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PATHOGENIC FOLLICULAR CD8 T CELLS PROMOTE AUTOIMMUNE
DISEASE.

by

Kristen Marie Valentine
Doctor of Philosophy in Quantitative and Systems Biology
University of California, Merced, 2019

Professor Katrina K. Hoyer

The contribution of CD8 T cells to autoimmune disease remains in debate. We
show autoimmune CD8 T cells which induce antibody class switching and plasma cell
differentiation act synergistically with CD4 T cells in promoting germinal center
reactions. We have identified CXCR5+PD-1+ CD8 effector T (CD8 T follicular; Tfc)
cells, within the germinal center, that expand during late autoimmune disease
progression. We show that CD8 Tfc cells transcriptionally and phenotypically resemble
CD4 T follicular helper (Tfh) cells in multiple models of spontaneous autoantibody-
mediated disease including I1L-2 deficient (IL-2-KO), scurfy and MRL/MpJ-FAS" mice.
CD8 Tfc cells maintain the capacity to produce significant amounts of cytotoxic proteins
granzyme B, CD107a and TNFa, and helper-associated cytokines IL-21, IFNy and IL-4.
Functionally, CD8 Tfc cells promote cytokine-mediated antibody class switch using
mechanisms largely independent of IFNy or IL-21. When adoptively transferred CD8 Tfc
cells in combination with CD4 Tfh cell promote autoantibody production. Our results
indicate that CD8 Tfc cells contribute to autoimmune disease synergistically with CD4
Tth cells to induce B cell class switching and autoantibodies during disease progression.
Autoimmune disease is a novel immune setting during which CXCR5+ CD8 T cells
develop beyond situations of chronic viral infection and cancer. Thus, pathogenic CD8 T
cells influence germinal center reactions and promote autoimmune responses.

XVii



CHAPTER 1

Background and historical context



CHAPTER 1: BACKGROUND AND HISTORICAL CONTEXT

AUTOIMMUNITY AND IL-2

Autoimmune diseases, combined, affect more than 5% of the world population
(1). Autoimmune diseases (such as diabetes or rheumatoid arthritis) are a group of often
disabling illnesses that develop when the immune system attacks normal body tissues.
Both CD4 helper and CD8 cytotoxic T cells are involved in the initiation and promotion
of autoimmune disease. CD4 T helper (Th) cell subsets including Thl, Th2, Th17, T
follicular helper (Tfh), and T regulatory (Treg) cells, arise and contribute to multiple
autoimmune diseases (2). Similarly, although less well-described, CD8 T cytotoxic (Tc)
cell subsets, including Tcl, Tc2, Tc17, and Treg cells, influence autoimmune disease (3).
Despite this emerging assessment of T cell responses, a defined role for self-reactive
auto-antigen specific T cells remains elusive. A breakdown of functional tolerance
mechanisms allows for self-reactive responses to develop, including dysfunctional thymic
tolerance mechanisms during T cell development (4), and the reduction or absence of
functional Tregs in the periphery (5).

The discovery of Foxp3+ Tregs that suppress inappropriately activated self-
reactive T cells provides another platform to evaluate autoimmune control mechanisms
and therapeutics. During development, Tregs require IL-2 cytokine signaling via STAT5
to upregulate the transcription factor Foxp3 (6, 7). Once generated, Treg cells employ
multiple mechanisms to maintain self-reactive responses, including cytotoxic T
lymphocyte antigen 4 (CTLA-4) co-inhibitory interactions, IL-10 and TGFp cytokine
mediated suppression, and by controlling IL-2 availability to prevent IL-2-induced T cell
activation (8). In the absence of IL-2, fewer functional Tregs develop, releasing control of
self-reactive T cell allowing autoimmunity (9).

A number of autoimmune diseases are associated with defects in IL-2 and IL-2Ra.
cytokine signaling (10). In murine models, the absence of IL-2 or Foxp3 allows systemic
autoimmune disease to develop (7, 11). This dissertation evaluates multiple models of
autoimmune disease with particular emphasis on BALB/c IL-2-deficient (IL-2-KO) mice.
In the absence of functional Treg cells, these mice develop systemic lymphoproliferation,
autoimmune hemolytic anemia (AIHA), and bone marrow failure (BMF) associated with
increased activation and proliferation of B and T cells (12-14).

Autoantibodies binding to red blood cells (RBC) drives RBC destruction via Fc-
mediated phagocytosis, and this loss of mature RBCs in combination with dysfunction in
the hematopoietic stem cell compartment during BMF facilitates rapid autoimmune
disease and death. In the absence of IL-2, IL-7 promotes T cell survival and proliferation
in IL-2-KO mice (15). BMF is mediated by CD4 T cell responses but is enhanced when
combined with CD8 T cells (14). AIHA is similarly regulated by CD4 and CD8 T cells
via IFNy (16). Co-stimulators CD28 and CD40L regulate disease pathology; CD28 likely



acts during T cell activation promoting lymphoproliferation, and CD40L interactions
between T and B cells act to promote autoantibody responses (17).

GERMINAL CENTER REACTIONS

During an immune response, CD4 Tfh cells are required for B cell germinal
center reactions by promoting antibody production, B cell maturation and class switching
(18). CD4 Tth cells upregulate PD-1, ICOS, the germinal center chemokine receptor
CXCRS5, and their principal transcription factor Bcl-6. Together this expression licenses
the CD4 Tth to enter the B cell zone and upregulate the expression of CD40L, FasL, and
IL-21 to facilitate B cell responses (19). A specialized germinal center localized Treg
subset expressing Foxp3 and Bcl-6, T follicular regulatory cells (Tfreg), control germinal
center size, Tth accumulation, T-B interactions and antibody production (20-22). In the
absence of Tfreg, Tth cells accumulate and B cell responses become less antigen specific
(23, 24). Within an autoimmune setting, CD4 Tth cells promote autoantibody production
similar to normal infection responses. CD4 Tth cells interact with B cells to promote
autoantibody production to ubiquitous antigen (25). CXCR5+ Tth cells are required for
autoantibody production and the progression of rheumatoid arthritis in mouse models
(26). In humans, circulating CD4 Tfh promote autoantibody production via CD40L
interactions in lupus (27).

Only recently have CD8 T cells been recognized as players in germinal center
reactions (28). However, the capacity for follicular CD8 T cells to promote pathogenesis
versus protection during an immune response remains to be resolved. To address the gap
in knowledge, we assessed CD8 T cell capacity to enhance or block antibody-mediated
disease. This dissertation demonstrates that CD8 T cells enhance and promote antibody
responses associated with AIHA.

CXCR5+ CD8 T CELLS

Introduction

As CD8 T cells have been identified both phenotypically and functionally into
distinct subsets beyond that of the classical cytotoxic CD8 T cells (CTL), it follows that
novel CD8 T cell subsets may yet still emerge. A recent focus on CD8 T cells has
highlighted a diversity of functional responses. Like CD4 T cells, CD8 T cells
differentiate into multiple subsets that are customized to a specific infection and immune
settings (3, 29) (Figure 1). CD8 Tcl cells comprise the canonical CTL subset, producing
IFNy, perforin, and granzymes involved in targeted cell killing (30). CD8 Tcl cells arise
predominately in response to viral and intracellular infections but also in some
autoimmune diseases to induce pathogenic tissue destruction. CD8 Tc2 cells are
implicated in response to specific allergens and typically exhibit reduced CTL function



and produce IL-4 and IL-5. CD8 T regulatory cells (Tregs) identified in the context of
self-reactive responses are less well defined and may have multiple phenotypes (31, 32).
Some CD8 Tregs localize to the B cell zone but are also found in circulation (33-35).
Beyond these effector subsets, at least three memory CD8 T cell types (T effector
memory (Tem), tissue resident memory, and central memory) have been extensively
described (36).

This thesis characterizes a novel subset of CXCR5+ CD8 T cells capable of
infiltrating the B cell follicle in settings of chronic antigen exposure and inflammation.
CXCR5+ CD8 T cells maintain an independent phenotype from their CXCR5- CD8 T
cell counterparts. Their functional role largely depends on the immune setting, yet they
maintain a cytotoxic capacity that aids in the control of viral infection, tumor growth
inhibition, or the promotion of inflammation and autoimmune responses. Finally,
CXCR5+ CD8 T cells have a unique developmental profile, utilizing genes similar to
both CD4 Tth cell development and CD8 effector memory or memory-stem cell
differentiation. We propose that some of the gene variation found in CXCR5+ CD8 T
cells is dependent upon the conditions under which these cells arise.

Part I: A novel T cell subset: CXCR5+ CD8 T cells.

CXCR5+ CD8 T cells develop under several conditions of chronic antigen and
inflammation. They are transcriptionally and phenotypically distinct from other CD8 T
cell subsets. Most studies find that CXCR5+ CD8 T cells gain entry into the B cell
follicle (28). Yet, there is no clear consensus defining the function of this CXCR5+ CD8
T cell subset.

A distinct phenotype

Transcriptional and phenotypic profiling, in combination with a variety of
functional responses, indicate several possible classifications for CXCR5+ CD8 T cells
including: cytolytic, Tem/stem cell, exhausted, and follicular helper CD8 T cells (28, 35-
37). The differences leading to these classifications likely depend on the particular
immune setting and the subsequent functional responsiveness of CXCR5+ CD8 T cells.

During chronic viral infections, CD8 T cells are frequently associated with an
exhausted profile including reductions in IL-2 production, cytolytic function and
proliferation. This shift toward exhaustion is associated with increased expression of the
co-inhibitory molecules PD-1, 2B4, Tim3, KLRG1, CD160, and Lag3, among others
(37). When CXCR5+ CD8 T cells were evaluated for an exhausted phenotype, gene
expression profiles reveal that CXCR5+ CD8 T cells have increased pdcdl (PD-1)
expression but reduced cd95l (FasL), ctla4, lag3, havcr2 (Tim-3), and cd244 (2B4) in
some studies (38-41). In other studies, CXCR5+ CD8 T cells express elevated PD-1 and
FasL with variable CTLA-4, Lag3 and Tim-3, but reduced 2B4 expression (40-44)
(Figure 2A). Cytolytic functionality, as measured by granzyme B, perforin, and CD107a
expression, provides a mixed picture for CXCR5+ CD8 T cells as a non-exhausted
population. CXCR5+ CD8 T cells express decreased grzma, grzmb, and prfl gene



expression when compared to CXCR5- CD8 T cells in viral infection (40). Yet, tumor-
infiltrating and virus-specific CXCR5+ CD8 T cells appear to maintain cytolytic capacity
upon ex vivo stimulation (41, 43, 45). However, considering the variability in exhaustion
marker expression as well and the maintenance of cytolytic capacity (described in Section
Il of this chapter), CXCR5+ CD8 T cells are likely not functionally exhausted.
Specifically, CXCR5+ CD8 T cells express elevated KLRG1, CD44, T-bet, and Blimp-1
compared to CXCR5- and naive CD8 T cells indicative of an activated, fully
differentiated cytolytic subset (40-42) (Figure 2B).

While CXCR5+ CD8 T cells appear to maintain a cytolytic phenotype, this
phenotype does not account for the upregulation of cd127 (IL-7Ra), tcf7 (TCF-1), id3,
eomes, and cd44 that are commonly associated with an effector memory phenotype (40,
41) (Figure 2C). Im et al. defined lymphocytic choriomeningitis virus (LCMV)-specific
CXCR5+ CD8 T cells as stem-like CD8 Tem that proliferated into both CXCR5+ and
CXCR5- CD8 T cell subsets (40). Similarly, CXCR5+ CD8 T cells isolated from PBMCs
of cancer patients proliferate more than CXCR5- CD8 T cells after TCR stimulation (44,
45). Leong et al. defined CXCR5+ CD8 T cells in LCMV infection as an effector
memory-like (CD62L+ IL-7R+) population by RNA sequencing (41). Perhaps, most
convincingly, in SIV infection CXCR5+ CD8 T cells and CD8 T cells under autoimmune
conditions express significantly more bcl6 and less prmd1 (Blimp-1) (38, 46). The Tem
phenotypic description attributed to CXCR5+ CD8 T cells is probably indicative of the
chronic antigen exposure under which these cells have thus far shown to arise.

Alternatively, although not completely counter to evidence of an effector memory
subset, CXCR5+ CD8 T cells share a transcriptional profile similar to that of CD4 Tth
cells in SIV infection as shown by RNA sequencing of virus specific CXCR5+ CD8 T
cells (38). CXCRS5 is most commonly associated with B cell zone migration and homing
and has been described extensively on B cells and CD4 Tth cells (47). CXCR5+ CD8 T
cells express costimulatory, transcription factors, inhibitory genes and proteins similar to
CD4 Tfh, including: increased ¢d200, icos, cd28, bcl6, id3, ctla4, pdcdl and cd95I (FasL)
and reduced prdm1, id2, and havcr2 (Tim-3) (19, 38, 40-42) (Figure 2D). These data are
supported by seminal research in the inflammatory environment of human nasal polyps,
in which a population of CXCR5+ CD8 T cells expressing FasL, CD28, OX-40 and
ICOS post-ex vivo stimulation (48). While in an autoimmune disease setting, CXCR5+
CD8 T cells express cytolytic molecules associated with canonical CD8 T cell function
but also express cxcrb5, icos, bcl6, pdcdl, cd40l and 121 (46). More specifically, in
Hodgkin lymphomas, a set of genes identified by RNA sequencing, commonly
upregulated by CXCR5+ ICOS+ CD8 T cells and CD4 Tfh cells are sufficient to cluster
CXCR5+ICOS+CDS8 T cells with CD4 Tth and not other T cell subsets (49).

A CD8 Treg population that maintains germinal center (GC) reactions and
controls autoimmune disease has been described within the B cell follicle (33). CD8
Tregs can express FoxP3 or a transcription factor Helios as described on non-canonical
Qa-1 restricted CD8 Treg (32, 35). When identified as CXCR5+, CD8 Tregs express
ICOSL, CD44 and CD122 (31, 33) (Figure 2E). He et al. reported that in LCMV
infection, CXCR5+ CD8 T cells were ICOSL and Helios deficient, but CD44+ (42).



Similarly, in the context of autoimmune disease, CXCR5+ CD8 T cells largely lack
ICOSL, FoxP3, and Helios expression (Valentine and Hoyer, unpublished data). It is
possible that CXCR5+ CD8 T cells in some situations are CD8 Treg cells (34) but most
reports suggest an effector phenotype for these cells. Together, transcriptional profiling
and subsequent validation by flow cytometric analysis of protein expression, identify a
CXCR5+ CD8 T cell population with the potential to behave as cytotoxic canonical CD8
T cells, promote CD4 Tth helper type responses and respond as CD8 Tem (Table 1).

Antigen-specific CXCR5+ CD8 T cell responses and localization

As the principal chemokine receptor that facilitates entry into the B cell zone.
CD8 T cells, by CCR7 upregulation and the absence of CXCR5 expression, in some
instances are excluded from the B cell follicle (50). However, under particular immune
activating conditions this expression pattern changes. CXCR5 expression on CD8 T cells
is closely associated with proximity and responsiveness to CXCL13 in the lymph node
(43, 48). CXCRS5 expression on CD4 Tth is required to migrate towards CXCL13 and
facilitate GC development (51). Some CD4 Tth developmental signals do not require B
cell help initially to induce the CD4 Tfh transcription factor, Bcl6 (52, 53). However,
once at the B-T border, CD4 Tth cells interact with B cells to gain entry into the GC and
solidify their transcriptional profile via Bcl6 using ICOS and PD-1 interactions (27, 54,
55). CXCR5+ CD8 T cells may also require B cell interactions to enter the follicle, as
CXCR5+ CD8 T cells that maintain ccr7 gene expression retain their capacity to localize
to the T cell zone and are excluded from the GC (40). A requirement for B-T cell
interaction has yet to be directly investigated in CXCR5+ CD8 T cell development and
function.

CXCR5+ CD8 T cell accumulation in the follicle does not appear to be dictated
by antigen concentration, but rather by conditions of chronic inflammation and immune
activation (43, 46, 48). In chronic infections, both high and low viral load correlate with
expanded CXCR5+ CD8 T cell populations in the GC (50, 56, 57). Chronic human
immunodeficiency virus (HIV), simian immunodeficiency virus (SIV) and LCMV
infection studies identified antigen-specific CXCR5+ CD8 T cells (38, 40-42, 58).
Peripheral blood and lymphoid extrafollicular CXCR5+ CD8 T cells maintain a robust
cytolytic phenotype (40, 42, 58, 59) in comparison to lymphoid populations (60), whereas
CXCR5- CD8 T cells are excluded from the B cell zone and are more likely to be
exhausted (40-42) (Figure 3A).

Interaction time and specific signals during GC interactions may redirect the
transcription of CXCR5+ CD8 T cells and alter effector functions as described for CD4
Tth cells (61). In HIV infection, some CXCR5+ CD8 T cells demonstrate high lytic
potential in GC regardless of antigen specificity (43), while other antigen-specific
CXCR5+ CD8 T cells are less lytic (59). The frequency of CXCR5+ CD8 T cells isolated
from pancreatic and colorectal cancer tumor masses correlate with improved patient
outcomes suggestive of tumor control (39, 62). Viral-specific or tumor infiltrating
CXCR5+ CD8 T cells likely utilize cytolytic mechanisms to control viral infection and
tumor growth in secondary lymphoid organs, ectopic GC and the tumor
microenvironment.



The frequency of antigen-specific CXCR5+ CD8 T cells within the follicle and
extrafollicular space are comparable (41). The presence of antigen-specific CD8 T cells
in the extrafollicular space and at the B-T border suggests that CXCR5+ CD8 T cells
directly interact with virally infected CD4 Tth cells. The potential for cytolytic responses
may explain the negative correlation observed between the frequency of CXCR5+ CD8 T
cells and reduced CD4 Tth cell frequency and viral load (38, 41, 43, 56, 60) (Figure 3B).

In the context of chronic inflammation and autoimmune disease, CXCR5+ CD8 T
cells likely employ diverse mechanisms to promote inflammatory responses and advance
disease pathogenesis at the site of autoreactive responses within ectopic GCs or lymphoid
tissue. Influenza-specific CD8 T cells migrate to lung ectopic GCs and interact with B
cells following intranasal infection (44, 63). CD40L+ CD8 T cells within the synovial
fluid, that are likely antigen-specific for joint proteins, are required for the formation and
maintenance of ectopic GCs in rheumatoid arthritis inflammation (64, 65). Autoimmune
CXCR5+PD-1" CD8 T cells expressing CD40L and GL-7 promote antibody responses
(46). CXCR5+ CD8 T cells in human nasal polyps that localize to the B cell zone
promote inflammatory damage (66). Together, these data reveal a pattern of CXCR5+
CD8 T cell homing related to antigen accumulation and the site of local immunological
responses (Figure 3C).

Part I1: CXCR5+ CD8 T cell function.
Viral infection:

CXCR5+ CD8 T cells have been predominately explored in the context of chronic
viral infections. In chronic LCMV and SIV infection, CXCR5+ CD8 T cell frequency
inversely correlates with viral load and associates with a reduction in virus-producing
cells attributing cytolytic function to CXCR5+ CD8 T cells (41, 42, 50, 56, 58).
However, in similar studies of chronic SIV and LCMV infection, CXCR5+ CD8 T cells
display reduced cytolytic protein expression coupled with a more stem-like effector
memory phenotype (40).

There are a number of possible explanations for differences in cytolytic activity
across the existing viral CXCR5+ CD8 T cell literature (67). Emerging evidence
indicates an effector memory-like CD8 T cell population that develops in situations of
chronic antigen and cell exhaustion, with the capacity for cytolytic function. Inhibitory
receptors such as PD-1, frequently used to describe exhausted CD8 T cells, may also
denote a follicular-helper like subset of CD8 T cells that maintains its cytotoxic effector
function and elicits GC entry (43, 59). Adoptively transferred LCMV-specific CXCR5+
CD8 T cells rapidly expanded to reseed the exhausted CXCR5- CD8 T cell niche (40)
and significantly reduced viral load following PD-1 blockade (42). Paradoxically, during
short PD-1 blockade treatments in HIV infection, a PD-1+ subset of CXCR5+ CD8 T
cells, instead produced less TNFa and IFNy cytokines (59). Within the CXCR5+
population there likely exists multiple effector functions similar to differences observed
in CD4 Tth cell function as it relates to PD-1 expression, follicular localization, and
terminal differentiation.



In addition to a cytolytic role in controlling infection, direct interactions with
infected B cells and CD4 Tth cells may also facilitate CD8 T helper-like functions in the
follicle. Human CXCR5+ CD8 T cells from chronic hepatitis B viral (HBV) infection
produce IFNy and influence IgG and IgA production when co-cultured with naive B cells
or memory B cells (68). CD8 T cells infiltrate influenza infected lungs and promote IL-
21 dependent antibody class switching and prolonged B cell survival (63). This follicular
helper type function may also act to promote a tissue specific antiviral response on CD4
Tth cells differing from the cytolytic response facilitated by chronic viral infection
reservoirs in secondary lymphoid organs.

Cancer:

Cancer represents a situation of chronic, low-level self-antigen much like the
situation induced by chronic viral infection. In B cell lymphoma-bearing mice and diffuse
large B cell lymphoma patients, CXCR5+ CD8 T cells likely arise to directly target
cancer cells (41, 69). Whereas, in HBV-related hepatocellular carcinoma, viral responses
may initially induce CXCR5+ CD8 T cells that then target cancer cells (44). In colorectal
and pancreatic cancer, CXCR5+ CD8 T cells arise and respond to cancer cells (39, 45,
62) suggesting a prevalent role for chronic antigen exposure in the development of
tumor-specific CXCR5+ CD8 T cells.

CXCR5+ CD8 T cells isolated during immune responses to cancer maintain
cytolytic potential toward tumor cells despite protein expression typically indicative of
exhaustion. Circulating CXCR5+ CD8 T cells isolated from patients with HBV-related
hepatocellular carcinoma and diffuse large B cell lymphoma expressed granzyme B and
CD107a that likely contributed to tumor cell and B cell lysis (44). Circulating, tumor
infiltrating and lymphoid CXCR5+ CD8 T cells also express PD-1 and Tim-3 but are
functionally less exhausted than CXCR5- CD8 T cells (39, 44). Yet, combined blockade
of Tim-3 and PD-1 augment CXCR5+ CD8 T cell specific lysis of tumor cell targets
indicating reduced lytic potential (44, 62). Further, CXCR5+ CD8 T cells in colorectal
cancer maintain a cytolytic capacity to directly lyse tumor cells but can also influence B
cell secretion of 1gG, suggesting multiple mechanisms for tumor control by these cells
(45).

In spite of the fairly robust cytolytic potential and activity by CXCR5+ CD8 T
cells, tumor cells likely employ inhibitory mechanisms to suppress CXCR5+ CD8 T cell
function. In vitro neutralization of 1L-10 or IL-10R pathway improved granzyme A,
granzyme B, and perforin-mediated cytotoxicity by CXCR5+ CD8 T cells (69). IL-10 or
PD-1L blockade induced CXCR5+ CD8 T cell targeted specific cell lysis of autologous
tumor cells (44). Enhancing specific cell lysis by preventing tumor suppression of
CXCR5+ CD8 T cells or by improved CXCR5+ CD8 T cell function provides a new
potential target for existing cancer therapeutics. As disease-free survival time in
pancreatic and colorectal cancer is positively correlated with CXCR5+ CD8 T cell
frequency (62), the maintenance of a CXCR5+ CD8 T cell population may prolong
cancer treatment efficacy.



Inflammation and Autoimmune Disease:

The mechanisms by which CD8 T cells mediate autoimmune disease pathology
remain largely unresolved, but inflammation and autoimmune disease studies suggest a
helper function for CXCR5+ CD8 T cells. In the absence of CD8 T cells, GC formation
is prevented in rheumatoid arthritis and disease is delayed in spontaneous auto-antibody
mediated disease (46, 65). Differential synovial ectopic GC formation is associated with
CD8 T cell recruitment in a CD40L dependent manner (64), and follicular dendritic cells
could not be retained in synovial GCs grafted into NOD-SCID mice in the absence of
CD8 T cells (65).

While CD40L+ CD8 T cells appear to have a role in mediating ectopic GC
formation, they do not produce the cytolytic proteins perforin and granzyme A, but
maintain expression of IFNy and TNFa (65). CXCR5+ CD8 T cells identified in human
tonsils express IFNy, TNFa, granzyme A and IL-2 (48). Similar to CXCR5+ CD4 T cells,
human tonsil CD8 T cells co-cultured with B cells promoted B cell survival and induced
IgG class switching (48). 1L-21-producing CD8 T cells from human nasal polyps co-
express IFNy and IL-21 to induce B cell class switch to 1gG when co-cultured with B
cells (66). IFNy is a known mediator of B class switch to 1gG2a/c, yet CXCR5+ CD8 T
cells that arise in spontaneous autoimmune disease induced B cell class switch to
predominately IgG1. When transferred into TCRa deficient mice, IL-2-deficient CD8 T
cells alone did not induce B cell differentiation or class switching. Instead, CD8 T cells
together with CD4 T cells enhanced plasma cell differentiation and induced IgG1 and
IgG2b expression (46).

Whether CD8 T: B cell interactions are driven primarily within the GC or in
extrafollicular foci, and whether the mechanisms promoting antibody class switch result
from direct contact or secreted cytokines require additional exploration. Although yet
untested, CXCR5+ CD8 T cell function in autoimmune disease likely includes canonical
cytotoxic mechanisms in addition to acquired Tfh mechanisms. In contrast to most
chronic viral infections and cancer, autoimmune and inflammatory CXCR5+ CD8 T cells
likely promote the disease state, although the mechanisms that alter or advance GC
reactions, in addition to direct cell lysis, may be similar.

Part I11: Distinct developmental pathways for CXCR5+ CD8 T cells.

The similarity of CXCR5+ CD8 T cell phenotype and function to other CD8 T
cell subsets described in Figure 2 likely provide overlapping, if not identical models, for
differentiation and function of these cells described in other excellent reviews (28, 36,
37). Here, we propose a transcriptional network that explains the gene expression and
function observed in CXCR5+ CD8 T cells (Figure 4).

To explore CXCR5+ CD8 T cell regulation, the cxcr5 promoter has been
evaluated by chromatin immunoprecipitation deep sequencing. The cxcr5 promoter
contains two Blimp-1 binding sites and one E2A binding site, in addition to binding sites
at the bcl6 and tcf7 promoter. CXCR5+ CD8 T cells under conditions of chronic viral
infection are permissive for E2A binding and more differentially expressed genes bound
by E2A and TCF-1 similar to that of CD8 effector memory T cells and CD4 Tth cells



(41, 42, 70). Retroviral Bcl6 induction of LCMV-specific donor cells increased CXCR5+
CD8 T cell frequency with a corresponding TCF-1 upregulation and Blimp-1 repression
(41), suggesting a regulatory connection between TCF-1 and Bcl6 antagonism of Blimp-1
expression (53, 71). Further, CXCR5+ CD8 T cells do not arise in the absence of tcf7
(TCF-1) during LCMV infection (40, 41). Experiments to test the significance of Blimp-1
regulation in CXCR5+ CD8 T cells using mixed bone marrow chimeras of Blimp-1
deficient : WT showed that CXCR5+ CD8 T cells preferentially expand indicating that,
like CD4 Tth cells, CXCR5 expression is in part regulated by the absence of Blimp-1
mediated transcription (41).

Id2 and 1d3 regulate E2A and other e-family proteins responsible for regulating
gene transcription in CD4 T cells (70, 72). E2A overexpression enhances CXCR5
expression increasing cytotoxic responses via CD107a expression and PD-1
downregulation, producing a less exhausted phenotype (42). In CXCR5+ CD8 T cells,
Id2 is downregulated and 1d3 is upregulated relative to CXCR5- CD8 T cells (40-42). T
cell specific deletion of 1d2 results in a dramatic expansion of CXCR5+ CD8 T cells (41,
42, 73). Because 1d2 is significantly downregulated in CXCR5+ CD8 T cells, the
expression of 1d2 may block the development of CXCR5+ CD8 T cells during early CD8
T cell activation. 1d3 upregulation in CXCR5+ CD8 T cells may restrain CXCR5+ CD8
T cell development, perhaps after initial subset differentiation. Thus, 1d2 restricts, and 1d3
maintains, E2A induction of Bcl6, TCF-1 and CXCRS to stabilize the CXCR5+ CD8 T
cell phenotype (Figure 4).

Early immunological signals that prompt development of a CXCR5+ CD8 T cell
population remain in question. Some evidence for specific cytokine and cellular
interactions exists but is largely circumstantial via in vitro culture assays. In vitro cultures
of SIV+ CD8 T cells with IL-12, IL-23 and TGFf promote CXCR5+ CDS8 T cell
expansion relative to IL-12 or IL-23 alone (38). When cultured with IL-6, CD8 T cells
produce IL-21 similar to CD4 T cells cultured with IL-6 (63). However, in CD8 T cells
IL-6 induction of IL-21 via STAT3, inhibits IFNy and IL-2 production (63), unlike the
robust IFNy responses in LCMV-specific CXCR5+ CD8 T cells. Although, thus far,
CXCR5+ CD8 T cells respond to similar stimuli as CD4 Tth cells (74-76), these stimuli
may induce a context specific response in CXCR5+ CD8 T cells that has yet to be
carefully resolved.

In the context of chronic antigen, CD4 Tregs control inappropriate self-reactive
responses (20). Within the GC, follicular Tregs maintain T-B interactions to promote B
cell differentiation (77). Foxp3+ Tregs localize in close proximity to follicular and
extrafollicular CXCR5+ CD8 T cells, but with higher frequency to extrafollicular
CXCR5+ CD8 T cells (58). During low SIV viremia, CXCR5+ CD8 T cell frequency is
negatively correlated with viral load and positively correlated with follicular Tregs.
Whereas in high SIV viremia, the frequency of CXCR5+ CD8 T cells is negatively
correlated with follicular Tregs. Together, this suggests that Treg control of CXCR5+
CD8 T cells inhibits function rather than development within the GC, and the efficacy of
that inhibition likely relates to viral control (56).
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CD8 T cells can be found within the GC of several murine models of spontaneous
autoimmune disease including in IL-2-deficient and scurfy mutant autoimmune disease.
In these mice, both CD4 Tth and CXCR5+ PD-1+ CD8 T cells are significantly expanded
(46). One common feature of these autoimmune models is a defect in functional Tregs. In
the absence of functional Tregs or in conditions of high chronic antigen and
inflammation, CXCR5+ CD8 T cells have the capacity to expand and maintain robust
effector function by cytokine secretion or direct B cell interactions.

Conclusions.

CXCR5+ CD8 T cells have been found under a number of pathogenic conditions
with varied functional capacity. CXCR5+ CD8 T cells promote cell lysis in viral
infection as well as in some cancers, while in inflammation and autoimmunity CXCR5+
CD8 T cells function as helper cells, thus promoting disease pathogenesis. The presence
of CD8 T cells within the B cell zone, in combination with their cytolytic and helper
functionality, provides the potential for unique interactions with CD4 Tfh cells, B cells
and follicular dendritic cells and access to infected CD4 T cells and cancerous B cells
that have yet to be fully explored.

Treatments to influence effector responses require a clear analysis of CXCR5+
CD8 T cell function in multiple immune settings that facilitate specific cell interactions.
Engineering CD8 T cells to express CXCR5 promotes migration to the B cell follicle
(81). While the use of bispecific antibodies optimizes CXCR5+ CD8 T cell targeting of
HIV-infected cells via cell specific lysis (43). A combination therapy to optimize
CXCR5+ CD8 T cell responses in a patient specific manner will address challenges
currently identified in immune non-responding patients to existing HIV treatments.
CXCR5+ CD8 T cell activities within and near the follicle provide clues about the
immune response that may explain class switch choices, the development of broadly
neutralizing antibodies, and promote a paradigm shift in the nuances of GC reactions.

SUMMARY

In this dissertation, we seek to understand the contribution of CD8 T cells to
autoimmune disease in the absence of functional Tregs. We identified a novel
CXCR5+PD-1+ CD8 T cell population (termed CD8 Tfc cells) that influences germinal
center reactions and autoimmune disease progression. Together, these studies contribute
to a growing body of evidence defining CD8 T cells responses to chronic antigen and
inflammation.
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TABLES

Table 1-1: CXCR5+ CD8 T cells maintain antigen-specific transcription and
localization. CXCR5+ CD8 T cells have been identified under at least four antigen
conditions including  SIV/HIV infection, LCMV infection, Cancer and
autoimmunity/inflammatory. * Gene transcription compared WT CD8 T cells and IL-2
deficient CD8 T cells in autoimmunity.

Transcription Location Reported Functional References
High Low Capacity

SIV/HIV

LCMV

Cancer

Autoimmunity
and
inflammation

bel6, ed28, cd40, cd83,
cd200, ctlad, il2, irf4

bel6, €d200, icos, id3,
il2, il7re. (CD127), sell
(CD62L), 7cf7 (TCE-1)

bcl6, grzma, grzmb,
ifiny, il2, pdcdl, prdmli,
prfl, thx21 (T-bet), tnf

bel6, cer7, ed200,
ctlad, cxcr3, eomes,
Jfasl, grzma, grzmb,
haver2, icos, ifng, il21,
irf4, maf, pdedl,
prdml, sh2dla (sap)*

cd244, grzma, gr=mb,
id2, runx3, Prdml
(Blimp-1)

cd244, fasl, gr=ma,
grzmb, haver2 (Tim-3),
id2, prdml, prfl

ctlad, havcr? (Tim-3),
lag3

Not tested

GC, follicle and
extrafollicular space
of lymph node and
spleen

B cell follicle and T
cell zone of splenic
white pulp

Peripheral blood,
tumor infiltrating, and
tumor draining lymph
node

B cell follicle lymph
node and spleen,
ectopic GC In tissue-
specific disease

19

Less cytotoxic effector CD8
T cell that controls infection

Less cytotoxic effector CD8
T cell that controls infection
and maintains proliferative
capacity.

Non-exhausted cytotoxic
effector CD8 T cell that
promotes tumor suppression

Promotes autoimmune
antibody responses

(Connick et al.,
2014; Leong et
al,, 2016: Lietal,
2014;
Mylvaganam et
al., 2017; Rahman
etal., 2018)

(He etal, 2016;
Im etal, 2016;
Leongetal..
2016)

(Bai etal 2017:
Eetal,2018: Jin
ctal,2017; Tang
etal 2017; Xing
etal 2017)

(Kangetal,,
2002; Quigley et
al., 2007;
Valentine et al.,
2018; Wagner et
al., 1998; Xiao et
al, 2016)
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Figure 1-1: CD8 T cell differentiation subsets. After antigen recognition, activated CD8
T cells that receive specific TCR interactions, cytokine signaling, and dendritic cell signals
upregulate transcription factors that program terminal differentiation outcomes including
CD8 T cytotoxic (Tc) 1, Tc2. Tcl7, Treg, and CXCR5+ subsets.
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Figure 1-2: CXCR5+ CD8 T cell maintain a distinct expression pattern. CXCR5+ CD8
T cell protein expression relative to T cell subsets; A) CD8 T cell exhaustion (37), B) CD8
cytotoxic T cell, C) CD8 T effector memory (Tem) (36), D) CD4 T follicular helper (Tfh)
(11), and E) CD8 T regulatory cell (Treg) (35). Bold indicated literature confirmed protein
expression in CXCR5+ CD8 T cells.

Cytolytic: KLRG1+ (19), T-bet+ (20, 22), Eomes- (22), CD44+ (19-21), CD69+ (4), FasL+
(4), CD62L- (4, 20), Perforin+ (22, 25, 28, 39, 40), Granzyme A+ (4, 40), Granzyme B+
(5, 22, 25, 28, 40-42), IFNy+ (3-5, 19, 20, 23, 27, 39, 43), CD107a+ (19, 27, 39, 40, 42),
IL-2+ (4, 20, 27). Exhaustion: PD-1+ (1, 20, 21, 23, 28, 29, 39, 42), 2B4+ (29), T-bet- (5),
CTLA-4+ (27), FasL+ (4), Perforin- (3, 4, 21, 27, 41, 44), Granzyme A- (3, 21), Granzyme
B- (20, 21, 27, 39), IFNy- (21, 29). Effector Memory: 1d3+ (21), Blimp1l- (5, 21), T-bet-
(5), CD44+ (19-21), Bel6+ (1, 5, 20, 21, 27), IL-7Ro+ (4, 20, 21), CD62L- (4, 20), CD62L+
(21), CCR7- (4, 21, 25, 28, 29), TCF-1+ (20, 21), CD45RO+ (4, 22). Follicular: CD28+
(4, 20, 27), 1d3+ (21), Blimp1- (5, 21), IL-21+ (1, 43), CD40L+ (1), Bel6+ (1, 5, 20, 21,
27), ICOS+ (1, 4, 20, 21), CCR7- (4, 21, 25, 28, 29), TCF-1+ (20, 21), PD-1+ (1, 20, 21,
23, 28, 29, 39, 42). Regulatory: CD44+ (19-21)
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Figure 1-3: CXCR5+ CD8 T cell function is anatomically instructed. A) Antigen-
specific CXCR5+ CD8 T cells in peripheral blood circulation induce direct cell killing,
whereas other CD8 T cells may be functionally exhausted. B) CXCR5+ CD8 T cells within
secondary lymphoid organs that localize to the extrafollicular space maintain higher direct
cell killing capacity than CXCR5+ CD8 T cells within the follicle. Antigen-specific
CXCR5+ CD8 T cells are maintained at similar frequency in the extrafollicular space and
follicle. C) Follicular CXCR5+ CD8 T cells maintain the capacity for cytotoxicity;
different antigen scenarios likely elicit various functional outcomes that promote direct B
cell or CD4 Tfh cell interactions. Dark blue cells indicate antigen specific T cells. Dashed
lines indicate potential interactions.
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Figure 1-4: CXCR5+ CD8 T cells acquire a unique transcriptional profile from other
CD8 T cells. CXCR5+ CD8 T cells express the transcription factor Bcl6 that is maintained
by TCF-1 and E2A. This transcriptional interaction allows for CXCR5 upregulation and
expression of functional proteins. Arrows indicate promoting interaction. Blunted lines
indicate inhibitory interactions.
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CHAPTER 2

CD8 follicular T cells promote B cell antibody class switch in autoimmune
disease

24



CDS8 Follicular T Cells Promote B Cell Antibody Class Switch

in Autoimmune Disease

Kristen M. Valentine,* Dan Il*swinl,t Travis J. Lawrence,* Genevieve N. Mullins,*
Miguel Manansala,” Mufadhal Al-Kuhlani,” James M. Pinney,” Jason K. Davis,"
Anna E. Beaudin,' Suzanne 8. Sindi,¥ David M. Gravano,* and Katrina K. Hoyer'

CD8 T cells can play both a protective and pathogenic role in inflammation and autoimmune development. Recent studies have
highlighted the ability of CDS T cells to function as T follicular helper (Th) cells in the germinal center in the context of infection.
However, whether this phenomenon occurs in auleimmunity and contributes to autoimmune pathogenesis is largely unexplored. In
this study, we show thal CD8 T cells acquire a CD4 TTh profile in the absence of lunctional regulatory T cells in both the 11L-2-
deficient and scurfly mouse models. Depletion of CDE T cells mitigates autoimmune pathogenesis in 1L-2-deficient mice. CD8
T cells express the B cell follicle<localizing chemokine receptor CXCRS, a principal T transcription factor Belé, and the T
effector cytokine IL-21. CD8 T cells localize to the B cell follicle, express B cell costimulatory proteins, and promote B cell
differentintion and Ab isotype class switching, These data reveal a novel contribution of autoresctive CDE T cells to autoimmune

disease, in part, through CIM follicular-like differentistion and functionality,

down in tolerance control mechanisms and complex in-

teractions between immune cells, Some of these cells
ook disease, whereas others act o block this dysregulation, As
dhiscase progresses, immune activation s amplified, sell-perpeluating
the lymphoproliferation, inflammtion, and self-destroction wssociatod
with autosmmunity. The process initiated by inflammastory and Ag
sigmaling promotes. T cell proliferstion, differentiation, and scquisition
of T cell effoctor functions.  Autoimimunity in the  T1L-2-deficient
(knockout |KO) mouse maode] resulis from reduced T regulatory cell
(Treg) frequency and functionality (1-3), promoting dysnegulation of
the T effector response. CI4 Thi cells subseguently promote the
prochiction of anii-RBC IgG Abs and bone maroow Tailune dependent
on TNy secrotion (4-6). Although there is a clearly established mle

T he development of autoimmunity involves both a break-
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for CIM T cells i promoting Ab-meduted discase, the importance of
CIDE T colls in these discases has been less exploned,

B ocell responses o self-antipens during autoimmune discise ane
induced and enhunced by geminal center (GC) reactions in the pe
ripheral lymphoid organs (7, 8). Within the GC, sctivated, Ag-spocific
B cells undergo elonal expansion, BCR somatic mutation, affinity
rnaturation and Ab class switching, and differentiate into memory and
long-lived plasma cells, GO meactions begin ol the border of the B cell
follicle wnd the T cell wone, where CD4 T follicular helper (TTh) cells
interact with B cells (9), CXCRS upregulation and OCRT downregu
lation focilitates migration of CD4 T and sctivated B eells into the
Tollicle, Eogagement of several interactions betwoeen the activaied CD4
T and B cells (mcluding FOOS-100SL and CD40-CIM0L) ensircs
optimal GC reactions and CD4 T cell development by proamiting the
transcription factor, Belb (100, CD4 T cells ane required for the
production of high avidity, cliss-switched Abs (11),

Abnormal sctivition of CD4 T cells, or loss of regulation, can
promote Ab-mediated amoimmune discase (12-14). Pollicular CDd
Trogs are essential inhibitors of GC interactions by mediating T cell
help fo B eells (7). In the absence of CD4 follicular Tregs, CD4 T
cell expunsion results in sutountibody gencration and aieimmane
disease (13, 15). Similarly, CDE Tregs also conteol selfreactive cells,
und their elimination exacerbates autodmmune discase (16, 17), Like
CD4 T eells, CDB T cells differentiate into effector subsets based
upon their franscripiion factor expression and cytokine production,
il these cytokines may amplify CD4 T cell responses or scl through
mechunismes unicpee e CDE T effectors (17), However, regulation and
Tunction of distinet CDE T cell subsets ane Jess clearly delineated as
compared with CIDA helper cells,

CDE T cell effoctors located within the GC have recently been
described (18-22). In theumatoid anhritis synovial ectopic (olli-
clog, CDE T cells make up the majority of the infiltrating T cells
and express CDA0L, which is important in B cell GO reactions
(19). Furthermaore, the CDE T cells are reguired for ths formation
and maintenanee of cctopic GOs (1B). CDE T cells expressing
CXCRS also develop in chronic viral infection and under in-
Mammatory conditions (20, 21, 23-25), CXCRS' CDB T cells ane
loculized in the B cell follichs i boaman wonsil, snd these oells support
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B cell survival in ex vivo cullure (26). CXCRS* CDE memory T cells
within the G control viral load in lymphocytic chormeningitis vins
ancd SIY mloctons and express mamy of the genes associated with C14
Tih cell differentiation and function 20, 23) Together, these dots
suppest that under specific discase conditions, CDE T cells may ac-
quire weiegpee  functxmality within the GC. Whether CDE T cells
functson in GC reactions m autoimmone disease 15 langely mnexploel,

Malerials and Methods
Mice, immunizations, and Ab depletions

BALRG 112 KO mice, wikl-type (WT), and 11-2 helersaypos (HET) i
termate controls (IL-2 HET and W, refemsd o s W) were wed. [IL-2 KO
e disesse is ol gender specific, only ape is used o determine dils
inchsdon, & speciled moeach Gpome legend. BALBC bemboypous make
Foap ™™ (sourfy) mice and HET female FoaP™ (scurfy-IET) mice wen:
archisad from The Jackson Labosatory (271 Both peoder sl age ane used b
etenmine data nchosion in scurfy disease, Our broeding setup s nestricted
nﬂrmlﬂm.ﬂlﬂ-ﬂﬂhihﬂlﬂnuﬂrlmhiummmd
as whese: indi I. Faor § v, b were trested by L in-
jection with TNY- 2000 e keyhole limpet bemocyanin (KL} in CFA a0 —15
1o — 2 d, Tolkwwed by a second ip. njection s —5 d, s previomsly described
(7, K C1M or CDE depletions wen: perfonmed by ip. injection of 20 g anti-
UM (K LS) or anii-CIE (249) Ab per gram weaphi theee Bmes per woek,
Frowm iy B 1o 1, 11-2 depletions wese performed by ip. injection of N0y
anti IL-2 (THSG-1A12) Ab per pram welght e Bmes per week betwoeen
days T and 15 Abs were purchesed from the Univeraty of Califomia (LC),
San Francisoo mAh Core or Bao X Cell Adl mice were bred and maintained in
our specific pathopen-fee feility o scoordance with e guidelines of the
Depariment of Animal Reseanch Services ol U Merosd The 10 Mened
nstimuiional Ardmal Care o Use Cosandiben appooved all antimal procedumes.

Complete blood counts

Cardine punctures or eye beeds were perfomed immediniely Tollowing
wcervical dislocation, and blood was collected in heparinieed tabes (28).
Complete bl counts were evaluated within 24 b on o Hemavet 950
Velerinary Hemainbogy Sysiem.

Microseopy and immwnofluo rescence

Spl woere embadded in of | culting tes compound (LT
Compound; Fisher Scientific) onid snap froven in the: vapor phase of liaguid
mitrgen. Filleen mbcrometer sections wene generated, en lued with 100%:
fon cold seetone, followed by blocking with PBSS% BSA. Sections wen:
sinaned overnighl with anti CDHe-FITC (53-6.7; elloscience), anli 1l
PE-DaerbeS4 (11-26c.20; Biolegend), and anti GLT-cFluosd30 (GL-7,
eltwmcience), amd imaped using single-pline confocal mberoscopy on o
Falng LEM HHO conlocal system with a 10 ohgective. { “oilosal lm.lpn
were processed in Imaged o adjust Tor o il L
pren, and Wiee, GL-T' O were traced o ImlpuJ unbng ihe Tochiml
welection M, wod the sren was determined, CDE' cells within the GO
worne marked using the mullipoinl sdlection ool when o dark comer (-
chous) surromnded by CI8 surfoce saining could be dentified. G CDE
T wells within the G area wene quanibliod mameally,

Florw eytometey and cell sorting

Spheniocytien sl poripberal By oodes (LN wens st wtls Toorocimenme-
conjujuied  Abs (eliscience, unbess olherwise poied) Tollowing il
boen with Fe-block (anti-CINRCTNZ LACE2, Coll vialiliny was destermibned
Ty AP, Fiabde Viahility Dye elboor 7RO, or Fiashle Viehilay Dye eFluorSon
(ol froen efechonce). For COE T (ollicadar (T cell jdeniafication,
wells wono stwaned wilh st CNCHS-Biotin (SPROCLS), thon staioed with
Streptavicin-BUVISS (B0 Mosclencen), anil-CTM (RMA-5), st CT0
(530 Th anbi-CIXETE (POOSC CISHAA, wath - GIL-T (GL-T), nti-CLET9 (P1-1;
T4 ol egenad), anti-CT0 Do (M TR, mnid-CT0 1 (ML, it y-000 (Cir-1;
REM-H0S), el aedi-CTMSH (XN RASGRZ), ax peovnsly deliosd (20),
Faow mbrcedlalar prodeins, colls were dibned m obowe, fiasd wing te Fospd
Trnmseription Pactor Fontsonermenbalieation K (eBioscenee), sl okl
ity st el (RCL-DWA) and SA-BLUVIOS (B Biosciences) or aeth (1
LIE (TESG-S14; Biol egend). Flow cytometry wen perfemed on s Becion
Dhckinson LAR-IL, sl ddsin woere nmalysed asiog FUS Bapress with Disva
Wendion AT (Do Moo Softwar) or Flowdo w100 (Flowda),

Pricr 1o cell sorting, pooled splenocytes and lymphocytes wene depleted
ol mon T colls using FasySep Mouse PE Selection Kil acoonding o (he
mnmialnciurer s imdroctiong (STEMCELL Teclnobsjhes) o nmave B2H-
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PE', CIN 1e-PE', CIN Th-PE', and Ge-1-PE" cells. 1 Thh (CXCRS P11
and CD8 The cells (CHORS PD-1") wene sorted from IL-2 KO mice, CD4
Tih cells (CXCRS PR-1") were sorted from KL-immanized mice, and
bulk CD4 and CDE T cells were sorted from WT or 1L-2- KO mice, =
indicated. B cells (CDI9TCRE CDLle CDIIL Gr-1 ) wene sorted
T pooled W spleens. All sorts wene performed with =-90% parity on
the Arin Il cell sorler (BD Bivsciences),

RBC Ab detection

Serum BRC Ab levels were detected, as previoasly described (30 Freshly
inlated RECs were washed three times in FBS and resuspended o 1%
RBCE, Ten microliters of 1% RBCs were incubated with anti-mouse M-
FITC (1:150; on bee) or anti-maouse [pG-FITC (1500 ar 3770, Jackson
1 R h Lah ies). The p ape of RBCs bound by Ab
wis determined by flow cylometry.

T cell stinualations

Harvested cells were stimuloted at 37°C with 50 np'mld FMA and S0 ngfml
iomomycin for 5 b with Brefeldin A or monensin added during the fmal 4 b,
L2 eytokine production was deteomined by inrscellular Qow cysmetny.
AnH-CT0L (MB 1) was added darectly to cells during the stimalation, =
previously described (31), Cells were stnined posttimulation for CD4 Tih
andd CDE The cell markers (CXCRS PO™), 1L-21 cytokine production
was determidned b CD4 T and CDHE Tie celle, ag previomly described,
with recombinant mawse 11-21R subunit Fo chimera (BR&T Systems) and
PE-conjugated Flab')y, poal anti-haman IpG Jackson ImamunoBeseanch
Laharubories) st 4°C (32),

T vitre T eell and B cell culture assays

T amd B cell stimulation was performed, as previowsly described (22),
Indicated T cell populations were plubed at 5 % 10 cells per well and
sciivated with 5 ppiml soluble ant-CI% (1452011, Blolegend) and
1 pfmd andi-CT2E (37.51; BioLegend) for 72 h, Supernotant From acti-
wabed T cells wene plated with 5 5 107 sorted W B cells per well amd with
1 gl andi-CM0 (U100 and 5 ppim] Flab'), gost anti-mouse M
{Inckson ImmumoResearch Labormbories) for 6 d. B cell supernatan was
analyred for Ab prodsction by ELISA.

T vl adeptive trangfer assays

12 KOT cells wene adoptvely transfemmsl, as previously described (4).
1% 10" CTd T cells, 2 % 107 D8 T cells, or & combinstion of esch
were fransferred indo TORe-EO mice via eye injection. Two days afler
cell transfer, mibce were immunived powith 30 ap of KL in CFRA,
Sawen days after cell tramsler, mice wenn reimmanded p with 10 pg of
Allyidrony-Fnimophenylacetyl (M) conjugated KL in TFA,

Ab ELISA

Terkiad NCi v chetermmibned by FLISA, as described (2H) Serum and cultuee
st angles wene prepared o PESO% BSA. Serum from depletion
experimonis wis propaed ol 15000 diluion, & standand cove ol panfed
it Igld (Sanathernbhiotech), stimlaied B ooll agnematanis wenn prepand s
1500 dhibatbon, snd serum Fom adoptive ensder experiments wes (Blied o
TN chibutdom o DpCi amd DgCiZls or 110NN dRhation Toe IpCil. Alw

were defected with TIRP-conjupted ol anti-mome l;ﬂ Iptil, lpiita,
TpliZh, or gt (SoutbernBiowech), then developed with TMB Perodase
Sulwitrute (Voo Laborstories) Tollowing munmalsctusens’ mstociiom, e
waere popped with 1 N salfurse scid and pesd on o Vielor 3 1430 Mualtilabel
Covmnter phate veacder (PeckinBlmes) st 450 om, When spplicable, o stidard
curve o parifiod mowse Il (SoaibemBlotech) ws ued W mlerpolaie 00
concrminibiong (o o skl denibd protcin ceve.

RNA fxolation and analysis of RNA nexi-generation sequencing

TN cells worne morbod From 1 2-cokd T2 KO amd WT maee o = H5% ity
Savpes were auisck Troven nnd shipped o Bxpession. Aoalysis for ot RNA
fanlubdom wsang Diumana TroeSeq Straeded Totl RNA Sample Prepantion Kid
gt pomples wene wquenced, foar biological weplicates sach foe 12 KO
wnid W mice, prodiocing 2 50 S0 padredend resds g the Dhamine S
25N pludfonm, Raw oy wenn provided by Haprosdon Analyas sl wen
e B farther soalyses. Adupier | sl apaulity gy i he L)
el wore perfirmed usang Adropes w1 1T CE8) wiih Python w8002, Rewsd
i e e i cither sead wos <30 by trimeang, BRaobrend « 10280 (8)
et i) e perfiore sl alignmiend, reporiang ap s 10 sgually kely mipping
losutiomy, Wil poirs thal could ot be ol opether wene aligned ndic
widhimdly, The genome used for aligmment wis CSTRLMAI of CRCm Wm0
(CCT TN GRS 20, Fesd smimuriztion wos porfomesl on the geni kvl
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FIGURE 1. Depletion of 1L-2 KO CT4 or CDE T cells pmolongs sar-

vival and delays Ab production. (&) Schematic describing the Ab deple-
thon. Peripheral Wood and LN cells wene isolated an 18 21 d of age. (B)
Kaplan Meier survival plots, Swtistics were performed 1o test differences
reltive o umireated 11-2- KO mice. (C) Hemoglohin levels wers measured
froen periphera] blomd by complete bood coust (CBC) at day 19 of ape.
(D) Total LN BZ2Y B cell mumbers were determined by flow cylometry
and cell counting, (E and F) RBCs were stained with anti-mowse [gM-FITC
(E) wr IgG-FITC (F) and analyeed by fow  (Fgere legend continues |

wimjy feabureCounis (15) wing st from s modified vemion ol (b
it bonss for CIRCrAShmm 10 containing only protein coding, penes. Mul-
Hmpping el were renied o Tectional comnis when mapping o el
pones, mapping seross more G one gene, sl o pairs i which eods
maapped 1o dillorent chmmosomes wenn discirdod, Cenes that hid <21 count
e il dm oo B Tour samples were discanded. Remaining gene counls
waern pormaliond wsdng wmmed mean of Movalies (W) Difereniiol oxpes-
win analynin wmrﬁmmdmhmhuv! Hd!:ﬁ'.lwl-ll i il
el ooy (I8), Genes were i il lly ey 1l iheir
vl won < UMDS wlber the labe dmcovery mbe wee controlled (19, Read
by, s itbon, sd differentinl expression analysis wene perlonmed
wimgy B ov A DNTerentially oxprosed penes woro snsobiiod with iheir bio-
logical proces Ciens Ontologry group wang Pusther 551 (900 aid the Gens
Ontodogry detabaso pelensed on Febmary 2, M08, Sequencn data were aphomded
B Mulboral Cemter for Biolechnolegy  Information CGE el secesaon
mimber  CGREL2S0 0 pectwososone b ndmonah gowpoodquenyfoe o7
nee- RS 12540,

Real-time PCR

Tl RMA was isolaed Trom colls wing an BMeasy kit ((0npen), and cDMNA
wynilheses wene conducted sooonding b the nenalctrer’s mstuctions wilh
Superscripl 11 Fini-Swrand  Synthesis Superdin for BFT-PCR (Invisrogen).
Renb-time PUR anikysis was conducied in duplicates using M SN (Sirs-
wpene Callfomin) with Fast SYBR Green BEPCR Maser Mix {Bio-Rad),
Averugges of the collected detn wene normalized b [Lactin or TIPRT. Relalive
capwessions (AN wore caloulited to i indicaied cell popalition,

Siatiztics

CirnphPad (Prism) was used Tor siatistics, Dillerences betwesn two ex-
perimental groups were determised by wnpaired Sodent 1 olest anlos
otherwise med, A Manizl O o bigg-munk tesl wis uned lulullym Nlplm
Meier survival curves, I 3 from o sl

curve were intenpolkaied using myuml.ll Tonar parameer logistic Hmd.lrd
curve with 1 as loglooncentration). Statistically sigmilicant dillerences in
adupdive tramsfier and sapematam caliure saperiments were desermined by
one-way AMOWVA with Bondermon comection.

Resulls
Depletion of either CD4 or CDR T cells reduces anemia and
anti-RBC Abs and prolongs survival

W have previously densonstrated that carly desth i L-2-KO priee s
driven i part by autoimanone hemolytic memin that requines TPN-y
amd is CD Th |-medued (5, &), We Gound that CTE T cell mambers
were increased on average by okl in the LNs and splecn of
1L-2-KO mice (Supplementsl Fig, 1A). Both splenic and LN CDE
T eells expressed decreased CDG2L. and elevaled CTMA and CDGS,
indicating an activaled stk (Supplemcnial Fig, 1B, 10). CDE T cclls
have been shown o promote and inhibit auteimmonity i muoltgle
mixlels due i both regulatory and effector responses (4, B, 19, 41)
As the population of IL-2-KO CDE T cells was sctivated and ex-
panded, we nexl determined bow amd 1o what extent CDS T cells
contribaded o autoimoenity i [L-2-KO mice,

Ty evaluate the contmbution of COE T cells o mstomummum:
disease, we eliminated CDE T cells or CI4 T cells as a control,
price b0 discase onset, by treating with anti-CD4- o anti-CDE-
depleting Abs (Fig. 1A). As expected, depletion of CD4 T cells
significantly delayed discase onset with a median sorvival of 14
wh, a5 compared with 19-25 d sarvival for PBS-treated 1L-2-KO
mice (Fig. 1B). Surpnsingly, depletion of CD8 T cells also sig-
nificantly prolonged survival, with a medion survival of 12 wk.
In concondmwe with sugmented survival, 1L-2-KO mice with
depleted CD4 or CDE T cells hisd moreased hemoglobin levels

cytometry 1o detect the percentage of RBC bound by Abs. (G) Senam 1giG1,
Iglid, IgGiZh, amd Ig0iZa levels were determined by FLISA. (C G) Each
symibod imbicades an islividusl amimal, Sistisics ests wene perfomed
relative to IL-2- KO amd unpained Studest 1 iest with 8 Welch comoction.
*p < (NS, **p < U1, **p << 0001,
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FIGURE L Cywolytic and folliculsr helper prodile of 1L-2 KO CDE
T cells. RNA sequencing of foar independent WT and 1L-2 KOOCDET cell
samples pooled from LN of 12-d-old mice. (A) Gene Cnbslogy analysis of
all 2226 dilfemmindly expressed genes in -2 KO OCDE T oells nelative o
W (B Wolcano pois displaying lopg2 fld change peme expresson of 11L-
2 KOy pebative o WT CDHE T cells versos log 1 g valee, Select differen-
tinlly expressed penes ane libeled in the plol, Dafa are organiced by cobor
Ao indiecabe haoth hag fokd change (LFC) and povaloe. (€ omd D) Heal minps
showing, CDE T cell expression data, Ciodor  ( Figure legend continmes)

relative o PBS-treated 1L-2-KO mice (Fig. 1C). Both T cell de-
pletions also significantly reduced B cell numbers (Fig. 10) and
frequency of lgM and IgG astcantibodies bound w RBCs
(Fig. 1E, 1F)y relative o PBS-treated 1L-2-KO mice. In the ab-
sence of CDE T cells, serom 1gGl (bat not [gG3, 1gG2b, or lpG2a)
was significantly reduced o comparison with PBS-treased 11.-2-
KO mice (Fig, 16G), Although these data confimm that CD4 T cells
play a critical role in astoimmune progression, they also reveal the
contribution of CDE T cells to the rapsd autoimmunity that occurs
in TL-2-K0y mice. Punhermone, these dala demonsirate that CTDE
T cells facilitale enhanced B cell cxpansion and Ab production in
IL-2-K0) mice, as these oulcomes are significantly reduced when
CDE T cells are climinated.

Transcriptional prafiling of CDE T cells during

early aulnimmunity

To determine mechanistically how CD8 T cclls contribate o Ab-
medialed aucimmune development in the asbsence of funcbional
Tregs, we cxamined carly gene dysregulastson in IL-2—K0 CDE T cells.
We performed RNA sequencing of CD8 T cells sored from 12-d-old
mice, as this is the carlicst time point at whach 1L-2-K0 CDE T cells
have: been shown o be activaled (42). Bulk CDE T cells wene sorted
Trowen the: perpheral LN of four sets of pooled IL-2-K0 and litiermeale
penes (1200 upregulaicd; 936 dovwnregulated) thid showed syilicant
(p = 005) differences in expression in 11L-2-K0 CDE T cells relative
oy WT CDE T cells (Supplementsl Table T, Differentially expressed
logical regulation (Fig. 2A). Several genes upregulsied i 1L-2-KO
CDE T cells were penes mvolved in cytolytic function (granzymes,
tha2 1, fesd), st wee also identificd differential expression of costinm-
latory molecules wd folbicular helper-aessocimod gpenes such as foos,
cel28, (21, and belts (Fig. 2B). Further evaluation of BNA scquencing
dhata confirmed the profiles of cytolytic gene expression in indnadual
IL-2-K0 mice (Fig. 200, Based on the observed reduction in B cell
ouambers and Ab production in the absenoe of CDE T cclls (Fig. 1), we
Tocused our snalysis on the cxpression of costimubatory moloculbes and
pencs mvolved in Bocells. This analysis revealed a prodile of gene
cxpression in CIE T cells comparable o that described in CDd TTh
cells (g, 200 IL-2-KO CDE T cells expressed clevated  cxerd,
shZala (SAPY, ices, bel, 21, wd several other genes that define CD4
Tih cells, s Owther confirmed by mal-ime PCR (Fg. 2E) Thas,
during carly autoirmmane mitiation, CDE T cells acquine o gene cx-
pression prodile associaked with vanging Tonconal roles, inchsding a
CIM T celi-like: role.

CD8 T cells develop during systemic autolmmine disease

‘We next eviluated protein expression of CD4 TTh cell-associated
genes in IL-2-KO0 CDE T cells. In naive mice, o small population
L 1-0,.5%) of CXCRS PD-1" €4 Tih cells has been described
(43, 44). We used this population and percentage range, in adidi-
tion to Meorcscence-minus-one controls, o confirm our gating
strategy For CDE T cells. Using these stringent conditions, a very
small populstion of =0.2% CDE T cells expressed CXORS and
PD-1 in maive WT mice. In contrast, the same markers were

inficates pene expression by Fescore, and * indicates 11-2 KO gene ex-
pression with siatistical significance relative o WT. Diflerentiol expresson
ol mleet eytolytic-amockated gones (C) am CId Th-associated genes ().
(E) mEMA cxpression of select genes in two indepesdent experimenis
T 12-d-old 11-2 KO CDE T cells relative to WT CDE T cells, Dashed
lne indicates a fsld chanpe of 1, aml error hars indheate S0,
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FHGURE X, CDHT colls express markems of dlcular belpers, (&) Flow cytometnie asnalysis of CXCRS and PDCD expression on O or CTE T cells fram
-t 2ol 112 KO or WT LN gated on B230 CD1le COB GR-D . Representitive Do ots, regoency, s winl sbes of CXCRS PD-"
C0M i COH T cells e abown, (B) Beal-tine PCR conparing nelative gene expression i 0-2K00CT TP or CO8 The cells (CHORS ' PD-1") with 11L-
2 KOO CXCRS P01 (pon-T) or CO8 CXCRS PD-1" (non-Tie) cells, respectively. Dashid line indicates fold chimge of 1, and ermr bars indicate
S0 (E) Parcent amd total member of T4 T and CD8 Tie cells in 122 KO and W mibcs from 12 0o 2000 ol ajge. (O and E) Represamiatve Do phisds and
BAFT epntificatbon ol surlsce expeession of TS (00 and B (B in W nnive bl CO4 pnd COH T eells, 1620 KOVCTR nos T oor COE mon-Tle cells,
wndd [L-2 KOy CO4 T snd COR Tio cells, (A, O sned E) Fuch gymbol ndicates an mdividusl saimal, (& snd © E) Dats sre represestative of thies o si
imlependent cxporiments, (B) Dala gre mprosentilive of two independent experimenis. Sutistics: unpaired Stadent ¢ test mlative o W wiih 0 Welch

cammmition. *p < (LIS, **5p < 00N, **p = 0N,

wdgmificantly expunded smong baoth CO4 and COR T celly in 112
KO LN (70 0 LE% of CD4 T cells amd 2.5 = 1.2% of CDR
T cells; Fig. 3A) Similarly, CXCRS PR CD4 amd CXCRS'
PO-1™ COR T cells significanily increased in frequency and total
number i the spleens of 1L-2-K00 mice relative 1o paive W
(Supplemental Fig, 2A), To confirm select pene exprossion jud-
terns ddentificd in the bulk CDR T cell RNA sequencing, we per-
Tormed real-time PCR amilysis of 1L-2-KO CU4 T and CD8 Tie
cells relative i IL-2-KO CD4 pon-TTh cells and COE mon-Tie cells,
respectively, CDE Tle cell mRNA levels of bolfs, jeos, cd28, sh2dla,
ilfiran, wel ecr? were comparable i CE T cells (Fg, 31) Thass,
based on their surfsce phenotype and gene expression prolile, we
defined the CXORS FO-1™ CD8 T cells s CD# T cells,

A detectable population of CDE Tle cells wis sdentified in 11.-2-
KOy mice wt day 12 by Oow cywometry amd continuesd o expand in
Both Trequency and total nember over tme (Fig, 3C). Alihough,
CRCORS'PR-1" T cells comprisc only a small fraction of the ex-
panded C4 and CD8 T cell populstion observed in 11-2-KO
mice {Supplemental Fig. 2B). We next evaluated CDE Tl cells Tor
the expression of other prodeing known 1o be iwvolved o B cell
interacticns within the Tollicle, 1005 s highly expressed during
CId T cell differcntintion and promotes the expression of Belb,
a master regulator of CD4 T cell Gate that promestes CO4 T
B oeell imeractions (45, 46). 1L-2-KO CDE The cells expressed
increased 1COS and Belb, sindlar io 1L-2-KO CId T cells, in
comparison with both naive WT CDE T cells mml 11-2-K0 CD8
non-Tle cells (Fig. 30, JE, Supplemenial Fig, 2C, 2D). Together,
mBENA and surfsce expression of cllector proteing thal typically
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desribe CD4 Th cells confirm the identity of COE Tl cells in
wyslemmie imlolmmanity,

Mext, we validated that COE Tl cells develog under 11-2-
sullicient sutoimmne  comnditions (47, 48). Scurly mice sk
Tunctional Treg developament, resulting in carly systemic wtoim-
e disease (48). We first conlirmed that, despaie a reduction in
the wial number of IL-2-prodocing CD4 and CD8 T cells in the
scurly mice, the lrequency of IL-2-producing cells was compa-
ruble 10 WT mice (Fig. 4A) (47). We identificd o significantly
expanded population of CXCRS'PD-I™ CD4 Tih cells (3.0
0.6% ) wnd CX[.'R..VP‘IJ—I" CIE The cells (1.0 2 0.5%) in seurly
LNs eomgured with seurly-HET LNs (Fig. 48}, Depleting 11-2 in
seurly mice using a newtralizing Ab or by gpenetic cross o the 11-
2-KO bk ground resubed in a higher percentage of CD4 T and
CDE The cells s compared with scurly mutants bt oot 11-2-KO
e {dati nal sl Similar o 1L-2-KO mice, CDE Tle cells in
scurly mice expressed WOOS and Belt (Fig, 40, 400, Together,
these data demonstrate even under 1L-2—sulficient conditions that
CDE Tie cells can be identificd during autoimamunity induced by
the whaence of lunctionl Tregs. However, dillerences in CDE Tle
eell freguency between the 1L-2-KO and scurfy mice suggest that
IL-2 may play a role in regulating the cxpansion of this distinct
CDE T eell population,

G fvalization of CD8 T eeliy

CXORS expression by B cells and CD4 T cells allows colo-
alization of these cells into the Tollicle, providing a site Tor pro-
ductive T cellfB cell imersctions, During chronie viral infection,
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CXCRS'CDE T cells have been reported both within the B cell
follicle amnd, primarily, excleded from the Tollicle (20, 21, 23),
CXCRS'CDE T cells bocalive o the follicle in cctopic GCs but not
in ithe spleen and LN duning arthnts and influenza infection (18,
22). We investigated whether CDE T cells enter the B cell follicle
during systcmic autoimmunity. As 1L-2-K0 mice develop ab-
nowmal GO strecture during late-stage disease (42, 49), we se-
lecied carly discase—siage 1L-2-KO mice with normal, albeil
lurge, splenic gross morphology. To determine il CDE Tic cells
were capable of GO localization, we evaluated GL-7 expression, o
known GC-specific marker (500, Both 1L-2-KO CD4 Thh and CDR
Tie cells express chevated levels of GL-7 (g, 5A) To examine
CDE T cell localizaton within [L-2-K0 GCs, we compared im-
mumized WT spleens with 1L-2-KO spleens, GCs were defined as
GL-T" GC B cells within IgD' B cell follicles (Fig. SB). 1L-2-K0
spleens had significantly larger GC arcas compared with -
nized WT spleens. Nonetheless, 3.9-fold more CDE T cells werne
presenl within a comparable arca of IL-2-KO GO relative o those
observed in immunized WT GOs (Fig., 50). To determine if CD#
Tie cells are capable of providing B ccll help, we tesied for the
expression of CIVS4 (CD40L), as COMECDGOL interactions an:
known 0 be crucial for B cell activation and Ab class switching in
normal and autoimmune settings (51, 52), 1L-2-KO CDE Tie cells
were found o express CD40L upon stimulation (Fig, 500, These
resulis indicate tht TL-2-KO CDE T cells are capable of coex-
pressing B ocell zone-specific markers (CXCRS and GL-T), lo-
calizing o the GC, and expressing helper profcing, which may
prome CDE The and B cell inleractions that influcnee autoim-
mune discase.

seeeil-2-KO CXCREPD-1"
=IL-2-K0 CXCREPD-1*

z ] % 1 i

- F ) lo o
T TUde [De
,&.,F"@'%‘f@@ qﬁ*@e;?&

CDE T cells promaote B cell Ab class switch

To determine the influence of 1L-2-K0O CDE Tie cells on B cell
activitics, we examined CDE The cell production of the cytokine
IL-21, an effector cyiokine prodeced by CD4 Trh cells (100
Sumulstion of CDE Tie cells yielded simalar levels of 1L-21
{average mean loorescence inlensity [MFI] of 120), a5 com-
pared with 1L-2-KO CD4 Tih cells {average MFI of 136), and
significantly more than naive W cells or IL-2-KO0 non-The cells
(Fig. 6A). Consistent with higher 1L-21 production, both CD4 T
cells and CDE Thc cells expressed higher levels of 1L-2]1 mRNA as
comparcd with their CXCRS ™ PR-1" counterparis (Fig. 61). We
el evaluated whether CDS The cells seereted profeins capable of
influencing B cell Ab class swilching using in vitro cullure assays.
WT B cells were coliured with and without algh and aCDq0 ples
supermtant from activated T cells (Fig. 6C). Supernatant from 1L-
2RO CDE The cells indeced sigmificant amounts of fotal IgGoand
Iglil production by B cells, comparable 1o levels prisduced by
B cells with immuonized WT CD4 T cell and 11-2-EO0 CD4 Tih
cell supermatants (Fig, 60). These dita confirm that 1L-2-KO CDE
Tie cells are capable of inducing Ab class-switch recombination
independent of CDd Thh cells.

To next evaluate the impact of CDE T cells on B cell responses
in vivo, we adoptively transforred IL-2-KO CI4 T cells, CDE
T cells, or a combination of both into TORo@-KO mice that wene
then immunized with KLH and reimmunized  with NP-KLH
(Fig, 6F). Fourteen days posttrmsfer, Fas"GL-T" GC B ocll ex-
pansion was measured relatve o PBS-treated TCRa-KO - mice,
Tramsfermed IL-2-KO0 CD4 T cells alone produced sigmificant GC
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FIGURES, CDKT cells localize to the GC during [ | (A) Rey ve flow ploty and MFT guantification of GL-7 exy n Il
2 KO and WT splenocytes in the indicated popul \)1 Ul wenoe slaining of B cells (red, IgD), GCx (Blue, GL-7), and CDS (groen, CD8a)

of splecns from 18- 10 21-d-old 11-2 KO and KLH-immunized W (T, W) mice. White dotted Hoes indicate the GC outline, White scale bar, 100 jum.
(€) Quuntification of GC aren (square micrometes) and CDR T cells (per square millimeter), (D) Representutive fow plots sod MEPE gquantification of CDAOL
expression in 12 KO and WT CD and CDE T cells stimmlated with PMA and jonomycin, (A, C, and D) Each symbol indicates an individaal animal, (A)
Duta from Tour indepondent experiments. (B and C) Data are repeesentative of 5 sph aod 19 GO from 122 KO mice or 4 spleens and 17 GCs i b,
WT mice, (D) Dats wre representative of theoe independent experiments. Statistics: unpaired Stdent ¢ test relative to W (A) with o Welch correction in (C)
wnd (D). *p < 005, ***p < 0.001

B cell expansion, whereas transfer of 11-2-KO CD8 T celly alone functionality by producing T/ cell effector cytokines and coreceptons
didd not. A combination of 1L-2-KO CD4 and CDS T cells yielded and promoting B coll Ab class switching. CDS Tle cells promote Ab
similar GC B cell frequency ax compared with 11-2-KO CD4 class-switch rocombination at a level comparuble 1o CD4 T cells
T cells plone (Fg. 6F). 1L-2-KO CD4 and CDS T cells, when in vitro and synergize with CD4 Tih cell responses in vivo, Our
trunsferred independently, induced a lir pl cell exy n findhings concur with recent reports desenbing the generation of
Transfor of 1L-2-KO CD4 and CDS T cells together induced sig samtlar COB Tle colls durmy chromic mfection (20, 21, 23, 53)
nificantly more plasma cells than either population alone (g, 6G) CDS Tle colls affected class-switch rocombination in B colly
Interestingly, when transfemed alone, CD8 T cells did not induce through o cell-secrcted factor in the supernatant. One likely (e
Ab class switching, However, when transferred with CDM T cells, or ix the eytokine TL-21, ax it i produced by 1L-2-KO CDS Tle
CDB T cells promoted an increase in IgGloand significantly in cells, 121 is known 0 mnduce plasma cell differentintion, 1y
crewsed IgG2b ax compared with the transfer of CDA T cells alooe production, and class switching. In vitro-derived CXCRS'CDS
(Fig. 6H). Together, these data demonstre that CDE T cells uct cells also produce 1L-21 that promotes influcnza-specific 1gG
synergistically with CDA T cells 1o enhunce B cells differentiation procduction that is redoced in IL-21R-deficient B cells (22). In
and specific clasy switching. CD8 Tle celly, therefore, have the addition 1o the role of 1L-21 in developing CD4 T cell pop-
potentinl to provide u helper-like intersction within the GC o fa- ulations, other CD4 Tih cell-sccreted cytokines promole spe-

ailitate B cell Ab production during systemic autoimmune discase. cihized Ab cliss switch, for example, IPN-y supports 1gG2a, and
14 supports 1gG switching (54, 55). Although 11-2-KO discaso
Discussion has been described us o Thi-mediated disease (5), IFN-y-medi

I this study, 10 our knowledge, we provide the fiest evidence that a ated class switching o IgG2a was only detected when 11-2-KO
new class of CD8 Tre cells develop during amtoimmune discase in CDA T cells were transforred alone and wis only moderely af
the ubsence of functional Tregs. In the setting of inflammation fected by cotransfer with CDS T cells (Fig. 6H). In contrast, both
and antoimmunity, CDE Tle cells sequire CD4 T cell-like CDE depletion and cotrunsfer of CIM and CDE T cells most
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significantly impacted cliss switching o 1[Gl Autoimmune in-
termetions i the 1L-2-KO mouse, and specifically i the GC, may
be govemed by a combination of cytokines, incheding 11-21 and
IL-4, in contrast we the IFN-y production found systemically,
Adddiionally, clevated CDMOL and ICOS expression by 11-2-K0
CDE The cells was observed and may promote B cell function via
direct cellicell ineractions. In IL-2-KO mice, CDE T cells -
calize to the B ccll follicle and can be idennficd within the GC.
CDE T cells migrate into proximity with B cells, providing ihe
localization necessary for nflecncing GC B cell reactions.

We report that autoimmune disease = delayed in 1L-2-K0O mice
in the absence of CDE T cells, Expansion of CD8 T cells 15 also
delayed n comparizon with the observed expansion of CD4 T
cells duning dhsese progression. The kinctics sugpest that CD4
T cell dysfunction proceeding CDE The cell cxpansion may pro-
micde & transition to more rapid, lethal sastoimmunity. Cur reponted
differences in the frequency of CIdM T and CDE Tl cells in the
IL-2-K) amd scorly mouse models also suggest a role for IL-2 in
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CD4 The cell development. The absence of 1L-2 contributes 1o a
lymphoprobiferative disorder in IL-2-KO0 mice thil 15 nol seen in
seurly mice, which may partially sccount For observed differences
(48). However, 11-2 is known o suppress CD4 T cell differ-
entiation via Belf expression in vivo (56, Ths, the difference in
CDE The cell frequency between 1L-2-KO mice and scurfy mice
may be cxplained in part by the mdjmdnunimnd’lLZ—
cxpressing cells in addition o differences in | i

As scurly mice produce Fairly normal levels of IL-2 (Fig. 4A, 47),
ather faectors i addition o 1L-2 loss hkely contribute o CDE T
cell development.

As a reduction or impairment of Tregs 15 the doving defect un-
derdying autoimmamnity in both IL-2-KO (2) and scurfy mice (47),
the: expansion of CDE The cells i both madels = hkely doe, o port,
1y the breakdown in inmune iolerance mechanizms that precedes
anoimomane discase. During chronic inflammation and situations of
high localized Ag, especially when immune regulation is cormpro-
mised, CTM T cells expand (13, 16). Cellular expansion and
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inflammation occurs in the 1L-2-KO) mouse becaise of rediced
Tumetion wml frequency of Foxpd' Tregs (2). Both CD4 and CDR
Tregs have been sdentilicd as essentinl regulalors of GO wobemnee
(7. B The absence of C1M Tie reguluiory cells has been shown o
promote autoimmune discase amd aging via incremsed CD4 T
cells, GO B cells, and Ab cliss switehing (7, 57}, Tmpaired Trog
Tumction muy similarly allow for the develogament of CO8 Tle cells
dhring chronic inflammutory conditions,

Together, this stdy wbds oo growing bady of rescarch sup-
ponting & helper role for COE T cells during chomie Ag exposan:
and inflamomution, including chronic viral infections, cancer,
autoimmune discase, Our dats provide a unigee perspective on the
rodle of CIE T eells in GO imteractions Ut may promote, amplily,
or shill the sutoimmane disease process, Future stsdics are ncoded
tey revenl the overlapping amd distinet immune stages, roles, wmd
influences of CE4 T amd CDE Tle cells during suloimamuns
dlimease progeression, The identification of CO8 T cell intersctiong
within the GO provides many avenues for continuing reseurch,
ineluling defining the contribution of CDE TTe cells (o immunily
anil disesse, An andersianding of the types of Abs penerated wwl
the: contribation o allinity maturation throoghout the kinetics of
CIDE The cell development may wovell a new paraligm for GC
resctions wwd a decper ingight inlo strstegies for manipulating these
PrOCEsses,
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CHAPTER 3:CD8 follicular T cells maintain diverse function during autoimmune
disease progression.

Introduction

A population of CXCR5+ CD8 T cells has recently been detailed during
situations of chronic antigen and inflammation, including models of chronic viral
infection, multiple cancer types, and antibody-mediated autoimmune disease (Chapter 1).
In situations of chronic viral infection CXCR5+ CD8 T cells maintain an effector
memory phenotype, capable of reseeding the CD8 T cell niche and controlling viral
infection (1, 2). CXCR5+ CD8 T cells isolated from patients with hepatocellular
carcinoma have cytolytic capacity towards tumor cells yet, cells isolated from colon
cancer promote antibody-mediated immune responses (3, 4). Similarly, inflammatory
CXCR5+ CD8 T cells maintain cytolytic function but produce helper-like cytokines
included IL-21 and IFNy (5, 6). Despite the emergence of comprehensive and robust
research, a consistent description of CXCR5+ CD8 T cell functional responsiveness and
developmental requirements remains elusive.

Like effector memory populations observed in chronic viral infections, CXCR5+
CD8 T cells express the transcriptional repressor bcl6 (1, 7). This is likely regulated by
TCF-1, E2A, and e-related proteins 1d2 and 1d3 (2, 8). As in CD4 T follicular helper
(Tth) cells, CXCR5 provides a homing signal that facilitates CXCR5+ CD8 T cell
migration to the CXCL13 expressing B cell follicles (5, 9, 10). Once in the germinal
center, CD4 Tfh and CXCR5+ CD8 T cells via cell: cell contact and by cytokine
mediated responses influence B cell differentiation, antibody class switch and memory
(5, 6, 11).

In the context of autoimmunity, we have shown that PD-1+ CXCR5+ CD8 T cells
(herein termed CD8 T follicular (Tfc) cells), localize to the germinal center, and are
capable of mediating antibody class switch (12). CD8 Tfc cells, in the IL-2-deficient
mouse model, arise in the absence of functional CD4 T regulatory cells (Treg) (13, 14).
IL-2 signaling limits germinal center formation via impaired CD4 Tfh cell function and
development (15). As CD4 Tth cells display a reduced IL-2 dependency (16, 17),
germinal center reactions may be altered, in part, by reduced frequency or function of
CD4 Treg including CD4 T follicular regulatory cells (Tfreg). CD4 Treg and Tfreg
absence enhances B cell mediated autoimmunity (18, 19). The role of IL-2 and Tregs on
CXCR5+ CD8 T cell development, especially in the context of autoimmune disease, is
not fully defined.

Here we show that autoimmune CD8 Tfc cells develop regardless of IL-2
production, but rather depend on inflammation and the absence of Tregs. Similar to data
described for CXCR5+ CD8 T cells in viral infection and cancer, CD8 Tfc cells maintain
cytolytic capacity but lack direct cell lysis. However, within the germinal center CD8 Tfc
cells employ multiple cytokines and direct contact-mediated mechanisms to facilitate B
cell responses. These data provide further evidence that CD8 Tfc cell development
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requires exposure to chronic antigen and inflammation but maintain context specific
function.

Materials and Methods
Mice, antibody depletions, and immunizations.

IL-2 knockout (KO), CD25 (IL-2Ra)-KO, IL-2xIFNy-KO, and IL-2xCD28-KO
were used with littermate IL-2 wildtype or heterozygous (WT) controls. IL-2 mediated
autoimmune disease is not gender specific such that only age is used to determine disease
and is indicated for each experiment. BALB/c hemizygous male Foxp3sf/Y (scurfy) mice
and HET female FoxPsf/+ (scurfy-HET) littermate controls were used. Scurfy and scurfy-
HET mice were depleted of IL-2 by 5 intraperitoneal (i.p.) injections from day 7-16 of
age using 20ug/g mouse of anti-1L-2 (JES6-1A12; BioXcell) or PBS (Omega).
MRL/MpJ-Fas'®"/J (Fas"™) mice (JAX) aged 17 weeks or more. MRL/MpJ mice, as
controls for Mrl.Ipr mice were generously donated by Dr. Gabriela Loots (Lawrence
Livermore National Laboratory). Diseased NOD mice generously donated by Dr. Hans
Dooms (Boston University). Collagen-induced arthritis (C1A) mice were generated as
described (20) using 6-8 week old C57BL/6 mice (JAX) injected intradermally with
100ug type 11 chicken collagen in complete Freund’s adjuvant (CFA) containing 200pg
tuberculosis mycobacterium supplemented at 2 weeks with a collagen boost of 50ug type
Il chicken collagen in incomplete Freund’s adjuvant (IFA). Mice were monitored for 7
weeks post disease onset for use in experiments. B6N.129-1121r™KopJ (]L-21R-KO
mice; JAX and donated by Mercedes Rincon (University of Vermont)) were used to
isolate B cells. All mice were housed and bred in specific-pathogen free conditions in
accordance with UC Merced’s Department of Animal Research Services and approved by
the UC Merced Institutional Animal Care and Use Committee.

Flow cytometry and cell sorting.

All antibodies were purchased from eBioscience at Fisher Scientific unless
otherwise specified. Lymphocytes and splenocytes were processed and stained in 1%
fetal bovine serum (FBS; Omega) phosphate buffered saline (PBS; Fisher Scientific).
Splenocyte red blood cell (RBC) lysis was performed in 3mL of 1x ammonium chloride
lysis buffer for 1 minutes at room temperature (RT). CXCR5+ PD-1+ CD4 Tfh or CD8
Tfc cells were identified as previously described (12). In brief, lymphocytes and
splenocytes were stained first for CXCR5-biotin for 1 hour at RT, then stained for CD4,
CD8, PD-1 (Biolegend), ICOS, fixable viability 506, streptavidin (SA; BD Biosciences),
CD11c, CD11b, Ly6G (Gr-1), and B220 for 30 min at 4°C. CD4 Tth and CD8 Tfc cells
were gated by fluorescence™ for CXCR5+PD-1+ cells. CD4 non-Tfh and CD8 non-Tfc
cells were determined as CXCR5-PD-1-. Chemokine receptors CCR7 and CXCR4 (BD
Bioscience) were identified on CD8 Tfc cells in comparison to CD8 non-Tfc cells by
staining with CXCR5-biotin, CXCR4 and CCR7 for 45 min at 37°C as previously
described (21) and gated by fluorescence™ for CXCR4 and CCR7. Then cells were
stained for surface proteins for 20 min at 4°C.

37



To isolate CD4 Tfh and CD8 Tfc cells, splenocytes and lymphocytes were
processed and negatively selected for T cells using a murine PE-selection kit (Stem Cell
Technologies) using CD11c, CD11b, Ly6G (Gr-1) and B220 in PE. T cells were then
stained for CXCR5 and PD-1 and sorted at >85% purity. WT or IL-21R-KO naive B cells
were isolated from splenocytes by staining for CD19, TCRB, CD11¢, CD11b, Gr-1 and
fixable viability dye 506 for 30 min at 4°C. B cells were sorted at >95% purity. All flow
cytometry and cell sorting were done on Becton Dickinson LSR-II and BD Biosciences
Avria 1l cell sorter, respectively. Flow cytometric analysis was performed using FCS
Express with Diva Version 4.07.005 (DeNovo Software) or FlowJo Version 10.1
(FlowJo).

T cell stimulations.

Processed cells as described were stimulated with 50ng/ml Phorbol 12-myristate
13-acetate (PMA) and ionomycin with brefeldin A (BFA) for 5 hours at 37°C, 5% CO2.
Post-stimulatory staining was categorized into three panels; 1) cytolytic, 2) regulatory, 3)
follicular. For all panels, cells were surface stained as follicular cells according to panels
above except SA was used after fixations. Then cells were fixed using the Foxp3 fixation
and permeabilization kit (eBioscience) then stained for intracellular cytokines as follows:
1) cytolytic, cells were stained with SA, perforin, granzyme B, and IFNy or SA,
granzyme B and IFNy for 45 minutes at RT; 2) regulatory, cells were stained with IL-
21R-chimeria for 1 hour at RT then with SA, IL-10, IFNy, and IL-21R for 45 minutes at
RT; 3) follicular, cells were stained tertiarily with IL-21R-chimeria for 1 hour at RT then
with SA, IL-21R, IL-4, and IFNy or with SA, IL-21R, IL-17, and IFNy for 45 minutes at
RT. To stain for CD107a, 5 pl in 200 ul stimuli was added to the culture during the 5
hour stimulation without BFA. BFA was added after the first hour.

RNA isolation and analysis of RNA next generation sequencing

RNA sequencing (RNAseq) of 4 independent WT and IL-2-KO Bulk CD8 T cell
samples available at NCBI GEO (accession humber GSE112540) and previously
published (12) was downloaded for analysis. Two independent WT Bulk CD4 T cells
available at NCBI GEO (accession number GSE34550 and GSE110598) and previously
published (22, 23) were similarly processed, collected, and downloaded for analysis.IL-2-
KO CD4 and CD8 Tfc cells were sorted from at least 6 pooled 15-16 day old lymph node
(LN) and spleens. Samples were quick frozen and shipped to Expression Analysis for
total RNA isolation and TruSeq stranded mRNA sequencing. Four samples were
sequenced with 2 biological replicates for IL-2-KO CD4 Tfh and IL-2-KO CD8 Tfc cells.
Raw reads were provided by Expression Analysis (Morrisville, NC) and were used for
further analysis.

Adapter contamination removal and quality trimming were performed using
Atropos v. 1.1.21 (24) with Python v3.7.2. Adapter sequences were removed using the
heuristic algorithm and quality trimming was performed at the Q20 level. Read pairs
were removed if either read was less than 20 bp after adapter removal and quality
trimming. Read pairs were mapped to the primary assembly (C57BL/6J) of
GRCm38/mm10 NCBI build 38.1 (GCF_000001635.20) using Rsubread v1.32.2 (25)
reporting up to ten mapping locations with equal MAPQ scores. Reads pairs that failed to

38



map together had each read in the pair mapped independently. Read summarization was
performed on the gene level using featureCounts (26) using annotations from a modified
version of the RefSeq top level feature annotations for GRCm38/mm10 NCBI build 38.1
containing only protein coding genes. Multi-mapping reads were treated as fractional
counts when mapping to several genes, reads mapping across more than one gene and
read pairs where ends mapped to different chromosomes were discarded. Genes with less
than one count per million in at least three samples were discarded, and read counts were
TMM normalized (27). Differential expression analysis was performed using limma
v3.38.3 (28) using voom transformed read counts (29). Genes were considered
differential expressed if their p-value was less than 0.05 after multiple testing correction
using Benjamini-Hochberg (30). Read mapping, summarization, and differential
expression analysis were performed using R v3.5.2 and R v3.5.1. Differential expressed
were annotated with their biological process with the enrichGO function in the
clusterProfiler package using the org.Mm.eg.db packaged released on 2019-04-016.

In vitro T cell and B cell culture assays.

B cell responses to T cell supernatant were measured as described previously
(12). Sorted 1L-2-KO or IL-2.IFNy dKO CD8 Tfc cells or CD4 Tth cells were stimulated
for 3 days with 5pg/ml anti-CD3¢ and 1ug/ml anti-CD28 at 37°C. Naive B cells sorted
from the spleens of WT or IL-21R-KO mice were then incubated with T cell supernatant,
5ug/ml anti-IlgM and 1pg/ml anti-CD40 for 6 days at 37°C. Supernatant from T and B
supernatant cultures were analyzed for IgG and IgM antibody titers. B cell supernatant
were prepared at a dilution of 1:50. Antibodies were detected with HRP-conjugated
antibodies for total 19G and IgG1. Standard curves generated from purified mouse total
IgG or 1IgG1 were used to calculated concentrations.

T cell adoptive transfer assays.

0.5x10° CD8 Tfc cells, 0.25x10° CD4 Tfh cells or a combination of both were
transferred on day 0 into TCRa-KO mice by retroorbital injection. Two days post-transfer
mice were immunized with 200ug keyhole limpet hemocyanin (KLH; Sigma) in CFA by
i.p. injection. Seven days post-transfer mice were boosted with 4-Hydroxy-3-
nitrophenylacetyl (NP)-KLH (Sigma). Splenocytes and peripheral blood were isolated at
day 14 post-transfer.

RBC antibody detections.

Peripheral blood isolated from WT, IL-2-KO or adoptive transfer mice was
evaluated for RBC-reactive antibody titers as previously described. WT whole blood was
isolated and washed 3 times in PBS and resuspended at 1% RBCs. 10ul of 1% RBC were
incubated with anti-mouse IgG-FITC (Jackson ImmunoResearch Laboratories) at 1:50
dilution at 37°C or anti-mouse IgM-FITC (Jackson ImmunoResearch Laboratories) at
1:100 dilution at 4°C and assessed by flow cytometry.

Statistics.

All statistics, except for RNAseq, were performed on GraphPad Prism (Version
8.0.0). Differences between two means was assessed by unpaired Student t test with a
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Welsh correction if indicated. Differences between multiple groups was performed by
ordinary 1-way ANOVA with a Bonferroni correction. ELISA protein concentrations
from a standard protein curve were interpolated using a sigmoidal four parameter logistic
standard curve analysis. Statistical measurements were indicated in each figure legend.

Results
CD8 Tfc cells are a distinct CD8 T cell population in systemic autoimmunity.

Multiple studies, especially in cancer and chronic viral infection, utilize CXCR5
expression as the primary marker to delineate a population of follicular CD8 T cells
(Chapter 1). We have defined a subset of the total CXCR5+ CD8 T cell population as
PD-1+CXCR5+ CD8 Tfc cells in IL-2-KO autoimmune mice (12). In an effort to resolve
differences in the current nomenclature; we now define the functional capacity of CD8
Tfc cells in comparison to PD-1-CXCR5+ cells. CD4 and CD8 T cells maintain similar
total CXCR5+ T cell frequencies, yet CD8 T cells have reduced CXCR5+ CD8 T cell
total numbers compared to that of the CXCR5+ CD4 T cells. CD4 CXCR5+PD-1+ CD4
Tth cells comprise 50% of the total CXCR5+ CD4 T cell population while CXCR5+PD-
1+ CD8 Tfc cell population comprise only 37% of the total CXCR5+ CD8 T cell
frequency (Fig. 1A). Yet, CD8 Tfc cells express higher ICOS costimulatory molecules
(Fig. 1B) and Bcl-6 transcription factor (Fig. 1C) than the CXCR5+ PD-1- CD8 T cells.
The capacity of CXCR5+PD-1+ CD8 Tfc cells to maintain higher Tfh cell proteins,
suggests potential functional differences. These may explain the reported functional
differences reported between disease models (cancer, viral infection, and autoimmune
disease) and cell types (CXCR5+PD-1+ versus CXCR5+PD-1-).

We next assessed CD8 Tfc cells differentiation in systemic and tissue specific
autoimmune models. First, as expected, IL-2-KO CD8 Tfc cells frequency and total
numbers were elevated when compared to wild-type (WT), naive mice (Fig. 2). Similarly,
IL-2Ra-KO mice, a counterpart for IL-2 signaling deficiencies, display increased CD4
Tfh and CD8 Tfc frequency and total number (data not shown). Previously, we
demonstrated that CD8 Tfc cells arise in IL-2 sufficient scurfy systemic autoimmune
mice (12). To further assess systemic autoimmunity unrelated to IL-2 deficiency, we
evaluated Fas'™ lupus mice. Fas'™ mice develop severe lymphoproliferation and antibody-
mediated systemic lupus erythematosus (SLE) associated with expanded Tfh cell
frequency (31). CD4 Tth cells promote B cell responses and antibody production in Fas'"
mice primarily through extrafollicular interactions (32) although the exact mechanisms of
interaction remain unclear. Splenic CD8 Tfc cell frequency (10.84+/-5.4%) and total
number (0.3x108+/- 0.2x108 cells) are expanded in aged Fas'™ mice, similar to but less
than, CD4 Tth cells when compared to aged MRL.MpJ control mice (Fig. 2). However,
when we assessed tissue-specific models autoimmunity including NOD and CIA CD8
Tfc cells did not arise despite a detectable CD4 Tth cell population (Fig 2). Together
these data suggest that CD8 Tfc cells arise in response to systemic antigen and
lymphoproliferation. However, it is possible that CD8 Tfc cells may develop within
ectopic germinal centers or draining lymph nodes during tissue-specific responses that
have not yet been fully assessed.
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Cytokines control CD8 Tfc cell differentiation.

CD4 Tth cell development is mediated by antigen and costimulatory interactions
from B:T interactions (11). To evaluate the influence of co-stimulatory and
inflammatory cytokines, we first used I1L-2.CD28 and IL-2.IFNy double KO (dKO) mice.
IL-2.CD28 dKO mice, in addition to reduced functional Tregs, are lymphopenic and have
delayed autoantibody production until 3 months of age compared to I1L-2-KO mice (33).
IL-2.IFNy dKO mice are similarly delayed in autoantibody production until 3 months of
age yet develop early severe lymphoproliferative disorder (34). CD8 Tfc cell frequency is
significantly reduced in IL-2.CD28 dKO (LN: 0.51+/-0.36%; Spl 0.59+/-0.25%) and IL-
2.IFNy dKO (LN:1.0+/- 0.34%; Spl 1.4+/-0.86%) late stage disease (12 weeks) relative to
IL-2-KO (3.6+/-1.2%) late stage disease (3 weeks). Because autoimmunity develops late
in IL-2.IFNy dKO mice, CD8 Tfc cell expansion occurs late in disease, thus explaining
autoantibody development at 3 months. CD8 Tfc cell presence alone does not explain the
delayed autoantibody production as a comparable population of CD8 Tfc cell was
detected during early disease (3 weeks) and late disease (12 week) timepoints (Fig. 3B).
However, late disease CD8 Tfc cell total numbers are significantly expanded in
comparison to early disease, as the LN and spleen continue to enlarge. These data suggest
a role for CD28 and IFNy signaling in CD8 Tfc cell development.

CD8 Tfc cells also develop in the IL-2-sufficient, Treg-deficient scurfy mice (12).
However, the CD8 Tfc cell expansion in IL-2-KO mice is larger than in scurfy mice
likely due to differences in lymphoproliferation (35), the presence of some Tregs in IL-2-
KO mice (13) or the absence of IL-2. To begin defining the role of Treg deficiency and
IL-2 on CD8 Tfc cell development, we depleted IL-2 in scurfy mice using anti-IL-2
antibodies. Splenocytes from IL-2-depleted scurfy mice maintain a similar CD8 Tfc cell
frequency (1.3+/-0.71%) to untreated scurfy controls (0.6+/-0.15%), both of which are
significantly reduced in comparison to IL-2-KO mice (Fig 2C). To determine if germline
IL-2 deficiency may play a greater role in CD8 Tfc cell development, we backcrossed
scurfy heterozygous females to WT males for F1 progeny that contained both IL-2-KO
and scurfy 1L-2-KO (scurfy.IL-2). Scurfy.IL-2 CD8 Tfc splenocytes are mildly elevated
relative to scurfy CD8 Tfc cells yet, scurfy.IL-2 CD8 Tfc cells are significantly reduced
in comparison to 1L-2-KO (Fig. 3D). Further, the total splenocyte number in scurfy, IL-2-
depleted scurfy and scurfy.IL-2 mice were reduced compared to IL-2-KO mice (Fig 3E).
Although total splenocyte numbers were slightly increased when comparing IL-2-
depleted scurfy and scurfy.IL-2 mice against scurfy mice. These data suggest that the
development of CD8 Tfc cells is likely due to the absence of functional Tregs rather than
IL-2 deficiency. The absence of IL-2 and subsequent lymphoproliferation then induces
CD8 Tfc cells expansion.

CD8 Tfc cell transcriptional profile mirrors CD4 Tth cells.

CD8 Tfc cell maintain a transcriptional phenotype that is distinct from both the
naive CD8 T cell and CXCR5- CD8 T cell transcriptional profiles (1). In autoimmune
disease CD8 Tfc cells upregulate genes associated with a CD4 Tfh phenotype (12). To
determine how closely CD8 Tfc cells isolated from an autoimmune setting resemble
canonical CD8 T cells or CD4 Tfh cells we performed RNAseq of IL-2-KO CD4 Tfh and
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IL-2-KO CD8 Tfc cells sorted from day 15-16 of age, the earliest timepoint at which
CD8 Tfc cells could be readily isolated. Cells were sorted from at least 6 I1L-2-KO pooled
spleens and LNs. CD8 Tfc cell transcripts were first compared to day 12 IL-2-KO bulk
CD8 T cell RNAseq data from which 5167 genes were significantly differentially
expressed (Fig 4A). CD4 Tfh associated genes cxcrb, pdcdl (PD-1), icos, and bcl6 are
significantly upregulated in CD8 Tfc cells compared to IL-2-KO bulk CD8 T cells,
validating the CD8 Tfc cell sorting criteria and similarity to CD4 Tfh cells. An additional
208 genes are associated with CD8 T cell differentiation and 355 genes are associated
with CD8 T cell activation, including cd28 and cd44 upregulation and s1prl and ccr7
downregulation. Despite the CD4 Tfh-like transcriptional profile of CD8 Tfc cells, a
large number CD8 effector transcripts were expressed, such as significantly increased
lampl (CD107a), ctla4, fasl, and thx21 (T-bet), and decreased gzma. Because CD8 Tfc
cells upregulate genes closely associated with canonical cytolytic CD8 T cell function,
we sought to compare IL-2-KO CD8 Tfc cell to IL-2-KO CD4 Tth cells, naive WT CD8
T cells and WT CD4 T cells. Principal component analysis (PCA) using transcript
expression data segregated samples into distinct groups along the first two principal
components with 1L-2-KO CD8 Tfc cells more closely associated to IL-2-KO CD4 Tth
cells than bulk CD8 T cells (Fig. 4B).

To identify gene transcripts that are specific to differences between CD8 Tfc cells
and CD4 Tth cells rather than genes that define CD8 and CD4 T cell development, we
first compared the transcriptional profile of CD8 WT cells to CD8 Tfc cell
(CD8WT/CD8Tfc), yielding 3793 significantly expressed genes and CD4 WT cells to
CD4 Tth cell (CD4WT/CDA4Tfh), yielding 5618 significantly expressed genes. Then we
evaluated the differences between these comparisons
(CD8WT/CD8Tfc)/(CD4AWT/CDATTh), revealing 2146 genes that respond differentially
between the two groups. We identified 579 genes that are associated with follicular cells
(CXCR5+PD-1+) and 1567 genes that are differentially regulated between CD4 Tfh and
CD8 Tfc, but do not define them as CD4 or CD8 T cells (Fig 4C). Of the differential gene
expression related to CD8 Tfc cells (3793 genes), 40% are associated with maintaining a
CD8 phenotype and 60% are associated with a CD4 Tth cells. Together these data
demonstrate that CD8 Tfc cells maintain a unique transcriptional profile that contains
gene expression from both a canonical CD8 T cell and CD4 Tth cell profile.

CD8 Tfc cells maintain diverse functional capacity

In chronic viral infection and some cancer settings CXCR5+CD8 T cells maintain
the capacity for cytolytic function by perforin and granzyme B protein expression (9, 36,
37). As RNAseq analysis revealed that IL-2-KO CD8 Tfc cells transcriptionally express
cytolytic genes, we investigated whether CD8 Tfc cells maintain cytolytic capacity
during autoimmune disease. We examined the production of granzyme B, perforin, and
CD107a. Stimulated 1L-2-KO CD8 Tfc cells express significantly more granzyme B,
CD107a and TNFa but not perforin by mean fluorescent intensity (MFI) than IL-2-KO
CD8 non-Tfc and naive WT CD8 T cells (Fig. 5A). Thus, CD8 Tfc cells maintain lytic
capacity in an autoimmune setting.
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CD8 T cells expressing IL-21 in human nasal polyps co-express IL-17 and IFNy,
and promote 1gG class switch in vitro (6) suggesting a role for CD8 T cell cytokine
mediated antibody class switch. To define a mechanism by which CD8 Tfc cells promote
antibody class switch we evaluated germinal center reaction associated cytokines. IL-2-
KO CD8 Tfc cells produced significantly more IFNy and IL-4 but not IL-17 by MFI than
IL-2-KO CD8 non-Tfc cells and naive WT CD8 T cells (Figure 5B). By frequency, CD8
Tfc cells also co-produce IL-21 and IFNy (14.15%), with a greater frequency expressing
IFNy (69.70%) alone (Figure 5C). CD8 Tfc cells co-produce IL-21 and IL-4 (4.13%),
with a greater frequency expressing IL-4 (12.27%) alone (Figure 5D). CD8 Tfc cells
maintain a diverse repertoire of cytokine expression with the capacity to be both lytic and
promote helper-like responses.

CD8 Tfc cells direct class switching in autoreactive B cells.

IL-2-KO CD8 T cells promote antibody class switch to 1IgG1 and IgG2b upon in
vivo transfer (12). To investigate the mechanisms by which CD8 Tfc cells promote
antibody class switch we used a supernatant co-culture system to combine activated CD8
Tfc cell supernatant with B cells. First, given that IgG1 class switch is mediated by CD4
Tth produced IL-21 and IL-4 (38), we cultured activated CD4 Tth or CD8 Tfc
supernatant with WT B cells or IL-21R-KO B cells to evaluate class switch in the
absence of IL-21 signaling. CD4 Tfh cell mediated total 1gG and 1gG1 antibody class
switch in IL-21R-KO B cells is reduced whereas CD8 Tfc cell mediated antibody class
switch is largely unaffected (Fig 6A). Given that IL-2-KO CD8 Tfc cells produce
significant IFNy, we evaluated B cell responses mediated by I[FNy from CD8 Tfc cells.
Activated IL-2-KO or IL-2.IFNy dKO CD4 Tth or CD8 Tfc cell supernatant was
incubated with WT B cells to assess antibody class switch in the absence of IFNy. In
BALB/c mice IFNy mediates IgG2a class switch (39) but we identified no differences in
1gG2a between IL-2-KO and IL.2.IFNy dKO supernatant, and a slight increase in total
IgG in the absence of T cell produced IFNy (Fig 6B). Thus, although CD8 Tfc cells
promote cytokine-mediated B cell responses, the specific combination of cytokines
mediating these differs from CD4 Tfh cells.

Here we show that CD8 Tfc cells maintain a significant capacity for cytokine
production. However, B cell responses to cytokine are often initiated in the extrafollicular
region of the B cell follicle for plasma cell development (40) followed by somatic
hypermutation and B cell cycling within the germinal center (41). We assessed CD8 Tfc
cell potential for localization to and around the germinal center by evaluating chemokine
expression. Increased CXCR4 expression coupled with decreased CCR7 expression
identifies a population of extrafollicular CD4 T cells in autoimmunity and viral infections
(21, 32). CXCR4 and CCRY staining identify a subset population of CCR7+ CD8 Tfc
cells that are likely in the T cell zone or transition to the B cell zone. Of the CD8 Tfc
cells that are CCR7- cells only a small proportion are CXCR4+ indicating the potential
for extrafollicular interactions. CXCR4+ CCR7- CD8 Tfc cells are reduced in
comparison to the CXCR4- IL-2-KO CD8 Tfc cells suggesting that the majority of CD8
Tfc cells are only CXCR5+ indicating a germinal center population (Fig. 6C).
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Finally, to assess CD8 Tfc cell influence on autoreactive B cell responses, we
adoptively transferred IL-2-KO CDS8 Tfc, CD4 Tth or both into TCRa-KO mice.
Fourteen days after KLH and NP-KLH immunizations (to facilitate B-T interactions), we
evaluated autoantibodies against RBCs. IL-2-KO CD8 Tfc and CD4 Tth cells alone did
not induce a significant increase in the frequency of RBC bound by either IgM or IgG.
Yet, in combination, IL-2-KO CD8 Tfc and CD4 Tth transfer induced a significant
increase in frequency of IgM and IgG antibodies bound to RBC (Fig 6D). Together these
data demonstrate that CD8 Tfc cells mediate B cell responses at least in part via cytokine
secretion within the germinal center. To facilitate autoantibody responses CD8 Tfc cells
likely work in synergy with CD4 Tth cells.

Discussion

Together, these data demonstrated that CD8 Tfc cells comprise a functionally,
non-redundant subset of CXCR5+ CD8 Tfc cells in autoimmune disease. CD8 Tfc cells
develop in the absence of functional Tregs and expand during lymphoproliferative
responses. CD8 Tfc cells maintain significant cytokine function to promote B cell class
switch and antibody production in autoimmune disease.

By transcriptional profile and protein expression, CD8 Tfc cells resemble CD4
Tth cells. IL-2-KO CD8 Tfc cells maintain the capacity to produce helper cytokines
including the co-expression of 1L-21 and IL-4. However, CD8 Tfc cells maintain the
capacity for cytolytic function and express granzyme B and TNFa, suggesting the
potential for functional mechanisms that diverge from CD4 Tth cells. While both IL-2-
KO CD4 Tth and CD8 Tfc cells promote cytokine-mediated antibody responses, CD8
Tfc cells do not utilize IL-21 to mediate B cell responses. This is in contrast to CD4 Tth
cells that utilize 1L-21 for antibody class switching (40). Instead CD8 Tfc cells likely
utilize IL-4 interactions to mediate IgG1 class switch and perhaps direct cell contact
interactions such as CD40L known to elevated on CD8 Tfc cells (12).

Requirements for CD8 Tfc cell development are similarly conserved between
CD4 Tfh and CD8 Tfc cells. CD28 and ICOS, a member of the CD28 costimulatory
family, are required for Tfh cell development (42, 43) CD8 Tfc expansion is impaired in
IL-2.CD28 dKO mice suggesting that CD28 signals are required for CD8 Tfc
development. Alternatively, the lymphopenic environment in IL-2.CD28 dKO mice may
block CD8 Tfc differentiation. Further, reduced IFNy signaling in autoimmune disease
prevents germinal center B and Tfh cell development and accumulation (44), and the
absence of [FNy signaling similarly reduces CD8 Tfc cell expansion in IL.2.IFNy dKO
mice. However, despite the reduced frequency of IL.2.IFNy dKO CD8 Tfc cells,
lymphoproliferation leads to expanded CD8 Tfc cell total numbers.

CD8 Tfc cell development is associated with Treg dysfunction in both the IL-2-
KO and scurfy mouse models. Yet, some questions remain regarding the contribution of
Treg deficiency or IL-2 signaling to CD8 Tfc cell development. IL-2 inhibits CD4 Tth
cell differentiation via STAT5 (15, 16). When IL-2 is depleted in scurfy mice CD8 Tfc
cells fail to expand but IL-2-KO.scurfy mice have an increased frequency of CD8 Tfc
cells. This contradictory data can be explained, in part, by the lymphoproliferation
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exhibited by IL-2.scurfy (35) that is absent in IL-2-depleted scurfy. Together, this
supports the hypothesis that Treg deficiency releases CD8 Tfc cell function while IL-2
deficiency promotes lymphoproliferation associated with CD8 Tfc cell expansion. To
fully evaluate the role of Treg control on CD8 Tfc cell development additional studies are
needed.

CD8 Tfc cells have not been separated from the total CXCR5+ CD8 T cell
population in chronic viral infection and cancer studies (Chapter 1). However,
CXCR5+PD-1+ CD8 Tfc cells maintain a higher capacity for co-stimulatory and
transcription factor expression than CXCR5+PD-1- CD8 T cells in autoimmune disease.
The differences in the helper function attributed to autoimmune CD8 Tfc cells as
compared to the cytolytic function of CD8 Tfc cells in chronic viral infection may be in
part related to different CXCR5+ CD8 T cell subset definitions. A consistent description
of CXCR5+ CD8 T cells may resolve remaining conflicts in function and classification
across different immune reactions. Although it is still probable that CD8 Tfc cell function
is dictated by antigen type and prevalence.

IL-2-KO CD8 Tfc cells alone promote B cell responses in vitro. In vivo, IL-2-KO
CD8 Tfc cells only promote autoantibody specific responses in synergy with CD4 Tfh
cells. This may result from a CD4 Tfh cell requirement for CD8 Tfc development. CD4
Tth cell may be similarly required for CD8 Tfc cell survival. CD8 Tfc cells promote
autoreactive responses and arise in significant frequency during late stage disease in IL-2-
KO mice. CD8 Tfc cell kinetics provide a mechanism by which CD8 Tfc cells promote
enhanced antigen-specific B cell responses during the disease progression. CD8 Tfc cells
are an effector T cell population closely associated with late-stage autoimmune disease
and as such represent a promising avenue for autoimmune treatment.
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Figure 3-1. CXCR5+ CD8 T cells are comprised of multiple subsets. Flow cytometric
analysis of CXCRS5 and PD-1 expression on CD4 or CD8 T cells from 17-21-day old IL-
2-KO or WT LN gated on live B2200CD11¢c'CD11b'GR-1". (A) The frequency, and total
number of IL-2-KO CXCR5+ CD4 and CD8 T cells are shown as CXCR5"PD-1"* and
CXCR5*PD-1" subsets. (B, C) Mean fluorescence intensity (MFI) quantification of
surface expression of ICOS (B) and intracellular Bcl-6 (C) in WT naive CD8 T cells, IL-
2-KO CD8 non-Tfh, IL-2-KO CXCR5*PD-1" (X5+PD-1-), and I1L-2-KO CD8 Tfc cells.
(B, C) Each symbol indicates an individual animal. Data is representative of 4
independent experiments in A and B and 2-4 independent experiments in C. Statistics:
(A) 2-way ANOVA with multiple comparisons and Bonferroni correction, (B) 1-way
ANOVA with multiple comparisons and Bonferroni correction* p<0.05; ** p<0.01, ***
p<0.001.
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Figure 3-2. CD8 Tfc cells arise in multiple models of autoimmune disease. Flow
cytometric analysis of CXCR5 and PD-1 expression on CD4 or CD8 T cells splenocytes
from 17-21 day old IL-2-KO and WT littermate controls, 17-23 week old Fas' and
MRL.MpJ controls, diseased NOD and 6-14 week old WT controls, and 7 week disease
CIA and WT PBS control mice gated on live B2200CD11¢'CD11b'GR-1". (A)
Representative flow plots of the indicated model are shown for CD4 Tth and CD8 Tfc
cells. (B) Frequency and total number of CD8 Tfc cells in the indicated model are shown.
Each symbol indicates an individual animal. Data representative of 1-3 independent
experiments per comparison. Statistics: unpaired one-tailed Student’s t-test relative to
indicated controls with a Welch correction if necessary: NS = not significant, * p<0.05;
** p<0.01, *** p<0.001.
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Figure 3-3. Cytokines control CD8 Tfc differentiation. Flow cytometric analysis of
CD8 Tfc cells gated on live CXCR5'PD-1"B220°CD11¢c'CD11b'GR-1". (A) The
frequency of CD8 Tfc cells LN and spleen (Spl) of 17-21-day old IL-2-KO and WT, and
12-week old I1L-2.CD28 dKO and IL-2.IFNy dKO mice. (B) Splenic CD8 Tfc cell
frequency from 3 week and 12-week-old and IL-2.IFNy dKO mice. (C) Splenic CD8 Tfc
cells frequency from 17-19-day old IL-2-KO mice and scurfy mice treated 5 times with
PBS (scurfy) or anti-IL-2 (scurfy alL-2). (D) Splenic CD8 Tfc frequency in 18-20-day
old IL-2-KO, scurfy, and scurfy.IL-2-KO (Scurfy.IL-2). Each symbol indicates an
individual animal. Data representative of 2-4 independent experiments in A, B and 3
independent experiments in C-E. (D) Total splenocyte number in scurfy, scurfy alL-2,
Scurfy.IL-2, and IL-2-KO mice described in C and D. Statistics (A, C-E) 1-way ANOVA
with multiple comparisons and Bonferroni correction. (B) unpaired Student’s t-test with a
Welch correction. NS = not significant, * p<0.05; ** p<0.01, *** p<0.001.
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Figure 3-4. CD8 Tfc cell transcriptional profile mirrors CD4 Tfh cells. RNAseq of 4
independent WT and IL-2-KO Bulk CD8 T cell samples available at NCBI GEO
(accession number GSE112540), 2 independent WT Bulk CD4 T cells available at NCBI
GEO (accession number GSE34550 and GSE110598), and 2 independent IL-2-KO CD4
Tfh and CD8 Tfc from 6-7 pooled LN and Spl. (A) Volcano plots displaying log2 fold
change gene expression of IL-2-KO Bulk CD8 T cells relative to IL-2-KO CD8 Tfc cells
versus log10 p-value. Data is organized by color red to indicate p-value <0.05 and black
to indicate p-value >0.05. (B) principal component analysis (PCA) comparing WT CD8,
WT CD4, IL-2-KO CD4 Tth and IL-2-KO CD8 Tfc. (C) Venn diagram of significantly

expressed genes overlapping between WT CD8, WT CD4, IL-2-KO CD4 Tfh and IL-2-
KO CD8 Tfc.
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Figure 3-5. CD8 Tfc cells maintain diverse functional capacity. IL-2-KO and WT
lymphocytes were stimulated with PMA and ionomycin with BFA stained with indicated
cytokines and analyzed for CD8 Tfc cells gated on live B220'CD11¢c’CD11b'GR-1". (A)
MFI of Granzyme B, CD107a, TNFa, and Perforin expression on naive WT CDS, IL-2-
KO CD8 Tfc and IL-2-KO CD8 non-Tfc. (B) MF1 of IL-4, IL-17, IL-21 and IFNy
expression on naive WT CD8, IL-2-KO CD8 Tfc and IL-2-KO CD8 non-Tfc. (C)
Representative plots and frequency of IL-21 and IFNy co-producing and IFNy producing
alone in WT CD8 Bulk T cells, IL-2-KO CD8 non-Tfc IL-2-KO CD8 Tfc cells. D)
Representative plots and frequency of 1L-21 and IL-4 co-producing and IL-4 producing
alone in WT CD8 Bulk T cells, IL-2-KO CD8 non-Tfc IL-2-KO CD8 Tfc cells. Each
symbol indicates an individual animal. Data representative of 3-6 independent
experiments. Statistics: unpaired one-tailed Student’s t-test relative to WT with a Welch
correction if necessary: NS = not significant, * p<0.05; ** p<0.01, *** p<0.001.
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Figure 3-6. CD8 Tfc cells direct class switch in autoreactive B cells. (A, B) Sorted IL-
2-KO or IL-2.IFNy dKO CD4 Tfh and CD8 Tfc cells were stimulated for 3 days with
anti-CD3 and anti-CD28. T cell supernatant was then plated with B cells and anti-lgM
and anti-CD40 for 6 days. (A) Total IgG concentration or 1gG1 levels of stimulated WT
and IL-21R-KO B cells with and without stimulated IL-2-KO CD4 Tth or IL-2-KO CD8
Tfc were determined by ELISA. Data is representative of 1 independent experiment (B)
Total IgG concentration of stimulated WT B cells with and without stimulated IL-2-KO
or IL-2.IFNy dKO CD4 Tth or CD8 Tfc cells were determined by ELISA. Data
representative of 4 independent experiments. (C) Frequency of CXCR4 and CCR7
expression WT bulk CD8 T, IL-2-KO CD8 Tfc and CD8 non-Tfc. Data is representative
of 1 experiment with 1 WT and 5 pooled IL-2-KO. (D) Sorted IL-2-KO CD4 Tth or CD8
Tfc cells were adoptively transferred to TCRa-KO mice, immunized with KLH in CFA
and reimmunized with NP-KLH in IFA. RBCs were stained at 14 days post-transfer with
anti-mouse IgM-FITC or IgG-FITC and analyzed by flow cytometry to detect the
percentage of RBC bound by antibodies. Each symbol indicates an individual animal.
Data representative of 4 independent experiments. Statistics: 1-way ANOVA with
multiple comparisons and Bonferroni correction. NS = not significant, * p<0.05; **

p<0.01.
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CHAPTER 4: CONCLUSION AND FUTURE DIRECTIONS

CONTRIBUTIONS TO THE FIELD
CXCR5+ CD8 T cell biology

The work described in this dissertation defines a novel population of follicular
CD8 T cells that develops in situations of chronic antigen and autoimmunity. CXCR5+
CD8 T cells have been well described in chronic viral infections and to a lesser extent
cancer. This dissertation work is among the first to describe CXCR5+ CD8 T follicular
(Tfc) cells in autoimmune disease. Chapter 2 describes how CD8 T cells were identified
within systemic autoimmune germinal centers in the absence of functional T regulatory
(Treg) cells (1). Prior to this work, CD8 T cells had only been identified within the
germinal center in autoimmune and inflammatory conditions in a small number of
studies: rheumatoid arthritis (2, 3) and human nasal polyp tissue (4). Chapter 3 describes
our study of CD8 Tfc cells in additional models of autoimmune disease and the
identification of CD8 Tfc cells in spleens in the context of IL-2Ra-KO systemic
autoimmunity and murine lupus but not in non-obese diabetic, or collagen-induced
arthritis. This supports the evidence also described in chapter 3 for CD8 Tfc cell
development in situations of altered Treg control or function. Chapter 2 further defines
autoimmune CD8 Tfc cell function in plasma cell differentiation and antibody class-
switch in vivo. CD8 Tfc cell cytokines mediate B cell responses, likely via IL-4
secretion, similar to CXCR5+ CD8 T cells in colon cancer and other inflammatory
conditions (4-6).

One key difference between the studies herein, and other studies of CXCR5+
CD8 T cells is an inconsistent phenotypic definition of the CD8 Tfc subset. This
dissertation identifies a subset of CXCR5+ CD8 T cells in autoimmune disease that is
also PD-1+, whereas many other studies have defined only a single CXCR5+ CD8 T cell
subset (Chapter 1). CD8 Tfc cells are associated with a higher production of co-
stimulatory molecules and functional proteins, including IL-4 and IL-21 than the
encompassing the CXCR5+ CD8 T cells subset or the CXCR5- CD8 T cell subset
(Chapter 3). These observations may account for differences described in various
immune responses and settings. However, it is likely that CXCR5+ CD8 T cells have
diverse functional capacity dictated by immune cues and microenvironmental response.

Germinal center reactions

Nearly two decades ago, the canonical features of B-helper CXCR5+ CD4 T cells
were identified (7, 8). Since this seminal work, the field of germinal center biology has
rapidly expanded to define the influence of CD4 T follicular helper (Tfh) cells within the
B cell follicle. Just eight years ago, bcl6+ CD4 T follicular regulatory cells (Tfreg) were
defined within the germinal center and associated with CD4 Tfh and B cell control (9,
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10). Our work, in combination other CXCR5+ CD8 T cell studies, identifies another
novel follicular population capable of influencing secondary and ectopic germinal center
formation. We show that CD8 Tfc cells localize within the germinal center structure
during autoimmune disease. However, it is not yet clear where CD8 Tfc cells promote B
cell responses. CD8 Tfc cells promote plasma cell differentiation and antibody class-
switch, but not germinal center B cell development. T cell-dependent plasma cell
responses and antibody class-switch initially occur in the extrafollicular space, while B
cell somatic hypermutation and proliferation occur within the germinal center (11-13).
Together, these data suggest that CD8 Tfc cells predominately support extrafollicular B
cell responses even though they localize within the germinal center. The question of
position versus functional capacity provides unique avenues for continued exploration
only briefly explored within the field thus far (Chapter 1).

Before the identification of CXCR5+ CD8 T cells, only Qa-1 restricted CD8
Tregs were known to localize to the germinal center (14, 15). Improved identification
markers and assay sensitivity continues to facilitate discovery of germinal center subsets
with specialized features such as CD8 Tfc cells. While CD8 Tfc cells may not arise in
germinal center responses under normal conditions, CD8 Tfc cells development in the
absence of functional Tregs and expand in response to lymphoproliferation (Chapter 3).
The association between CD8 Tfc cell development and Treg defects reveal an additional
role for Treg or Tfreg control in germinal center formation checkpoints. Further
evaluating CD8 Tfc cell involvement in germinal center formation, maintenance and
function may lead to a shift in the germinal center paradigm, especially during situations
of chronic antigen.

Autoimmune Disease

This work evaluates novel mechanisms defining non-canonical CD8 T cell
responses in autoimmune disease (16). IL-2-KO CD8 T cells augment CD4 T cell
mediated BMF when co-transferred (17). Similarly, CD8 Tfc cell co-transferred with
CD4 Tth cells act in synergy to promote plasma cell differentiation and class switch in
vivo (Chapter 3). While, CD8 Tfc cells maintain the capacity to be highly cytolytic, even
more so than other lymphoid CD8 T cell populations, CD8 Tfc cells induce B cell class-
switch via IL-21 and likely IL-4. These data suggest that CD8 Tfc cells utilize multiple
mechanisms to promote autoimmune disease progression.

Several questions still remain regarding the origin of CD8 Tfc cells. Do they
develop as a completely novel subset of CD8 T cells similar to that of CD4 Tth cells, or
from an effector memory precursor? One study and chapter 3 of this dissertation directly
compare sequencing information from CD8 Tfc cells with that of CD4 Tfh helper
populations (18). In contrast, CD8 Tfc cell gene expression profile in cancer and chronic
viral infection is more indicative of an effector memory population (4, 19-22). CD8 Tfc
cells likely arise independent of other CD8 T cell subsets. However, CD8 Tfc cell
development varies and is likely disease specific, as CXCR5+ CD8 T cells correlates
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with improved patient outcome in cancer (23, 24) and reduced viral load in chronic viral
infections (19, 21, 25-28). CD8 Tfc cells may then represent possible avenues for
diagnostic testing and treatment of antibody-mediated autoimmune disease.

Some of these studies have already been conducted in setting of chronic viral
infection in which CXCR5+ CD8 T cells controlled viral load and were capable of
reseeding the T effector niche when transferred (20). Moreover, CXCR5+ CD8 T cells
have been manipulated by virus-specific antibodies to facilitate target cell lysis (29) or
engineered in vitro to target functional CD8 T cells to the germinal center (30).

FUTURE DIRECTIONS

As the vast majority of CXCR5+ CD8 T cell research was published only in the
past three years, a number of research questions remain regarding CXCR5+ CD8 Tfc cell
function. Future studies should continue to evaluate CD8 Tfc cell development,
functional mechanisms, and compare autoimmune CD8 Tfc cells to viral- or cancer-
specific CXCR5+ CD8 T cells.

This dissertation suggests a relationship between Treg function and the
development of CD8 Tfc cells. To dissect the requirement for Treg control of CD8 Tfc
cell development, conditional Treg depletion studies using Foxp3-diptheria toxin mice to
could be used to evaluate spontaneous CD8 Tfc cell development and autoimmune
disease initiation. Further, CD8 Tfc cell development at the loss of Treg cells at different
timepoints would illustrate the conditions required for CD8 Tfc cell development beyond
that of Treg control mechanisms such as inflammation, or the activation of antigen
presentation. To interrogate the requirement for peripheral Treg versus follicular Treg
populations on CD8 Tfc cell development, Bcl6™"Foxp3-Cre/Cre mice with specific
deletion of Foxp3+bcl-6+ Tfreg, should be evaluated for CD8 Tfc cells (31). These
studies could be further expanded to evaluate the suppressive role of peripheral Tregs and
Tfregs on CD8 Tfc cell function.

The capacity for CD8 Tfc cells to directly promote or initiate autoimmune disease
is unknown. Another challenge in understanding autoimmunity and CD8 Tfc cells in
disease has been our inability to identify antigens targeted both early in disease initiation
and during disease progression. Chapter 3 of this dissertation illustrates that CD8 Tfc
cells respond to red blood cell (RBC) antigen loaded B cells but does not directly identify
CD8 Tfc cells as direct mediators of disease progression. IL-2Ra-KO CD8 T cells
transferred into a host with T cells reactive to a non-cognate antigen (OVA specific
responses in OT-I mice) would illustrate CD8 Tfc cell ability to promote antigen-specific
responses. To further evaluate antigen presentation to CD8 Tfc cells, culture experiments
in which antigen presenting cells loaded with RBC antigen could be used to stimulate
CD8 Tfc cells from late disease or bulk CD8 T cells from early disease and evaluated for
cytokine responses. Either DC cells, shown to be required to initiate disease (32), or B
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cells, which act as a superior antigen presenting cell in later autoimmune disease
progression (33, 34) can be used as the antigen presenting cell to evaluate the role of CD8
Tfc cells at each disease phase. It is likely that CD8 Tfc cells do not survive well in
culture and during transfers thus CD4 Tth cells co-cultures or transfers may be needed to
fully address these questions. Finally, and perhaps of most relevance would be to identify
CD8 Tfc cells in additional autoimmune disease patients, as CD8 Tfc cells have only
been identified in human nasal polyps (4, 6) and rheumatoid arthritis synovium (2, 3).

SUMMARY

Many questions about CD8 Tfc cell biology and CD8 Tfc antigen-specific
interactions remain. Moreover, completely defining the function and development of
CXCR5+ CD8 T cell population in multiple antigen settings will define the CD8 T cell
repertoire and open diverse therapeutic possibilities. In the context of chronic viral
infection, targeted cell lysis, as achieved in the context of LCMV (29), may be used to
eliminate viral reservoirs. In autoimmune disease, CD8 Tfc cell repression by co-
inhibitory treatments, such as PD-1 blockades may represent an avenue for existing
therapeutics to reduce autoimmune disease severity or progression. This dissertation
defines CD8 Tfc cells in multiple autoimmune disease models, describes possible
functions on B cells as well as cytotoxic cells, and suggests Treg control of CD8 Tfc cell
development. This research promotes an understanding of CD8 T cells in the germinal
center responses. Specifically, defining a novel role for CD8 T cells in multiple models of
antibody-mediated autoimmune disease.
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