition, perhaps the SLE Tregs kill the SLE B cells because they are, prior
to isolation and in vitro culture, existing in a highly inflammatory environment.

Additionally, future studies should include a comparison between highly active
versus inactive SLE patient Tregs. Other publications where Tregs from SLE patients of
varying clinical activity are compared, there has been evidence for reduced suppression
in particular in samples from more highly active patients, which is discussed in depth in
chapter 1, section 2.285 . However, there is also evidence that the reduced suppression is
due more to a resistance on the part of effector cells rather than being due a functional
deficit intrinsic to Tregs from higher activity SLE patients .

In addition to suppressing mature B cells, there is also suggestion in the literature
that Tregs are critical for B cell peripheral tolerance checkpoints. As mentioned, IPEX
patients do not have functional Tregs and develop widespread autoimmunity, which in-
cludes autoantibodies. Interestingly, while the percentage of autoreactive B cells newly
emigrant from the bone marrow in IPEX patients is similar to that of healthy controls, the
percentage of autoreactive mature naive B cells is significantly higher than of healthy
controls. Instead, it is comparable to that of newly emigrant B cells, suggesting that a de-
ficiency in Tregs allows for evasion or incompetence of a critical peripheral tolerance
checkpoint® . It is highly informative that this same pattern is evident in patients with
SLE and Multiple Sclerosis ® ,8 | although neither of these autoimmune diseases are as-

sociated with Foxp3 mutations.
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1.6c¢ Patients with cancer

Tregs are often associated with hindering the immune system’s response to cancer
% However, if Tregs are able to directly suppress the proliferation of B cells and even
induce cell death, it seems that Tregs could be beneficial for eradicating B cell lympho-
mas ! . In fact, there is evidence to suggest that Tregs correlate with improved survival in

follicular lymphoma % , % %4 % germinal center B cell-like diffuse large B cell lym-

phoma® ,%  and classical Hodgkin lymphoma® %" % In addition, others have shown
that Tregs in follicular lymphoma have increased suppressive capacity *° . This associa-

tion is not always the case, however, as some studies have found high numbers of Tregs,

or localization of Tregs to the follicle, to correlate with unfavorable prognosis in lympho-

mas 100 101 )

In regards to the direct action of Tregs on lymphoma cells, Grygorowicz,et al.
demonstrated that expanded and stimulated Tregs from healthy donors could suppress the
proliferation of some lymphoma B cells using multiple cell lines — MINO, JEKO-1,
(mantle cell lymphoma), U-266, RPMI-8226 (plasma cell myeloma), DOHH-2 (follicular
lymphoma), U-2940 (diffuse large B cell lymphoma), KM-H2, L-1236, L-428 (Hodgkin
lymphoma), and Ramos (Burkitt lymphoma) 1% The suppression was primarily contact-
dependent but not dependent on the induction of apoptosis in the B cells. Activation of
the Tregs with anti CD3/CD28/CD2 was necessary for suppression but, over time and
with repeated stimulation, it did cause the Tregs to methylate the TSDR. The mechanism
was not otherwise investigated. The authors also isolated B cells from lymphoma patients
and assessed the ability of allogeneic Tregs to suppress primary lymphoma. In most

cases, the presence of Tregs at a 1:4 ratio decreased the survival of the autologous
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lymphoma cells relative to lymphoma cells cultured alone, but in some cases the presence
of Tregs paradoxically promoted survival and/or expansion of the lymphoma B cells.

An earlier investigation had similar findings. Lindgvist, et. al. demonstrated that
Tregs isolated from chronic lymphocytic leukemia patients killed autologous B cells
more so than healthy controls 1% . They suggest, based on the presence of granzyme A
and B in the supernatant, that the mechanism was granzyme-dependent. Again the data
suggests that Tregs directly suppress B cells and this suppression can, but does not al-
ways, include cell death. Further studies are necessary to determine the mechanism and in
vivo relevance of this suppression.

In summary, there is a substantial amount of in vitro and in vivo evidence from
both human and mouse models that Tregs modulate the humoral response by direct action
on B cells, in addition to the indirect modulation enacted via suppression of T helper cells
and APCs. The underlying mechanism(s) of this suppression, especially in human, re-
main elusive. In mouse, it seems likely that Tregs kill B cells in some cases, such as when
the B cell is acting as an APC. However, Killing is not the only mechanism by which
Tregs modulate the humoral response. In mice it is apparent that Tregs also induce class
switch and control long-lived plasma cells in the bone marrow.

In human, both peripheral Tregs and Trr can directly suppress antibody secretion
in various stimulatory conditions. In some cases, this suppression does not include induc-
ing B cell death but autoimmune disease may induce or allow for this mechanism. The
non-death-dependent mechanisms associated with this direct suppression are not as de-

fined as in mouse and seem to differ between these species.
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Overall, this area of study is young and there is considerable room for additional
investigation. Because humoral immunity is so long lived, a deep understanding as to
how Tregs directly regulate the humoral response is important for our overall understand-
ing of immunology and especially tolerance. Currently, the therapeutic approach for a
break in humoral tolerance, such as that seen in SLE, includes includes general lympho-
cyte suppression or specific inhibition of B cell activation, both of which can leave pa-
tients immunocompromised 1% . It is possible that, by exploring Treg direct regulation of
the humoral response, we will establish a more targeted and long lasting approach to re-

storing breaks in humoral tolerance.

2. Systemic Lupus Erythematosus
2.1 Disease

SLE is a heterogeneous and multifactorial autoimmune disease, which includes
loss of immune tolerance to multiple endogenous antigens 1% . SLE has a broad spectrum
of clinical presentation but patients typically have high levels of specific autoantibodies,
immune complexes, and inflammatory cytokines, as well as imbalance/dysfunction in
particular immune cell subsets 1°1%7  Consequently, SLE is marked by tissue injury that
can effect nearly every system of the body and is mediated by immunological mecha-
nisms. As with most autoimmune diseases, SLE primarily affects women 1% ,

Given the heterogeneity of the disease, multiple clinical indices have been devel-
oped so that classification of patients and comparison of treatment effects is possible 1%° .
As discussed in the review by Ceccarelli, et. al., an ideal disease index would not only al-

low for quantification of disease activity but would also indicate any improvement or
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worsening in disease, as well as delineate damage caused by disease vs infection. In the
US, the most commonly used clinical index is the SLE Disease Activity Index
(SLEDALI), which is based on the presence or absence of twenty-four abnormalities in
nine organ systems '° . Each abnormality is weighted and the presence or absence of a
particular abnormality is scored by the clinician and summed to give a final score be-
tween 0 and 105. A score >5 is associated with initiating therapy in >50% of cases ! .
While SLEDAI scoring demonstrates reliability, validity, and sensitivity, there is not yet

a gold standard for measuring disease activity in SLE.

2.2 Tregs in SLE

Multiple studies suggest abnormal T cell behavior in SLE, including dysregulated
signaling, cytokine production, and tissue homing **? , 113 . Some of the earliest studies
demonstrated a significant impairment in the production of IL-2 in murine models of lu-
pus, as well as in SLE patients 14115 Correspondingly, Treg cells are significantly de-
creased in 11-2 -/- mouse models and the mice develop autoimmune disease 2 , 116 . Fol-
low up studies suggest the IL-2 deficit in SLE is due to reduced transcriptional activity in
activated SLE T cells 17 118119 ' Ag discussed in chapter 1, section 1.2, Tregs require IL-
2 but do not produce 1L-2, and as such, Tregs suffer greatly from a reduction in 1L-2 120,

In the same vein, multiple groups have reported lower CD25 surface expression
on SLE Tregs 2122123 Costa et. al. found that the reduction in IL-2 receptor surface
expression is detectable on recent thymic emmigrant SLE Tregs and that activated SLE

Tregs do not up regulate CD25 to the same degree as activated Tregs from healthy
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controls. Low-dose IL-2 therapy has shown clinical efficacy in some cases of SLE and
does so, at least partially, through correcting Treg defects, including CD25 expression
124,125 .

Initial investigations also suggested a decrease in Treg number in SLE 126128 |
However, one early study found no significant difference between the percentage of
Tregs in untreated SLE and in healthy donors '?° . These studies used CD4 and/or CD25
and Foxp3 to identify Tregs, both of which are also expressed by activated T cells and
therefore do not specifically identify natural Tregs, as discussed in chapter 1, section 1.1.
In addition, > 60% of CD4+CD25hi cells from healthy donors are Foxp3+Helios+ and
are therefore likely natural Tregs whereas < 20% CD4+CD25hi cells from SLE patients
are Foxp3+Helios+ 1% . Therefore, it is likely that the data enumerating Tregs in SLE in
these early studies also included activated T cells.

More recent studies using Helios as an additional Treg marker did not find Tregs
to be decreased in SLE. Golding, et. al. found that, as a percentage of total CD4+ T cells,
FoxP3+Helios + Treg cells are not decreased relative to healthy controls and in fact are
increased in patients with more active disease 1* . By absolute number, this study found
the mean number of Tregs in SLE patients with active and inactive disease to be within
the normal range determined from healthy donors. In agreement, Alexander et. al. found
the frequency of Foxp3+Helios+CD4+ Tregs was increased in SLE patients relative to
healthy controls and that this increase correlated positively with disease activity 3! .
Taken together, these studies suggest there is not a decrease in natural Treg frequency in

SLE and, with increased disease activity, there may be an increase in Treg frequency.
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However, the Tregs may not retain full suppressive function, due in part to a reduction in
overall IL-2 production and CD25 surface expression on Tregs in SLE.

Several studies have therefore investigated the function of SLE Tregs, primarily
via the traditional suppression assay described in chapter 1, section 1.2. Multiple studies
find SLE Tregs to have a reduced ability to suppress the proliferation of activated, naive
T cells 32136 However, there is discrepancy between the findings as to whether the ob-
served dysfunction is inherent to the Tregs or due to resistance to suppression on the part
of the T responders. Valencia, et. al. demonstrated via mixing experiments that, while
healthy Tregs are able to suppress the proliferation of SLE CD4+CD25- T cells, SLE
Tregs are also significantly deficient in their ability to suppress the proliferation of
CD4+CD25- T cell isolated from healthy donors. In contrast, Venigalla et. al. found SLE
Tregs to be capable of suppressing T responders isolated from healthy donors, concluding
in unison with Vargas-Rojas et. al. that SLE T responders are resistant to suppression be-
cause Tregs isolated from healthy donors were also unable to suppress T responders from
SLE patients. Valencia et. al., Venigalla, et. al., and Bonelli, et. al. found that reduced
suppression correlated inversely with disease activity. Taken together, this body of work
suggests that at minimum, natural Tregs as a percent of CD4 T cells are not decreased in
SLE but are likely functioning abnormally, although the details of this dysfunction are yet

to be fully elucidated.

2.3 Dysregulated humoral immunity in SLE
As discussed in chapter 1, section 2.1, SLE is most commonly marked but the

presence of high titers of autoantibodies, many of which are directed against nuclear
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antigens including dsDNA and histone proteins 1%-1%7  In addition, the titers of some of
these autoantibodies correlates with disease activity *-14° | This, as well as data demon-
strating abnormal frequencies of various B cell subsets, suggest that a main driver of the
disease is dysregulated humoral immunity 13914

Intriguingly, SLE patients display a defective peripheral B cell tolerance check-
point similar to that of IPEX patients, who also present with high titers of autoantibodies
87.89 discussed in chapter 1, section 1.1). In both diseases, the peripheral B cell tolerance
checkpoint fails to reduce the percentage of B cells with autoreactive BCRs after immi-
gration from the bone marrow. However, unlike IPEX, the key loci identified in GWAS
as contributing to an increased risk of SLE are not within the Foxp3 gene and Treg num-
bers are not decreased in SLE, as discussed in chapter 1, section 2.2 1% |mportantly,
studies show that increased titers of autoantibodies are present up to 10 years before SLE
disease manifestations, suggesting that the breakdown in tolerance precedes disease 14 .

As mentioned, SLE patients also present with abnormal B cell frequencies 13 |
Pre-naive/immature B cells, plasma cells, and memory B cells, which are not decreased
by immunosuppressive therapy, are increased in SLE. Given the preponderance of evi-
dence implicating inappropriate activation and function of B cells in SLE, it is not sur-
prising that therapies targeting B cells are at the forefront of SLE treatment, whether in
clinical practice or trials. Approved in 2011, Belimumab was the first anti-B cell therapy
specifically developed and approved for SLE ** . Belimumab, a human monoclonal anti-
body that is specific for the cytokine B lymphocyte stimulator (BLYyS), is efficacious in
some cases of SLE however, not all 14> . Belimumab depletes naive and activated B cells,

as well as plasma cells, but not memory B cells, which are associated with rapid
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reactivation disease activity . As discussed in chapter 1, section 2.3, it is likely that the
extreme heterogeneity of the disease, as well as the inability of B cell depleting agents to

target all B cells, contribute significantly to the variable efficacy observed.

3. Scope of Dissertation

SLE is a severe autoimmune disease with significant clinical heterogeneity. How-
ever, one uniting characteristic of SLE is the presence of high titers of autoantibodies, in-
dicating the dysregulation of autoreactive B cells. As Tregs are critical for peripheral tol-
erance they are likely defunct in SLE. Importantly, there is accumulating evidence for di-
rect regulation of B cells by Tregs. This thesis sought to elucidate the difference between
healthy and SLE Tregs in the direct suppression of antibody secretion. I hypothesize that
Tregs from SLE patients are deficient in their ability to suppress immunoglobulin secre-
tion relative to Tregs isolated from healthy donors.

In chapter 2, | describe the development of a modified suppression assay by
which Treg direct suppression of antibody secretion is measured. Using this assay, |
demonstrate the ability of Tregs, isolated from 12 different healthy donors, to suppress
IgM secretion by an antibody-secreting, autoreactive B cell cell line, Ramos. In addition,
| demonstrate the suppression does not depend on B cell death, activation of the Tregs,
and contact between the cell types. Finally, | demonstrate this modified suppression assay
is reflective of the suppression enacted on autologous, primary B cells by Tregs.

In chapter 3, | demonstrate that the suppression of IgM secretion by SLE Tregs,
isolated from 5 different patients, is not significantly different from that of healthy Tregs.

However, my data from 9 SLE patients also suggest that SLE Tregs induce B cell death,
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an effect not seen with healthy Tregs. This may indicate that SLE Tregs use cell death to
inhibit B cells but may be deficient in their ability to suppress B cells by the non-death
mechanism/s utilized by normal healthy human Tregs. Finally, | propose a model by

which Treg-induced B cell death might promote SLE by further release of auto-antigens.
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Chapter 2: Development and Characterization of a Novel Sup-
pression Assay’

2.1 Introduction

The regulatory T (Treg) cell suppression assay, as originally described in the
study by Thornton et al., has become a mainstay of immunology . It has been used suc-
cessfully to test the ability of both human and animal Tregs to inhibit the IL-2-dependent
proliferation of conventional (Tconv) CD4 T cells in a contact- (or at least close proxim-
ity-) dependent fashion. Variables which have been shown to influence suppression in-
clude the ratio of Treg to Tconv in co-culture, the nature of stimulation (ranging from sol-
uble to plate-bound to bead-conjugated antiCD3 or anti-CD28 as well as inclusion of var-
ious inert antigen presenting cells providing co-stimulation), and the addition of various
soluble factors (e.g., inflammatory cytokines or antibodies to suppressive cytokines IL-10
or TFGB) ¥7 . Using less pure Treg preparations, the earlier report of decreased function
of Tregs in certain disease states, such as Systemic Lupus Erythematosus (SLE), was
brought into question because of the possibility that contaminating cells were directly op-
posing suppression 148 . This has been especially problematic for human studies, where
Treg markers like CD25 were found to be less useful for discriminating Tregs from acti-

vated Tconv cells 149 .

As methods for purifying or enriching Tregs have improved, it has become possi-

ble to achieve a cleaner system with less concern for contaminating Tconv cells. In

tAdapted from % (Weingartner E, Courneya JP, Keegan A, Golding A. A novel method for assaying hu-
man regulatory T cell direct suppression of B cell effector function. J Immunol Methods. 2017;441:1-7. doi:
S0022-1759(16)30317-9 [pii].)
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addition, the inclusion of post-enrichment confirmation of Treg purity with costaining for
intracellular markers (such as FoxP3 and Helios), has improved the analysis of Treg func-
tion ¥*° . While earlier studies suggested that Treg function is diminished in autoimmune
disease such as SLE & | more recent studies utilizing more highly purified Tregs have ac-
tually indicated that SLE derived Tconv cells are resistant to Treg suppression even by
Tregs isolated from healthy individuals *>! . Similarly,whereas earlier studies using less
specific Treg markers concluded that Treg numbers were reduced in clinically active SLE
patients, the combination of markers (Helios+and FoxP3+or CD25high together with
CD127neg) to identify bona fide thymically-derived Tregs (tTregs) ! (Thornton et al.,

2010) has shown that Treg numbers are for the most part maintained even in active SLE

patients 130131

In an attempt to clarify the mechanism behind a lack of or resistance to suppres-
sion in autoimmunity, a limited number of studies have looked beyond Tconv prolifera-
tion to other read-outs for Treg suppression. Some of these include cytokine release by
Tconv cells 152 as well as early up-regulation of Tconv activation markers %1% | How-
ever, these studies have increased complexity that make evaluating the results less
straightforward. Analyzing cytokine secretion by reporter T cells requires additional ma-
nipulation, such as addition of brief calcium flux (PMA/ionomycin) and golgi inhibitors,
or the use of more complicated cytokine-capture antibodies for flow cytometry. Testing
secretion of cytokines in co-culture supernatants does not discriminate between Tconv
and Tregs, because in some cases it has been shown that Tregs can also secrete some in-

flammatory cytokines such as IFNy 1*°
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Additional effector mechanisms that have been reported to be subjected to Treg
suppression, but have not been well studied in relation to autoimmunity, include CD8 %
and NK cell 7 cytotoxicity as well as B cell antibody secretion 8%2 , The latter is partic-
ularly relevant to many autoimmune disorders in which a critical component of disease
and end-organ damage is auto-antibody production and immune complex formation. The
limited number of studies that have been done, while informative, were still susceptible
to the influence of intrinsic resistance to suppression on the part of effector cells **¢ . The
ratio of Tregs:B cells used in a human study was quite high—5:1—and therefore not re-
flective of typical Treg:B cell ratios found in peripheral blood **° . Furthermore, in this
study, the primary mechanism invoked for Treg suppression of B cells was direct B cell
killing. It is not yet clear whether B cell death is the only relevant mechanism for direct
Treg suppression, and the unusually high Treg:B cell ratio may have been a driver of B

cell death 1%° .

Ultimately, it has yet to be established that Tregs are part of the underlying patho-
physiology of SLE or any other human autoimmune disease, as opposed to just being in-
nocent bystanders. This distinction has important implications for the therapeutic use of
expanded autologous Tregs or therapeutic manipulation of Tregs (rapamycin or low dose
IL-2) 1%° . For the advancement of scientific knowledge and treatment, it is critical that we
elucidate the suppressive functionality of Tregs from patients with autoimmune disease in
a way that is straightforward, focused on intrinsic Treg properties, and relevant to an im-
portant effector function in disease. A simple, reliable, easily reproducible functional as-
say of Treg suppressive function that can be correlated with clinical activity in SLE

across multiple donors and centers of SLE research will improve our understanding of
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autoimmunity and allow for a sustained, widespread impact in the field of autoimmune

treatment.

We sought to develop a novel, affordable, reliable suppression assay of B cell ef-
fector function that is entirely dependent on intrinsic Treg properties. We also sought to
remove the potential influence of reporter cells from affected individuals having re-
sistance to suppression. In our assay, the Ramos B cell line serves as a homogeneous, re-
liable reporter cell that secretes a product that can only come from the reporter cell and
not from Tregs, namely IgM %1 . Assaying for de novo IgM production by cultured Ra-
mos cells is straight-forward using a standard ELISA technique and reagents that are
readily available and affordable. Additional advantages include the avoidance of using
radioactive nucleotide (HThymidine) or fluorescent label (CFSE) uptake as well as the
ability to perform batch analysis with stored supernatants from multiple suppression as-

says.

2.2 Materials and Methods
2.2a Regulatory T cell isolation

Human buffy coats (New York Blood Center) were first incubated with Ro-
setteSep™ Human CD4+CD127low T Cell Enrichment Cocktail (Stemcell Technologies,
Catalog #15361). The cells isolated from the Ficoll interface were then incubated with
CD25 MicroBeads Il (Miltenyi Biotec, Catalog #130-092-983) and underwent positive
selection by the autoMACS Pro Separator. The purity of the CD4+CD127-CD25+ and
CD25- populations was confirmed by flow cytometry staining for the extracellular mark-

ers CD3 (Biolegend, Catalog #317306, Clone OKT3), CD4 (Invitrogen, Catalog
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#MHCDO0412, Clone S3.5), and CD25 (Miltenyi Biotec, Catalog #130-0920-858, Clone
4E3) and the intracellular markers Foxp3 (eBioscience, Catalog #48-4777-42, Clone

236A/ET7) and Helios (Biolegend, Catalog #137,216, Clone 22F6).

2.2b Ramos B cell culture

Ramos B cells (ATCC® CRL-1596) were cultured in complete RPMI at 37 °C
with a concentration of between 2 x 105 and 2 x 106 cells per mL. The Ramos B cell line
used in these experiments was authenticated and found to share 15 alleles of 15 alleles

(100%) with the ATCC reference.

2.2¢ In vitro Treg:Ramos suppression assay

Both the CD4+CD127-CD25+ and CD25- primary cell populations were co-cul-
tured with 20,000 Ramos B cells in decreasing ratios on a standard 96-well plate (Thermo
Fisher Scientific, Carlsbad, CA) or a transwell 96-well culture plate (Corning, Corning,
NY). Co-culture proceeded in the presence of 250 uL of complete RPMI with 100 U/mL
IL-2 alone (Gemini Bio-Products, Catalog #300-146P), or also in the presence of
20 ng/mL recombinant human CD40L (Biolegend, Catalog #591702) and 20 ng/mL re-
combinant human IL-21 (Biolegend, Catalog #571202). Beyond IL-2, no additional T
cell stimulation was included in the co-cultures. Except in the experiments where explic-
itly stated, T cells were not pre-activated before co-culture. When T cells were pre-acti-
vated, the activation was performed by Dr Ethan Shevach’s lab at NIAD. The Tregs and
Tconv were cultures with anti-CD3 and anti-CD28 beads for 9 days. For Tconv, 1 bead

per 1 cell was added to the culture. For Tregs, 3 beads per 1 cell was added to the culture
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as well as 300 U/mL IL-2 and rapamycin. The anti-CD3 and anti-CD28 beads were re-
moved before co-culture with Ramos B cells. All co-cultures of T cells and Ramos were
incubated at 37 °C for 4 days. Each co-culture was carried out in replicate when the yield
of T cells allowed. Supernatants were harvested from the co-cultures and stored at

— 20 °C. Each suppression assay is designated by “SA#”.

2.2d In vitro Treg:Primary B cell suppression assay

Tregs, isolated as described, were co-cultured with 20,000 autologous, primary
CD19+ B cells, isolated using CD19 human micro beads (Miltenyi Biotec, Catalog 130-
050-301). Co-culture proceeded in the presence of 250 uL of complete RPMI with
100 U/mL IL-2 alone (Gemini Bio-Products, Catalog #300-146P), 2 pug /mL recombinant
human CD40L (Biolegend, Catalog #591702) and 50 ng/mL recombinant human IL-21
(Biolegend, Catalog #571202). The co-cultures were incubated at 37 °C for 4 days. Each
co- culture was carried out in triplicate. Supernatants were harvested from the co-cultures

and stored at — 20 °C.

2.2e IgM secretion by ELISA

To determine the concentration of IgM, the supernatants from the co-cultures
were diluted by 50 fold and tested with anti-human IgM ELISA developed in our lab
from standard, commercially available reagents. Plates were coated overnight at 4 °C
with 100 pL of 10-20 pg/mL of donkey anti-human IgM (Jackson ImmunoResearch,
Catalog #709-005-073) diluted in 1 x PBS. To block unspecific interactions, plates were

incubated with 250 pL of blocking buffer (1 x PBS with 1% BSA and 0.05% TWEEN)
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for 2 h at room temperature. Plates were washed (1 x PBS with 0.05% TWEEN) four
times after a 2 hour incubation with diluted supernatants at room temperature. Goat anti-
human IgM conjugated to HRP (Life Technologies, Catalog #A18835) was incubated on
the plate for 1 h at room temperature to detect the amount of IgM in the co-culture super-
natant. Again plates were washed four times and then 100 uL. of TMB solution (eBiosce-
ince, Catalog #00-4201-56) was added followed by 100 uL of Stop Solution (Biolegend,
Catalog #423001). Absorbance at 450 nm was measured on a standard ELISA reader. A
standard curve using human IgM (Sigma, Darmstadt, Catalog #18260) was included for
every ELISA and the concentration of IgM for each sample was calculated based on the
standard curve. ELISAs were performed in triplicate and the average OD was reported.

Results were calculated and analyzed using GraphPad Prism version 6.0 g for Macintosh.

2.2f Cell death/proliferation analysis

Following co-culture, cells were harvested, washed with flow cytometry buffer, and
stained with anti-CD4 for 1 h. Cells were then fixed and permeabilized overnight and
then stained with Ki67 (ThermoFisher Scientific, Catalog #MHKI16701, Clone 7B11) and
7AAD (BD Biosciences, Catalogue #559925). Alternatively, when stated cells were
stained for 15 minutes with 7AAD and Annexin V (BD Biosciences, Catalogue

#550763).

2.29. Calculation of percent suppression
Suppression of IgM secretion was calculated using the following formula:

([1gM] in absence of Treg - [IgM] in presence of Treg/[IgM] in absence of Treg) x 100].
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2.2h Statistical analysis

Statistical analysis was performed using GraphPad Prism version 6.0 for Macintosh. The
statistical test used was a paired, two-tailed t-test. P values in individual figures/experi-
ments are indicated as follows: ns indicates p > 0.05, * indicates p < 0.05, ** indicates

p <0.01, *** indicates p < 0.001, and **** indicates p < 0.0005.

2.3 Results
2.3a Characterization of Ramos B cells

Ramos B cells are an undifferentiated, lymphoma cell line that is EBV negative.
Others have shown that Ramos express IgM on their surface, as well as secrete IgM, but
they do not secrete any other lg isotype ¢ . Ramos express VH4-34, which is an intrinsi-
cally autoreactive heavy chain segmen %2 . In addition, Ramos B cells constitutively mu-
tate their V regions and these mutations can result in a loss of IgM expression 163164  Fi-
nally, as discussed in the introduction chapter, another study investigated the suppression
of Ramos proliferation by Tregs in the context of cancer %2 . To better characterize the
Ramos for the purposes of our suppression assay, we investigated Ramos antibody secre-
tion, surface marker expression, and antigen specificity.

To measure antibody secretion, we cultured 20,000 Ramos cells at a concentration
of 8 x 10* cells/mL for 4 days in the presence of IL-2. We chose this concentration of
cells because Tregs are only ~ 1% of leukocytes in the periphery and are the limiting fac-
tor in our assay. Therefore, it was realistic to design and characterize the assay so that a

relatively small number of cells can be used per individual suppression assay well. In
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addition, IL-2 was included to promote Treg function and homeostasis. Fig. 2.1A shows
that the cultured Ramos B cells secrete IgM without stimulation and that this baseline
level of secretion is not altered by the addition of IL-2 alone. However, the level of secre-
tion does increase when recombinant CD40L and IL-21 are added both at a concentration
of 20 ng/mL. In contrast, Ramos do not secrete IgG, even when stimulated, as shown in
Fig. 2.1B. In addition to CD40L and IL-21 stimulation, we stimulated the Ramos with a
BCR crosslinking agent and found that it induced cell death (data not shown). Others re-
ported the same finding 1¢° .

Ramos B cells are often described in the literature as an undifferentiated, germinal
center-like cell. To characterize surface marker expression, we stained Ramos with flow
cytometry antibodies specific for markers commonly used to differentiate B cell popula-
tions. We examined Ramos surface expression of CD19, CD20, CD38, CD27, IgM, and
IgD by staining untreated Ramos cells according to the manufactures’ instructions. In ad-
dition, we stained Ramos with isotype control antibodies. Fig. 2.2 shows that Ramos have
strong surface expression of CD19, CD20, IgM, and CD38, but low to absent surface ex-
pression of CD27 and IgD. In the peripheral blood, this phenotype is described as double
negative memory cells 1% . In the tonsil, this phenotype is described as germinal center
cells, containing both centroblasts and centrocytes. Interestingly, previous publications
demonstrated an increase in CD27-IgD- B cells in peripheral blood from active SLE pa-
tients compared to healthy controls &

To determine the antigen specificity of Ramos cells, we isolated secreted IgM
from the Ramos using molecular weight filters. We collaborated with the Silverman lab

at NYU School of Medicine, as they developed an autoantigen array panel that detects

40



antibody binding of autoantigens commonly found in SLE **” . For the Ramos IgM, the
assay used in Pelzek,et. al. was adapted 8 . The results of this array suggest that the Ra-
mos are not specific for any of these common autoantigens, as shown Table 2.1. As men-
tioned, the Ramos do express VH4-34, which suggests Ramos IgM at minimum, binds
the I/i blood carbohydrate group. Figure 2.3 summarizes the data presented herein charac-

terizing the Ramos cells.

41



"(1s81-1 pajre1-omi ‘pauted e Buisn G000'0 q d SBIBDIPUI xxxx PUE ‘TO0'0 g d S81edIpUI

xxx ‘T0°0 q d S31R2IPUI 4« ‘GO0 q d SB1RIIPUI 4 ‘GO0 N d S81eaIpUI SU) "©B] JO UOIIBIIBS PUR YIIIMS SSB|O 83npul 10U S0P INQ
INB] JO UOII393S U Sasealdul TZ-T11 Pue T10rdD JO UOIIPPE 8yl "UOII3498s JO [9A3] SIU] 193)Je 10U S3op Z-T| pue |AB] Jo Junowe
[eseq e 919103S §]|92 sowey a8yl "WvS|13 Aq paulwiaiap sem uolejuaduod B pue palsensey sem juereuladns ‘sAep ¢ Jayv ‘1Z-11
uewny Jueu1qwodal Jwy/Bu 0z pue “10yAD Uewny Jueulgwodas Tw/bu 0Z ‘-1 Tw/N 00T F 1IAIdY 818]dwod ul Jw/s|[82,0T

x 8 40 A1ISUBp © Je paini|nd aJaM S||39 g sowey 000‘0Z "UO0I18493S Sasealdul uoljenwils pue |\B] 818498s sowey Tz a4nbi

SUONIPUO? YIMOID SUORIPUOD YIMOID
A
G &
o o o°
© &
\/o 2N
A a .Ve/
, )
N £ &
L 010 L 0LX0'S
Q
2 =
. — — - . —
0101 3 00T 3
5 su :
L 0Lxg'L T LolxgL &
L I
L, 010 . L, 01x0'Z

uoia129g 9b| sowey uolaioag B sowey

42



*$]03U02 adA10sI Bul

-puodsaliod se [jam se ‘NB] pue ‘abl ‘2zad ‘8eA ‘0zAD ‘6TAD 01 SaIpogqIUe MOJJ UIIM paulels alam S||ad g sowey
paleanun 0T X T '1139 g a1]-481us0 [eulwuab ‘Alres ue Yy1m JUs)SISUO0D SAaX el s0epuns ssaadxs sowey z'g a4nbi4

0l va_ no. Z \

0l

!nnu".,.““

0i!i’
1
g




"papn|o

-Ul aJom sajdwies 37S ‘aduala)al 104 ‘|AB] sowey syl JO Jeyl 01 UOITRIIUBOUOD Ul 1S3SOD SI |0J3U0D dAIISOd 8y) JO uonn|
-Ip 002Z:T ay1 ‘a10)alayl "B Tw/3r G paulejuod sjdwes sowey ayl ‘|AB| uewny Jo jw/Bw g 01 G'0 paulelu0d Yydiym ‘|oa
-U02 aAnIsod ayp Jo suonN|Ip are 00ZE ‘009T ‘008 ‘00 ‘002:T P3Jage| sajdwes "p1oxo} snuelel pue ‘uisioid Bulpulg VNY
(09-0Y) ‘ursloid vSg 01 parebnfuod usidey suljoysjhioydsoyd (YSg-9TOd) ‘Uewiny gzH suoisty (dzZH) ‘UNUSWIA ‘uew
-ny 16us)-[In§ WZH duoisly (wzH) ‘aplieyodesAjod lem |32 (SdMD) ‘usbnue ynws (ws) ‘od uisiosdoydsoyd fewosoqu
(Od) ‘auinoqg ‘ueulquiodal-uou) ursloidoajonuogis pue ‘uidjosd Jeajonu aIpioe ue ‘(ws) usabnue ynws (WS/dNY) ‘ulwng
-[e WwNJas aulAoq paljipow apAyapelpuojew (VSg-vAlA) ‘Bwososjonu ‘NG papueas -ajgnop (WNAsp) ‘ulungje wnias
auInoq (WSg) — paulwialep sem suabnue Buimojjoy ay 1sutebe Apogiiue sowey Jo A1IAII0Ra1 3 e 18 ‘Y3z|ad Ul paqglios
-ap Aesse ay] Jo uoIsIaA paldepe ue Buisn (UMOYS 10U BIep) WSI13 YIM paulwlalep sem |AB] JO uonenuaduod ay) pue
sisa1oydo.aioa|a 1ab yum paxdayo sem |ABI syl Jo And sy steyjiy rebnyiiuad Jybiam Jejnaasjow Buisn eipsw ainyjnd sow
-2y JO Juereuladns ay) WoJ) paresuaduod sem |AB] sowry "paulwialap aq 01 194 s1 A1o1119ads uabnue sowey T°Z 9|qeL

SL0% sTye | gosll g9l sTey 9¢ L0¢ gLy 9g 508 52'99 §¥e 52'009 g %%%_w
00l sgeol | geeie | sres | sLvel | geel | sis08 [ g9zl goel | sTIeL | enie 529 €002 5.6 %%mﬂ._w
gl sTe 0 0 sl g0 g0 e 8T'G gl g0 gl g g0 ol

sowey

9s gee8c | GLiiL | ST | GL9S gvee | gTeoL | gov9 g'eee g'9¢ 9g6l §96¢ | St gL 002E:}
66 sT1ie | eeee 9e0L ST | sTiTy | g9ell vLiL (k42 gL SoLY | 986 | STL6S vl 0091:1

961 6v¥8 | ST9¥09 | 988l 9¥e §9.9 | g6v8T | SHCLY 619 961 S¥.99 | 6T69SL | SL€es g2 008:1

g'9ey iveel | erieg6 | 9TL9E | STO6Y 611 996¥ | 9TT69 | STPIOL | STELE | GLT6YE | GTLWC | STOTIL s 00¥:1

€191 £0g51 199€L | 9TBTL9 | GLGL6 | GL086L | G68EY | GGGE6 | SLGTLL 885 g89LlL | Ty | gleie 6L 0021

pioxol vsg upuawIA SdMD vsa | wsiany | o008 | wNasp

shuejs, 0 : b w =03|9Nn ajdwe
9_“ L | ogouzs | P00 | STHES 56 YZH 5§ o Sis | odeg | oreo b hr N o vsazl 1dwes

44



Aewiwing uoneziisoeaey) sowey €' aanbi4

Ir 100z ‘pieweg-ybnd ¢
dx3 'sip 1140z ‘voKdn g
wiy f 100z ‘bueyz

)

uone|nwis Lg-11 “10¥ad
Y}IM UOI}2109S 9SEaIOU|

Ir ‘2861 wwefueg
_>_m_ olBswejuad 9)a.108S

1 Y

umouxun si
Ayoyoedg usbiuy

|

M—
uoneluBISYIT PUB YIS 9D ‘9L0T YopED \I/
LZ-112 10¥AD -/+ ‘Yieeq
sesne) Bupjul ssou) ¥Og

+6109

I ‘2861 ‘uwelueg

-ab) ‘+NB| @9epNng +8€0@0

45



2.3b Regulatory T cells purified by surface markers are mostly CD4+CD127-
CD25 + Foxp3 + Helios +

Purified CD4+CD127-CD25+ and CD25- T cells, as well as a portion of ficoll-
enriched, total peripheral blood mononuclear cells (PBMCs), were stained with flow cy-
tometry antibodies for CD3, CD4, CD25, Foxp3, and Helios. The results demonstrated
that, in total PBMCs, the frequency of Foxp3 + Helios + cells in the CD4 + population
ranged from 4 to 6% as previously published *+*° . Buffy coat enriched CD4+CD127-
CD25+ cells contained a frequency of Foxp3 + Helios + tTregs ranging from 70 to 87%
of CD4 T cells. A representative example of PBMC and post-Treg purification flow cy-
tometry histograms is shown in Fig. 2.4 A, B and C. As we developed our assay, it was
evident that having a pure population of Tregs, CD4+CD127-CD25+ cells, was important
to a successful outcome. In cases of Treg purifications yielding < 85% FoxP3 + cells and
< 70% Helios + Foxp3 + cells, minimal to no suppression was observed (data not shown),
presumably due to contaminating Tconv cells. A summary of purification yields for the

Tregs used in suppression assays that are published herein is shown in Table 2.2.
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Figure 2.4 Purification of
CD4+CD127-CD25+ cells en-
riches for FoxP3+He-
lios+tTregs. Regulatory T cells
were purified from human buffy
coats based on surface marker ex-
pression. After isolation, enriched
CD4+CD127-CD25hi/+ cells (B),
as well as the total peripheral
blood mononuclear cells (A) and
the CD4+CD127-CD25lo/-, were
stained with CD3 FITC, CD4
PeCy7, CD25 APC, CD127
PerCP, Foxp3 Pacific Blue, and
Helios PE. Foxp3+ staining indi-
cates Treg identity and He-
lios+FoxP3+indicates thymically-
derived Tregs (tTregs). The purity
of Tregs is critical for the subse-
quent suppression assay.
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%Foxp3+

%Helios+Foxp3+

in CD4+ in CD4+
SA11 95 83
SA12 99 74
SA13 92 71
SA1T 99 74
SA21 89 87
SA22 91 83
SAZ6 88 80
SA30 98 78
SA3T 97 84
SA33 92 82
SA35 90 70
SA37 98 81

Table 2.2 Summary of purification yields for the
CD4+CD127-CD25+ Tregs used in suppression as-
says presented herein.
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2.3c CD4+CD127-CD25+ Tregs from healthy donors reliably suppress IgM secretion by
Ramos B cells

We developed a modified suppression assay because we desired a reliable meth-
odology for testing the suppressive capacity of Treg cells from healthy and diseased do-
nors. The only variable in the assay is the source of the Tregs, which, for the develop-
ment of this assay, were isolated from healthy donor buffy coats. Fig 2.5 shows a visual
representation of the modified suppression assay.

As a representative example, Fig. 2.6 A shows that Tregs from a single healthy
donor suppress the secretion of IgM by Ramos B cells by a significant amount when co-
cultured at a ratio of 1:1 Tregs:Ramos in the presence of IL-2 compared to Ramos cells
alone. This suppression was not simply a result of co-culturing Ramos B cells with any
CD4 T cells, which is shown in Fig. 2.6 B. Fig. 2.6 C shows the average suppression of
IgM secretion by Tregs to be 43%, which is based on data from 12 healthy donors. Infor-
mation on the healthy donors is shown in Table 2.3. We did not see significant differ-
ences in levels of suppression based on either age or gender (Fig 2.7 A and B).

Tregs are only 1% of leukocytes in the periphery whereas effector cells, such as
CD4 + T cells and B cells, range from 10 to 40% of leukocytes. Therefore, when demon-
strating Treg suppression, it is important to do so at multiple ratios of Tregs:effector cells.
In our modified suppression assay, Ramos B cells are co-cultured with decreasing ratios
of Tregs ranging from 1:1 to 1:16, as shown in Fig. 2.6 A-D. We observe significant dif-
ferences in suppression between each Treg:Ramos ratio such that mean suppression in-
creases from 7.5 to 18.4 to 24.6 to 34 to 43.4%, respectively going from 1:16 up to 1:1

Treg:Ramos. Fig. 2.6 E shows that there is a significant decrease in the concentration of
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IgM in the supernatant between the 0:1 and 1:1 Treg:Ramos co-cultures. In contrast,
there is an increase in the concentration of IgM in the supernatant between the 0:1 and
1:1 Tconv:Ramos co-cultures (Fig. 2.6 B, D, and F). This confirms that suppression in
our assay is a unique feature of Tregs and not a general feature of CD4 T cells.

As discussed in Section 3.1, a reasonably pure population of Treg cells was criti-
cal for suppression. Controlling the growth rate and passage number of the Ramos cells is
also important in generating a successful assay in which IgM secretion is suppressed. Ra-
mos B cells constitutively mutate their V regions and these mutations can result in a loss
of IgM expression 163164 This mutation rate is low (2 x 10— 5 mutations/bp/generation).
Therefore, we found that using Ramos cells that were passaged (split) < 10 times ensured
that the basal IgM secretion was still high enough to observe suppression. Also, the Ra-
mos culture was maintained at a fairly constant, high cell density ranging from 1.5-

2.0 million/mL. Ramos cells were observed to proliferate more rapidly in the first 24—
48 h after dilution in the assay if they were maintained in culture at a cell density below
1.5 million/mL. This resulted in less reliable ratios of Tregs:Ramos B cells and dimin-
ished suppression (data not shown).

Thorton et. al. found that, to suppress the in vitro proliferation of Tconv cells,
Tregs require CD3 activation 2* . However, additional studies suggest Tregs may not re-
quire TCR stimulation to enact suppression **° . To determine the relevance and effect of
activation in the context of this modified suppression assay, we collaborated with Dr.
Ethan Shevach’s lab to pre-activate human Tregs. Tregs and Tconv were cultured with a-
CD3/CD28 beads for 9 days. In addition to beads, IL-2 and rapamycin was added to the

Treg culture but not the Tconv culture. After 9 days, the purity of the Tregs was
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confirmed by flow staining an aliquot of the cells for intracellular Foxp3, Helios, and IL-
2 (Fig 2.9).The pre-activated Tregs continued to express Helios and Foxp3 but did not ex-
press intracellular IL-2, unlike the pre-activated Tconv.

After removal of the a-CD3/CD28 beads, both T cell subsets were then co-cul-
tured with Ramos in the presence of IL-2, CD40L, and IL-21. As shown in Fig. 2.9 A, we
found pre-activated Tregs suppress IgM by stimulated Ramos to a higher degree on aver-
age. Whereas the average percent suppression at a 1:1 ratio Tregs;Ramos B cells was
43% for Tregs that received no activation, pre-activated Tregs suppressed at an average
of 89%. Interestingly, the pre-activated Tconv also demonstrated some degree of suppres-
sion (Fig 2.9 B). However, as shown in Figure 2.10 and discussed in section 2.3d, there
was a significant decrease in the viable Ramos cells after co-culture with the pre-acti-
vated Tconv, which could account for a lower concentration of IgM. There was no de-

crease in Ramos viability after co-culture with the pre-activated Treg.
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Figure 2.6 Tregs, but not Tconv, suppress basal IgM secretion. Purified healthy,
human, peripheral Tregs, as well as Tconv (CD4+CD25-CD127-), were co-cultured
with Ramos B cells for 4 days at various ratios in the presence of 100 U/mL IL-2. As
a representative example, (A) shows the suppression observed when Ramos were co-
cultured Treg from a healthy donor (n=1) and (B) shows a lack of suppression when
Ramos were cocultured with Tconv from the same healthy donor (n=1). Error bars
represent the average of three replicate suppression assays with cells from one donor.
(C) shows the average suppression of IgM secretion by Tregs from 12 healthy donors,
whereas (D) shows the lack of suppression by Tconv from 8 healthy donors. Each dot
represents one donor and is the average of replicates. (E) and (F) show the concentra-
tion of IgM(ng/mL) in the supernatant of the 0:1 and 1:1 Treg:Ramos (E) or
Tconv:Ramos (F) co-cultures. Again, each dot represents one donor and is the average
of replicates. (ns indicates p N 0.05, * indicates p b 0.05, ** indicates p b 0.01, *** in-
dicates p b 0.001, and **** indicates p b 0.0005 using a paired, two-tailed ttest.)
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Suppression

Assay Donor Gender Donor Age Blood Type
SAT Male 29 O+
SA12 Male B0 A+
SA13 Female 53 O+
SA1T Male 38 O+
SA21 Male 46 B+
SA22 Female 61 B+
SA26 Male 55 A+
SA30 Male 44 O+
SA3T Male 23 nia
SA33 Female 48 O+
SA35 Male 53 O+
SA3T Male 55 AB+

Table 2.3 Summary of donor information for the suppression assays presented

herein.
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Figure 2.7 Suppression is Not Correlated with Age or Gender. (A) The age of the
donor and the suppression of IgM secretion at the 1:1 ratio of Ramos:Tregs were com-
pared using Linear Regression. In addition, the Pearson Correlation Coefficient was
calculated. Linear Regression did not significantly deviate from zero and the Pearson
Correlation Coefficient was 0.1955, suggesting minimal positive linear correlation.
(n=12) (B) Suppression values of IgM secretion at the 1:1 ratio of Ramos:Tregs were
grouped based on whether the donor was male or female. Using a t test, no significant
difference was found in suppression between males and females. (n=12) (ns indicates
p>0.05.)
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2.3d. Mechanism of suppression is not death-dependent and is partially contact-inde-
pendent

Tregs are known to exert their regulatory effects via contact dependent mecha-
nisms, such as CTLA-4, and contact independent mechanisms, such as the secretion of
anti-inflammatory cytokines ® . In addition, it has been suggested that Tregs may suppress
other immune cells by inducing cell death 5! . To assess whether the mechanism by which
Tregs may be suppressing IgM secretion by Ramos B cells is contact-dependent, we per-
formed our modified suppression assay using a transwell culture plate, which allows cells
to share media but blocks direct contact. As shown in Fig. 2.10A, the suppression of IgM
secretion is not statistically different even when cells are separated by a transwell mem-
brane, suggesting the suppression is not dependent on direct physical contact. Therefore,
the suppression healthy Tregs are exerting on Ramos IgM secretion is mostly contact-in-
dependent and likely dependent on a secreted factor.

In order to determine if Tregs are actively inducing cell death in Ramos B cells,
we evaluated the percentage of dividing and rapidly proliferating cells (using intracellular
7AAD and Ki67) versus apoptotic/dead cells (sub-normal 7AAD DNA staining) at the
end of co-culture as previously described 1¢° . Fig. 2.10B is a representative example of
this staining protocol, where cells in Quadrant 2 are presumed to be proliferating and
cells in Quadrant 4 are presumed dead. As shown in Fig. 2.10C, there was no significant
difference in the percentage of dead cells when the Ramos were cultured with or without
Tregs. These results were also confirmed using standard extracellular 7AAD/Annexin
staining, which did not demonstrate increased apoptosis or total cell death of Ramos cells

in the presence of Tregs (data not shown). Tregs also did not consistently influence the
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percent of rapidly proliferating (Ki67 +) Ramos B cells, as shown in Fig. 2.10 D. In addi-
tion, we assessed cell death after pre-actived Tregs or Tconv —co-cultured with stimulated
Ramos (Fig. 2.10 E). Again, there was not a significant difference between Ramos cul-
tured alone and Ramos co-cultured with pre-activated Tregs at a 1:1 ratio. Interestingly,
there was a statistically significant decrease in viable Ramos cells cultured with pre-acti-
vated Tconv (Fig. 2.10 E). This suggests that mechanism/s of Treg B cell suppression in
this assay are due to a direct regulation of Ramos IgM production/secretion rather than

due to an indirect inhibition of Ramos viability or proliferative capacity.
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Figure 2.10 Mechanism of suppression is not death-dependent and may be con-
tact-independent. To assess the mechanism of suppression, the contact dependence
of the assay was tested, and cell death was measured. (A) Purified healthy, human, pe-
ripheral Tregs, were co-cultured with Ramos B cells as described in the presence of
100 U/mL IL-2. These co-cultures proceeded either on a standard culture plate (black
symbols) or on a transwell culture plate (gray symbols). The concentration of IgM in
the supernatant was determined by ELISA. (n=2) (B-D) Cells were harvested after 4-
day co-culture on a standard plate with I1L-2 and the percent of dead Ramos cells was
determined by Flow Cytometry. Total cells were stained with CD4, fixed and permea-
bilized, and then stained with Ki67 and 7AAD (B). Cells that were CD4-Ki67-7AAD-
were presumed to be dead Ramos cells. (C) shows the percent dead Ramos at the 0:1
and 1:1 ratio of Tregs:Ramos B cells in 5 separate experiments and (D) shows the per-
cent proliferating Ramos at the 0:1 and 1:1 ratio of Tregs:Ramos B cells in 4 separate
experiments. No significant difference was observed between Ramos cultured without
or without Tregs. (E) Tregs and Tconv were pre-activated for 9 days as described.
Cells were harvested after 4-day co-culture on a standard plate with CD40L, IL-21,
and IL-2 and the percent of dead Ramos cells was determined by Flow Cytometry. To-
tal cells were stained with 7AAD and Annexvin V. T cells were excluded by forward
and side scatter. The remaining cells that were 7AAD- and Annexin V- were pre-
sumed to be viable Ramos cells.
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2.3e. Suppression Observed in Our Modified Suppression Assay is Reflective of Treg Sup-
pression of Primary B cells

As discussed in the introduction, others have investigated Treg direct suppression
of primary B cell antibody secretion. We chose to replicate these studies in our own
hands to demonstrate the relevance of our modified suppression assay. Therefore, we iso-
lated primary CD19+ B cells from peripheral blood and co-cultured these B cells with au-
tologous Tregs (isolated as previously described) for 6 days. CD40L and IL-21 was
added to encourage antibody secretion and IL-2 was added for Treg maintenance. As
shown in Figure 2.11 A and B, we found that Tregs from healthy donors suppress both
IgM and IgG secretion by 94% and 60%, respectively. These results are similar to pub-
lished literature ’" .

In addition, we analyzed the B cells after 6 days of co-culture to confirm that
Tregs do not suppress by inducing B cell death. As shown in Figure 2.11 C, there was no
significant difference in the percent of dead B cells cultured alone or co-cultured with
Tregs. Finally, we measured B cell class switch and plasma cell generation, as it has pre-
viously been reported that Tregs suppress the generation of plasma cells. As shown in
Figure 2.11 D, we found that there were less IgD- CD38+ B cells when B cells were co-
cultured with Tregs and stimulation, as compared to B cells cultured with stimulation
alone. This suggests Tregs can directly suppress plasma cell generation, in addition to

suppression of antibody secretion.
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Figure 2.11 Treg Suppression of
Autologous, Primary B cells. Puri-
fied healthy, human, peripheral Tregs
were co-cultured with autologous
CD19+ B cells for 6 days at various
ratios in the presence of 100 U/mL
IL-2, 2 ug/mL CD40L, and 50 ng/mL
IL-21. Ig in the supernatant was
measured by ELISA. (A) shows the
average suppression of IgM secretion
by Tregs from 2 healthy donors and
(B) the average suppression of 1gG
secretion by Tregs from 2 healthy do-
nors. (C) After 6 days of co-culture,
B cell death was assessed by 7AAD
uptake in CD19+ cells via flow cy-
tometry. Data is from suppression as-
says with 2 healthy donors. (D) B

cell class switch was also assessed by
CD38 and IgD flow staining. The top
plot is B cells cultured alone,
whereas the bottom is B cells cul-
tured 1:1 with Tregs. Data is repre-
sentative example of 2 experiments.




2.4. Discussion

We established and optimized a modified suppression assay that we will use to
determine if functional discrepancies exist between Tregs from healthy controls and indi-
viduals with active rheumatologic disease. This assay measures the suppression Tregs ex-
ert on the baseline secretion of IgM by Ramos B cells, a human cell line that constitu-
tively secretes IgM. We designed this assay so that Tregs are the only variable because
we seek to compare their suppressive capacity without concern for additional variables
that are present in disease, such as effector cells resisting suppression, which have been
described for conditions such as systemic lupus erythematosus (SLE) ! .

Another important consideration is the limitation of absolute Treg number in pe-
ripheral blood, where they are only ~ 1% of leukocytes in a healthy adult 1% . Many of
the patients we hope to study often have significant lymphopenia and their blood dona-
tion usually coincides with a blood draw for lab tests, which limits the amount of blood
we can safely collect. Therefore, we developed the modified suppression assay to use the
smallest number of Tregs possible without compromising the reliability and reproducibil-
ity of the results.

Our preferred method for isolation of enriched CD4+CD127-CD25+ Tregs, like
most published methods for purifying human Tregs **°, favors purity at the expense of
yield. We estimated a final yield of approximately 250,000 Tregs based on 50 mL of
blood. Because a fraction of these cells isolated are set aside for confirmatory flow cy-
tometry, we developed the assay using 20,000 Tregs for the 1:1 ratio of Tregs: Ramos.
We confirmed that 20,000 Ramos B cells per well provides adequate sensitivity for de-

tecting IgM production by ELISA. In order to perform in triplicate our 1:1 Treg:Ramos
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and 1:2-1:16 Treg:Ramos co-culture conditions, the modified suppression assay requires
120,000 Tregs. It is reasonable to expect to be able to purify this number of Tregs from
50 mL of blood, which offers a significant advantage over standard Treg: Tconv assays
that routinely require > 200,000 Treg cells per donor *°

Prior studies have shown that, in investigating Treg suppression, it is critical to
have a highly purified population of Tregs. While fluorescence-activated cell sorting
(FACS) may garner the most pure population, it is expensive and time consuming. There-
fore, we utilized a magnetic bead-based Treg isolation procedure that is relatively inex-
pensive and very effective. Using this procedure, we showed that if the population of
Tregs is > 85% Foxp3 + cells in the CD4 + population and > 70% Helios + cells in the
Foxp3 + CD4 + population, and the suppression assay is performed according to our pro-
tocol, Tregs from healthy volunteers will reliably exert suppression of baseline IgM se-
cretion by the Ramos B cell line. We assume that FACS-sorted Tregs should perform just
as well in this assay. Also, the use of Helios and FoxP3 in combination to confirm the
identity of human Tregs is preferred, but other makers of bona fide human Tregs are also
valid 17,

Using this modified suppression assay, we demonstrate that healthy Tregs reliably
suppress basal IgM secretion by Ramos B cells. We conclude that co-culturing the cells
in complete RPMI with 100 U/mL IL-2 is a reliable method for comparing Treg func-
tional capacity. This condition offers IL-2 for the maintenance of the Tregs and the com-
plete RPMI sustains the Ramos so that they are secreting detectable levels of IgM. By re-

peating the assay with multiple healthy donors, we have also begun to establish a range of
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suppression that can be expected from healthy Tregs and we plan to compare suppression
by Tregs from patients with rheumatologic disease to this healthy range.

Similar to our observations, previous studies report variability in the suppressive
capacity of Tregs directly ex vivo, which can be overcome by activation of the Tregs }'* .
Therefore, we experimented with pre-activating the Tregs before co-culture with Ramos.
While we find that activation of the Tregs with anti-CD3/CD28 is not necessary to ob-
serve suppression of IgM secretion, pre-activation of the Tregs does cause an increase in
the average suppression of IgM secretion. Others have demonstrated an increase in Treg
phenotypic markers with activation, namely Foxp3, CD25, ICOS, PD-1, CTLA-4, LAP,
and TNFR2, which could explain an increase in suppressive capacity 1’2 . As for the
Tregs ability to suppress directly ex vivo, perhaps the IL-2 alone induces a suppressive
phenotype and/or a portion of the Tregs are already activated when isolated from the pe-
ripheral blood.

Interestingly, we found the average suppression of IgM secretion by pre-activated
Tconv increased relative to Tconv directly ex vivo. Peripherally induced Tregs have been
described predominantly in mice, where TCR-stimulation in the presence of TGF-f in-
duces a phenotype and suppressive function similar to that of natural Tregs > . How-
ever, similar studies with human cells suggest that inducing Foxp3+ expression in
CD4+CD25- T cells via TCR-stimulation in the presence of TGF-pB does not confer a
suppressive phenotype " . Importantly the Tconv in our experiments do not dramati-
cally increase expression of Foxp3 expression after pre-activation, likely because TGF-
was not included in the pre-activation culture. In addition, there was a statistically signifi-

cant decrease in the percent of viable Ramos cells at the end of the assay. Therefore, we
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hypothesize the increase in the average suppression of IgM secretion by pre-activated
Tconv is due to resource competition rather than specific suppression by the pre-activated
Tconv. In the future, we plan to repeat these experiments under conditions with an abun-
dance of serum resources to determine whether pre-activated Tconv suppression of Ra-
mos is due to resource competition or suppression.

Additionally, we explored the mechanism by which Tregs are able to suppress
IgM secretion. We conclude that the suppression enacted by the Tregs is at minimum par-
tially contact-independent. The suppression in co-cultures that proceeded on transwell
plates showed equivalent suppression to that of the co-cultures that proceeded on a stand-
ard 96-well plate, suggesting there is a/are secreted factor(s) that are necessary for sup-
pression of IgM secretion. This observation suggests that Treg suppression of B cells is
qualitatively/mechanistically distinct from suppression of effector T cells, which appears
to be contact-dependent 2! . Future experiments will be directed at determining what se-
creted factors, such as TGF-B, are necessary for Treg suppression of B cells and investi-
gating the contact dependence of suppression mediated by activated Tregs. This also sug-
gests that different subsets of Tregs (e.g., thymically-derived vs peripherally induced
Tregs) may have similar potential for suppressing B cell effector function % . However,
there is currently no reliable method for isolating peripherally induced Tregs from hu-
mans.

Finally, by measuring the amount of dead/dying Ramos cells at the end of the co-
culture, we conclude that the mechanism of suppression is not dependent on direct Treg
killing of Ramos cells. This is in contrast to previously reported data on Treg suppression

of B cells which invoked various mechanisms of direct killing, including both granzyme
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B mediated and FAS/FASL mediated cell death 6152 , This difference may be explained
by our use of a B cell line as the target of suppression, which may be relatively resistant
to cell death as compared to primary B cells. Future experiments will be aimed at eluci-
dating the mechanism of Treg suppression both of Ramos B cells and primary B cells.
Testing Treg suppression of IgM secretion by the Ramos B cell line is intended to
be an innovative platform for testing clinically relevant defects in Tregs in disease. It may
also serve as a useful tool for the investigation of how Tregs may directly suppress pri-
mary B cell development, activation, antibody secretion or class-switching " . Our pri-
mary goal was to establish a highly reliable Treg B cell suppression assay that can be eas-
ily reproduced in other laboratories and used to efficiently determine intrinsic Treg sup-
pressive defects, particularly when patient blood cell quantities are limiting. In chapter 3,

we apply this assay to the functional study of Tregs from SLE patients.
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Chapter 3: Tregs from SLE Patients Kill Antibody-Secreting
Cells

3.1 Introduction

As discussed in previous chapters, there is evidence to support Treg direct modu-
lation of the humoral response. In addition, there is evidence to suggest Tregs are func-
tionally deficient in SLE. As such, we sought to investigate Treg functional status relative
to humoral immunity in SLE. In chapter 1, we discussed previous studies investigating
Treg function in autoimmunity. An important variable in investigating Treg suppression
of effector cells, especially in the context of autoimmunity, is the possibility that the ef-
fector cells are resistant to suppression. Because of this, we developed a modified sup-
pression assay using an antibody-secreting B cell line so that the only variable is the
source of Tregs. We described the development and characterization of this assay with
Tregs isolated from healthy donors in chapter 2. Here we describe our findings using this
modified suppression assay with Tregs isolated from SLE patients.

SLE is an extremely heterogeneous autoimmune disease, as described in Chapter
1. Nearly any system of the body can be involved. One common characteristic shared by
all SLE patients is the high levels of autoantibodies, particularly those against dSDNA
and nuclear proteins % . However, the underlying cause for the increased titers of these
autoantibodies (relative to titers in healthy individuals) is still not well understood. Since
dsDNA and nuclear proteins are normally intracellular, dysregulation of cell death path-
ways and clearance of cell death debris is hypothesized to contribute to the exposure of
these antigens 1’® . In support of this hypothesis, multiple studies have found higher

amounts of circulating DNA-histone complexes in SLE 179180
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Apoptosis is a mechanism of programmed cell death that minimizes inflammatory
signals. Cells undergoing apoptosis, unlike more inflammatory mechanisms of cell death,
signal for phagocytes to engulf the apoptotic debris. In addition, the signals from the
apoptotic cell also cause the phagocytic cells to increase secretion of anti-inflammatory
cytokines and decrease secretion of the proinflammatory cytokines 1818 | This
minimizes unecessary tissue damage and maintains immune homeostasis.

Studies suggest SLE patients express higher levels of proteins associated with ini-
tiating apoptosis, such as Fas and Fas-L 8418  This increased expression of Fas and Fas-
L was found on T cells and on epidermal keratinocytes in patients with skin mainfesta-
tions. Consequently, increased levels of apoptosis are observed in SLE, especially in lym-
phocytes 185187 These observations may explain the lymphopenia commonly observed in
SLE. Also, the clearance of apoptotic debris may not occur as efficiently in SLE as in
healthy controls 188189  Multiple studies have found that macrophages from active SLE
patients were less capable of phagocytosing apoptotic material than macrophages from
healthy controls or inactive SLE patients 1°+1%1, While apoptosis is a controlled mecha-
nism of cell death, an increased number of apoptotic cells, especially when they are not
cleared in time, increases the exposure of immune cells to autoantigens.

Other forms of cell death, necroptosis and NETosis, both of which are suggested
to be dysregulated in SLE, may also contribute to autoantigen exposure %1%  NETosis
is a defense mechanism used by neutrophils, whereas necroptosis is an inflammatory,
caspase-independent mechanism of cell death. Necroptosis can by initiated by ligation of
death receptors also associated with apoptosis, such as Fas-FasL interactions, as well as

pattern recognition receptors and TNF receptors 1% . As necroptosis can be initiated by
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the same receptors as apoptosis, studies quantifying cell death and/or death-associated
ligands in SLE do not always provide a clear rationale for mechanism is at play. There-
fore, while there is suggestion in the literature that necroptosis is dysregulated in SLE, the
dysregulation is not well characterized.

Herein, we present data suggesting that co-culture of Tregs isolated from SLE pa-
tients induces B cell death, which is not seen with Tregs from healthy controls. We hy-
pothesize that this increase in B cell death may lead to autoantigen exposure and disease

exacerbation in SLE.

3.2 Materials and Methods

3.2a Regulatory T cell isolation

Whole blood from SLE patients (recruited with Dr. Golding’s IRB-approved pro-
tocol) were first incubated with RosetteSep™ Human CD4+CD127low T Cell Enrich-
ment Cocktail (Stemcell Technologies, Catalog #15361). The cells isolated from the Fi-
coll interface were then incubated with CD25 MicroBeads Il (Miltenyi Biotec, Catalog
#130-092-983) and underwent positive selection by the autoMACS Pro Separator. The
purity of the CD4+CD127-CD25+ and CD25- populations was confirmed by flow cytom-
etry staining for the extracellular markers CD3 (Biolegend, Catalog #317306, Clone
OKT3), CD4 (Invitrogen, Catalog #MHCDO0412, Clone S3.5), and CD25 (Miltenyi Bio-
tec, Catalog #130-0920-858, Clone 4E3) and the intracellular markers Foxp3 (eBiosci-
ence, Catalog #48-4777-42, Clone 236A/E7) and Helios (Biolegend, Catalog #137,216,

Clone 22F6).
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3.2b Ramos B cell culture

Ramos B cells (ATCC® CRL-1596) were cultured in complete RPMI at 37 °C
with a concentration of between 2 x 105 and 2 x 106 cells per mL. The Ramos B cell line
used in these experiments was authenticated and found to share 15 alleles of 15 alleles

(100%) with the ATCC reference.

3.2c¢ In vitro Treg:Ramos suppression assay

Both the CD4+CD127-CD25+ and CD25- primary cell populations were co-cul-
tured with 20,000 Ramos B cells in decreasing ratios on a standard 96-well plate (Thermo
Fisher Scientific, Carlsbad, CA) or a transwell 96-well culture plate (Corning, Corning,
NY). Co-culture proceeded in the presence of 250 uL of complete RPMI with 100 U/mL
IL-2 alone (Gemini Bio-Products, Catalog #300-146P), or also in the presence of
20 ng/mL recombinant human CD40L (Biolegend, Catalog #591702) and 20 ng/mL re-
combinant human IL-21 (Biolegend, Catalog #571202). Beyond IL-2, no additional T
cell stimulation was included in the co-cultures. The co-cultures were incubated at 37 °C
for 4 days. Each co-culture was carried out in replicate when the yield of T cells allowed.
Supernatants were harvested from the co-cultures and stored at — 20 °C. Each suppres-

sion assay is designated by “SA#”.

3.2d IgM secretion by ELISA
To determine the concentration of IgM, the supernatants from the co-cultures
were diluted and tested with anti-human IgM ELISA developed in our lab from standard,

commercially available reagents. Plates were coated overnight at 4 °C with 100 pL of
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10-20 pg/mL of donkey anti-human IgM (Jackson ImmunoResearch, Catalog #709-005-
073) diluted in 1 x PBS. To block unspecific interactions, plates were incubated with

250 uL of blocking buffer (1 x PBS with 1% BSA and 0.05% TWEEN) for 2 h at room
temperature. Plates were washed (1 x PBS with 0.05% TWEEN) four times after a 2 hour
incubation with diluted supernatants at room temperature. Goat anti-human IgM conju-
gated to HRP (Life Technologies, Catalog #A18835) was incubated on the plate for 1 h at
room temperature to detect the amount of IgM in the co-culture supernatant. Again plates
were washed four times and then 100 uL. of TMB solution (eBiosceince, Catalog #00-
4201-56) was added followed by 100 uL of Stop Solution (Biolegend, Catalog #423001).
Absorbance at 450 nm was measured on a standard ELISA reader. A standard curve us-
ing human IgM (Sigma, Darmstadt, Catalog #18260) was included for every ELISA and
the concentration of IgM for each sample was calculated based on the standard curve.
ELISAs were performed in triplicate and the average OD was reported. Results were cal-

culated and analyzed using GraphPad Prism version 6.0 g for Macintosh.

3.2e Cell death analysis

Following co-culture, cells were harvested, washed with flow cytometry buffer, and
stained with 7AAD and Annexin V per the BD Biosciences PE Annexin VV Apoptosis De-
tection Kit instructions (BD Biosciences, Catalogue #559763). Flow Cytometry was per-

formed using a BD Fortessa.

3.2g. Calculation of percent suppression

Suppression of IgM secretion was calculated using the following formula:
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([lgM] in absence of Treg - [IgM] in presence of Treg/[IgM] in absence of Treg) x 100].

3.2h Statistical analysis

Statistical analysis was performed using GraphPad Prism version 6.0 for Macintosh. The
statistical test used was a paired, two-tailed t-test. P values in individual figures/experi-
ments are indicated as follows: ns indicates p > 0.05, * indicates p < 0.05, ** indicates

p <0.01, *** indicates p < 0.001, and **** indicates p < 0.0005.
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3.3 Results
3.3a Tregs from SLE patients do not demonstrate significantly different suppression of
IgM secretion by Ramos B cells compared to healthy donors

We hypothesized Tregs from SLE are deficient in their ability to suppress immu-
noglobulin secretion. To test this hypothesis, we used a method that we previously devel-
oped to compare the suppressive capacity of Treg cells from SLE patients with various
disease activity 1% . We found that Tregs from 5 SLE patients suppressed 45.3% of IgM
secretion by Ramo B cells in average (Figure 3.1 A), similar to Treg from healthy human
subjects (Figure 3.1C). Information of the patients is shown in Table 3.1. As a control,
Tconv isolated from both SLE patients and healthy donors did not significantly suppress
the IgM secretion (Fig 3.1 B). Interestingly, we did not observe a significant difference in
the suppression percentages between healthy and SLE Tregs at all the Treg:Ramos ratios
we tested (Fig 3.1C), suggesting SLE Tregs do not differ significantly in their ability to
suppress IgM secretion by Ramo B cells.

In addition, we considered correlation suppression of IgM secretion at the 1:1
Treg:Ramos ration and SLEDAI (data not shown). Pearson’s correlation coefficient was -
0.5741, which indicates some negative linear correlation. However, this correlation was
not statistically significant, likely because of our limited sample number. In addition,

there was variation between donors, likely related to the heterogeneity of the disease.
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Figure 3.1 SLE Tregs Suppress IgM Secretion by Ramos B cells. Purified peripheral
Tregs, as well as Tconv (CD4+CD25-CD127-), from SLE patients were co-cultured with
Ramos B cells for 4 days as described in chapter 2. (A) shows the average suppression of
IgM secretion by Tregs from 5 SLE patients, whereas (B) shows the lack of suppression by
Tconv from 5 SLE patients. Each dot represents one donor and is the average of replicates.
(C) compares the suppression demonstrated by healthy Tregs to that demonstrated by SLE
Tregs. (ns, p>0.05, * p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0005, using a paired,
two-tailed t-test.)
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3.2b Tregs from SLE patients induce increased Ramos cell death compared to healthy do-
nors

To investigate the mechanism by which SLE Tregs suppress the antibody produc-
tion by Ramos B cells, we analyzed viability of Ramos cells based on their sizes and
shapes using the FSC and SSC flow cytometry analysis, following co-culture with SLE
treg. We found that there was a significant decrease in the percentage of total Ramos that
were in the viable FSC/SSC gate after 4 days of co-culture with SLE Tregs (Fig. 3.2 A).
We previously established that viable Ramos, similar to most cells, display higher FSC
and lower SSC by flow cytometry, as compared to dead and dying Ramos, which display
a lower FSC and higher SSC (Fig 3.2 B). In contrast to Tregs from healthy controls,
Tregs from SLE patients significantly decreased the percentage of Ramos in the higher
FSC and lower SSC gate following co-culture.

To determine in Tregs from SLE patients induce apoptosis or other types of cell
death in Ramos, we stained Ramos B cells with Annexin V and 7AAD after co-culture
with SLE Treg. This method is well established and allows for quantification of cells un-
dergoing apoptosis vs other forms of cell death. Phosphatidylserine is a membrane-
bound lipid/aa that flips from the inside of the cell membrane to the outside upon apopto-
sis initiation when the cell membrane is still intact ' . Therefore, cells staining positive
for Annexin V but excluding 7AAD, which binds DNA, are early apoptotic cells without
compromised membranes. Alternatively, cells staining positive for 7AAD and/or An-
nexin V have lost membrane integrity and could either be dying apoptosis or another

form of cell death.
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We found that, while there was a slight increase in the percentage of Annexin V+
7AAD- Ramos B cells when cultured with SLE Tregs compared to Ramos cultured
alone, it was not significantly different than that of Ramos cultured alone (Fig. 3.2 C). In
addition, within the viable Ramos by FFSC/SSC, there was a trend toward an increased
percent of Annexin V+ 7AAD- cells but it was not significantly different than that of Ra-
mos cultured alone (Fig. 3.2 D). Similar to our findings with healthy Tregs, we did not
see evidence that the Tregs were inhibiting Ramos proliferation (data not shown). While
we did not specifically measure proliferation, we found more Ramos cells at the end of
the assay than were initially added to the assay, suggesting that the cells not undergoing
cell death continue to proliferate.

Finally, we measured the level of granzyme B in SLE Tregs by flow cytometry
(Fig. 3.2E). Dr Timoth Ley’s lab showed that human peripherally-induced Tregs, as well
as natural Tregs, can express granzymes 1% _In addition, there is evidence to suggest
granzyme B, but not caspase 8, cleaves autoantigens 1*® . However, we did not find that
SLE Tregs express granzyme B. In addition, a preliminary experiment (n = 1 SLE pa-
tient) suggested the mechanism of cell death is contact dependent (data not shown).

Again, we considered correlation between the fold change in Ramos viability with
Tregs and SLEDAI score (data not shown). Pearson’s correlation coefficient was 0.5002,
which indicates some positive linear correlation. However, this correlation was again not
statistically significant, likely because of our limited sample number.

Our overall data looking at Ramos viability shows that SLE Tregs specifically in-
crease death of Ramos B cells as compared to healthy Tregs. While granzyme B-medi-

ated cell death is likely not the mechanism of cell death, we also were not able to
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demonstrate increased early apoptosis. Further studies will investigate SLE Treg induc-

tion of cell death in primary B cells, including FAS-dependent mechanisms.
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Figure 3.2 Ramos Viability Decreases Following Co-culture with SLE Tregs.
Purified, peripheral SLE Tregs, were co-cultured with Ramos B cells as described in
the presence of 100 U/mL IL-2. Cells were harvested after 4-day co-culture and
assessed via flow cytometry. (A) Ramos viability was determined by FSC and SSC as
described. Cells with high FSC but low SSC were deemed viable (n=9). (B)
Representative example of Ramos in which the high FSC, low SSC population is
7AAD- and the low FSC, high SSC population is 7AAD+. (C) Percent of Annexin V+,
7AAD- Ramos cells within the total Ramos cell population (n=5). (D) Percent Annexin
V+, TAAD- Ramos cells with the viable Ramos cell population (high FSC, low SSC)
(n=5). (E) After isolation, peripheral SLE Tregs are stained with Treg markers to
confirm purity as described. For some samples, intracellular Granzyme B was included.
Total PBMCs were also stained with intracellular Granzyme B fror comparison.
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3.4 Discussion

Using a modified suppression assay developed and characterized in our lab, we
measured the functional capacity of Tregs isolated from SLE patients to suppress IgM se-
cretion by a homogeneous B cell line, Ramos. Because previous studies describe re-
sistance to suppression by effector cells in SLE, we developed this assay so that Tregs are

the only variable 1

. In addition, the assay requires only a small number of cells because
many SLE patients are lymphopenic and often have low hemoglobin, which limits signif-
icant blood draws. We found suppression of IgM secretion by SLE Tregs is not signifi-
cantly different from the suppression by Tregs from healthy controls. However, we found
that SLE Tregs kill Ramos B cells and have not yet determined if they can also suppress
B cells using the non-death dependent mechanisms used by healthy Tregs.

Our results demonstrate a decrease in Ramos viability after co-culture with SLE
Tregs that is not seen after co-culture with Tregs from healthy controls. The percent of
viable Ramos cells after co-culture with SLE Tregs is significantly different from Ramos
cultured alone, suggesting co-culture with Tregs is responsible for the decrease in viabil-
ity. In addition, there is a trend toward an increased percentage of Annexin V+ Ramos in
the total Ramos population and in the viable Ramos population when co-cultured with
SLE Tregs relative to Ramos cultured alone. Interestingly, SLE Tregs do not appear to
contain intracellular granzyme B and preliminary experiments suggest the induction of B
cell death is dependent on cell contact between the Ramos and Tregs. Taken together,
These results show a fundamental difference between healthy versus SLE Tregs—while

healthy Tregs can directly suppress B cells without relying on killing the B cells and also

not depending on direct cell contact, SLE Tregs appear to rely on killing B cells.
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Further experiments are necessary to elucidate the mechanism and type of cell
death. While the trend toward an increase Annexin V+ Ramos suggests the type of cell
death may be apoptotic, the SLE Tregs directly ex vivo do not appear to express
granzyme B.

As discussed in chapter 1 section 1.5, previous research, primarily in mouse, sug-
gests Tregs in certain instances suppress B cells via inducing cell death. Jansens, et. al.,
Zhao, et. al., and likuni et. al. all demonstrated mouse Treg killing of antigen-presenting
B cells, however their results did not agree on one mechanism %52, likuni et. al. also
demonstrated an increase in Annexin V+ 7AAD+ B cells upon co-culture with autolo-
gous SLE Tregs, although a mechanism was not determined. The few papers studying
Treg direct suppression of B cells in healthy humans have either not found the mecha-
nism to be death-dependent or have not measured viability after Treg B cell co-culture.
To determine if the induction of B cell death and suppression of IgM secretion seen in
our modified suppression is dependent upon auto-antigen presentation by the Ramos, fu-
ture experiments will include blocking the MHC-TCR interaction.

Importantly, the mechanism of suppression used by Tregs may vary depending on
whether the B cell is acting as an antigen presenting cell or an antibody-secreting cell.
Tregs are selected on autoantigens in the thymus and therefore, have a TCR repertoire

primarily against autoantigens 2%

. Itis possible that in SLE, Treg clones specific for the
autoantigens prevalent in SLE are expanded, although to our knowledge no one has in-
vestigated this possibility. In addition, it is possible that the Ramos are autoreactive. We

investigated the Ramos antigen specificity and found that Ramos do not seem to be spe-

cific for any of the common autoantigens associated with SLE.
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As mentioned in the introduction, apoptosis is thought to occur more frequently in
SLE, especially in lymphocytes 185187 | This may be because SLE patients express higher
levels of proteins associated with initiating apoptosis. Interestingly, multiple studies have
found an increase in the percentage of CD4+ T cells expressing death-associated ligands
in SLE and in many instances, the increased expression correlates with disease activity as
measured by SLEDAI (discussed in chapter 1). One such study found that the percent-
ages of CD4+ and CD8+ T cells expressing TNF-related apoptosis-inducing ligand
(TRAIL), TNF-like weak inducer of apoptosis (TWEAK), and Fas ligand (FasL) were in-
creased in SLE patients relative to healthy controls and the percentage increased with in-
creasing disease activity 2% . While this study didn’t specifically consider Tregs, the per-
centage of CD4+CD25+ T cells expressing TRAIL, TWEAK, and FasL was increased in
SLE patients relative to healthy controls. A separate study found an increase in the per-
centage of Tregs (CD4+CD127-CD25hi/+) expressing CD40L in active SLE patients rel-
ative to inactive SLE patients and healthy controls 22 . Ligation of CD40L with CD40 on
B cells has previously been shown to induce Fas expression, leaving the B cell more sus-
ceptible to apoptosis 2°32% | To determine if the induction of B cell death seen in our
modified suppression is dependent upon expression of CD40L, TRAIL, TWEAK, or
FasL on SLE Tregs, future experiments will include blocking these proteins in the sup-
pression assay and measuring expression levels of these proteins on Tregs.

At this time, our data did not suggest a significant correlation between reduced
Ramos viability after co-culture and disease activity, likely due to our limited number of
patient samples and the heterogeneity of SLE. Understanding the distinct immunological

mechanisms associated with the diverse disease manifestations possible in SLE is key to
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advancing our knowledge of the disease, as well as therapy. Therefore, we plan to con-
tinue testing SLE Tregs using this modified suppression assay and comparing the sup-
pression observed with the patients’ disease characteristics.

Based on our findings thus far, we propose a model in which B cell death, in-
duced by Tregs in SLE, leads to the potentiation of the disease (Fig. 3.3). In this model,
Tregs induce cell death in B cells, which allows for the release of auto-antigens. The
mechanism for this cell death is not yet elucidated and may differ depending on the func-
tion of the B cell, whether antibody-secreting or antigen-presenting. However, the release
of autoantigens allows for, at minimum, three possible immunological mechanisms that
will potentiate SLE disease. The first is the formation of immune complexes via circulat-
ing autoantibodies. Immune complexes are thought to deposit in tissue, especially the
kidneys, and activate the complement and innate immune systems, which causes organ
damage and release of more auto-antigen 2® . Previous studies demonstrated defective
clearance of immune complexes in SLE by macrophages 2% . The second and third mech-
anisms start with recognition of the released autoantigens by mature, naive B cells. In the
case of an autoreactive B cell with high affinity, this could lead to immediate expansion
of that B cell clone and secretion of autoreactive antibodies. Alternatively, if the mature,
naive B cell has medium to low affinity for the auto-antigen, it may die and again release
auto-antigens or migrate to a lymph node, present the auto-antigen, and potentially re-
ceive activation signals from an autoreactive T cell, again leading to secretion of autore-
active antibodies.

In summary, our findings suggest that, while SLE Tregs do not appear to have a

reduced ability to suppress Ig secretion by Ramos, the mechanism is dependent on
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inducing Ramos cell death. This cell death may have the unintentional consequence of
potentiating disease by exposing autoantigens. The details of this mechanism will be the
focus of future experiments, and it will be interesting to consider how this mechanism fits
into the overall disease presentation of SLE. Also, if we can inhibit SLE Treg killing of
B cells, we will then be able to determine if SLE Tregs are, in fact, functionally deficient
in their ability to directly suppress B cells using the mechanisms utilized by healthy

Tregs.
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Figure 3.3 Model for SLE Disease Potentiation via Treg-induced B cell death. In
this model, Tregs induce cell death in B cells, which allows for the release of auto-anti-
gens. The mechanism for this cell death is not yet elucidated and may differ depending
on the function of the B cell, whether antibody-secreting or antigen-presenting. How-
ever, the release of auto-antigens allows for, at minimum, three possible immunologi-
cal mechanisms that will potentiate SLE disease. The first is the formation of immune
complexes via circulating autoantibodies. The second and third mechanisms start with
recognition of the released autoantigens by mature, naive B cells. In the case of an au-
toreactive B cell with high affinity, this could lead to immediate expansion of that B
cell clone and secretion of autoreactive antibodies. Alternatively, if the mature, naive B
cell has medium to low affinity for the auto-antigen, it may die and again release auto-
antigens or migrate to a lymph node, present the auto-antigen, and potentially receive
activation signals from an autoreactive T cell, again leading to secretion of autoreactive
antibodies. (MN = Mature Naive, AR = Autoreactive, ASC = Antibody Secreting Cell,
APC = Antigen Presenting Cell)

86




Chapter 4: Concluding Remarks

SLE is a multi-factorial autoimmune disease that is extremely heterogeneous in its
presentation. One factor that unites SLE patients is the presence of autoantibodies in high
titers, due to a dysregulated, autoreactive humoral immune response 1197 In addition to
high titers of autoantibodies, this dysregulated humoral immune response includes an in-
crease in autoreactive, mature naive B cells, as well as increased populations of antibody
secreting B cells, including plasmablasts and memory B cells 139141 | The most promising
therapies for SLE include general lymphocyte suppression or specific inhibition of B cell
activation. However, this therapy has limited efficacy.

Overall, the lack of regulation of the autoreactive immune response seen in SLE is
not well understood. Importantly, natural Tregs, which are thought to be peripheral toler-
ance enforcers, are not decreased in SLE ** . However, multiple studies suggest dysfunc-
tional T cells may contribute to SLE 886.121.133.135.136 Therefore, we hypothesized, based
on a limited number of studies demonstrating Treg direct suppression of B cells, that SLE
Tregs are deficient in their functional abilities to directly suppress immunoglobulin secre-
tion by B cells.

A convoluting factor in assessing autoimmune Treg function is the possibility that
diseased effector cells are resistant to suppression *>® . One prior study specifically meas-
uring SLE Treg direct suppression of B cells used autologous, diseased B cells 2 . There-
fore, we sought to develop a suppression assay of B cell effector function that is entirely
dependent on intrinsic Treg properties. In addition, as SLE patients are often lymphope-
nic and present with low hemoglobin, we designed a suppression assay using a very small

number of Tregs that can realistically be isolated from 50 mL of whole blood.
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In chapter 2, we describe the development and characterization of such an assay.
We explain the rationale for the use of Ramos B cells as a reliable, antibody-secreting
cell. We demonstrate that healthy Tregs suppress basal IgM secretion by Ramos and,
upon pre-stimulation with anti-CD3/CD28, the ability to suppress is increased. In addi-
tion, we demonstrate that the mechanism of suppression is independent of B cell death
and contact between the B cell and Treg. By measuring suppression of one, homogenous
reporter cell by Tregs from 12 different healthy donors, we have begun to establish a
range of suppression that can be expected from healthy Tregs, as well as a mechanism of
suppression.

In chapter 3, we describe our findings using Tregs isolated from SLE patients in
our modified suppression assay. We find that the suppression of IgM secretion by SLE
Tregs is not statistically different from that by Tregs from healthy controls. However, our
data suggest the mechanism of suppression by SLE Tregs is dependent upon B cell death,
unlike the suppression by Tregs from healthy controls. We demonstrate a significant de-
crease in viable Ramos and an increase in Annexin V+ Ramos following co-culture with
SLE Tregs. While we have not yet identified a mechanism, we demonstrate that SLE
Tregs directly ex vivo do not express granzyme B. Finally, we propose a model by which
Treg-induced B cell death may actually promote SLE disease by release of autoantigens.

The results discussed in this thesis bring new insights to our understanding of
Treg direct suppression of B cells and to how this suppression may be altered in SLE. It
is well known that Tregs suppress conventional T cells through multiple mechanisms.
Therefore, it is possible that Tregs suppress B cells through multiple mechanisms. Future

directions are aimed at investigating the mechanisms by which healthy Tregs directly
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suppress B cells. If we can determine and remove the mechanism of SLE Treg killing of
B cells, we can then investigate if SLE Tregs are or are not functionally capable of di-
rectly suppressing B cells using the mechanisms utilized by healthy Tregs.

One aspect of this investigation will include determining the dependence of sup-
pression on MHC-TCR interaction. Using Tregs from healthy controls, we demonstrate
suppression is not dependent upon cell contact, implying MHC-TCR interaction is not
necessary. However, we also demonstrate SLE Tregs induce B cell death and preliminary
data suggests this is dependent on cell contact. One hypothesis based on these observa-
tions is that, upon MHC presentation of autoantigens, Tregs induce B cell death. To eval-
uate this hypothesis, we will carry out suppression assays in which the MHC-TCR inter-
action is blocked.

Importantly, there are additional possible mechanisms of inducing cell death. We
demonstrate that SLE Tregs directly ex vivo do not express granzyme B, suggesting the
induction of cell death is not granzyme B mediated. However, it is possible that, upon in-
teraction with B cells, SLE Tregs express granzyme B. In addition, previous studies indi-
cated CD40-CD40L interactions cause upregulation of Fas on B cells, which leaves the B
cell more susceptible to Fas-mediated death 2°%2%4 | \We demonstrate the Ramos increase
IgM secretion upon CD40L and IL-21 stimulation, suggesting Ramos express CD40.
Others have shown SLE T cells express higher levels of TRAIL, TWEAK, and FasL and
that SLE Tregs specifically express higher levels of CD40L 24292 ' An additional hypoth-
esis based on our observations and this previous research is that Tregs induce B cell death
via FasL. To evaluate this hypothesis, we will measure CD40L and FasL expression on

Tregs and block these proteins in suppression assays.
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Notably, our data demonstrate that inducing B cell death is not the only mecha-
nism by which Tregs suppress B cells. Tregs from healthy donors suppress IgM secretion
by Ramos cells without decreasing the viability of these cells or inhibiting their prolifera-
tion. In addition, transwell suppression assays indicate that this suppression is mediated,
at least in part, by a soluble factor. Preliminary evidence in our lab, as well as publica-
tions by other groups, suggest TGF-B is not responsible for the suppression ’" . To evalu-
ate which soluble factors could be responsible, we plan to first analyze supernatants using
a cytokine array. Upon identification of promising soluble factors, we will block these
factors in suppression assays. In this same vein, our data thus far do not rule out the pos-
sibility that SLE Tregs suppress IgM secretion specifically, in addition to suppressing via
inducing cell death. To elucidate if multiple suppressive mechanisms are at play, we will
perform transwell suppression assays with SLE Tregs.

In addition to identifying any soluble factor(s) responsible for suppression of IgM
secretion, we are interested to know the molecular mechanisms inside the B cell responsi-
ble for reduced IgM secretion. It is possible that Tregs cause Ramos to halt or downregu-
late expression of Ig transcripts entirely. It is also possible, given the mechanism by
which Ig transcripts are alternatively spliced, that Tregs cause Ramos to favor the trans-
membrane form of Ig transcripts over the secreted form. To investigate these possibilities,
we have begun to test a gPCR assay that specifically identifies the transmembrane and se-
creted forms of IgM mRNA, as well as total IgM mRNA. Thus far, we have characterized
this assay using stimulated Ramos cells. In the future, we plan to use this assay with Ra-

mos cells after co-culture with Tregs.

90



Finally, we also demonstrate the Tregs isolated from healthy donors and pre-acti-
vated enact a higher level of suppression compared to Tregs directly ex vivo. We plan to
investigate the effects of pre-activation on the ability of SLE Tregs to suppress Ramos.
Interestingly, our data also suggest pre-activated Tconv are able to suppress IgM secre-
tion by Ramos, unlike Tconv directly ex vivo. One interpretation of this data is that the
mechanism of suppression is not Treg-specifc. However, based on our observation that
the viability of the Ramos decreases upon co-culture with pre-activated Tconv, we hy-
pothesize that the suppression observed is actually a result of resource competition. To
investigate this hypothesis, we plan to repeat these assays in an environment where re-

sources will not be limited.

In conclusion, our data demonstrate a reliable assay for evaluating Treg direct suppres-
sion of B cells that proves functional for investigating differences between Tregs isolated
from healthy controls and diseased patients. In addition, our data provide insight to possi-
ble mechanisms used by Tregs to suppress humoral immune responses. Our findings are
not only relevant in regards to understanding the pathologic immune mechanisms in SLE.
These results are also interesting to consider in the larger immunology picture. Treg di-
rect suppression of B cells suggests there is an opportunity for long-term modulation of
the humoral immune system, which persists for 70+ years. There is considerable room for
additional investigation in this budding area with the potential to establish a more tar-

geted and long lasting approach to restoring breaks in humoral tolerance.
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