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CD8 T cell function and contributions in autoimmune disease. 

 

by 

 

Genevieve Nicole Mullins 

Doctor of Philosophy in Quantitative and Systems Biology 

University of California, Merced, 2021 

Professor Katrina K. Hoyer 

 

Autoimmune diseases comprise more than 80 well characterized disorders that 
affect 7% of Americans. Cellular and molecular studies of autoimmune disease 
are extensive, yet few viable long-term treatments exist. Thus, basic research 
into the cellular and molecular mechanisms underlying autoimmune disease is 
needed to improve and develop novel treatments. My work seeks to understand 
the contribution of CD8 T cells and novel CXCR5+ CD8 T cells to autoimmune 
disease by exploring the mechanisms by which CD8 T cells promote disease. 
Using a model of systemic autoimmune disease (IL-2Rα-KO), I show that a 
culmination of factors, including regulatory T cell dysfunction, changes in T cell 
activation, and differences in cytokine signaling combine to drive disease 
progression and kinetics. Further, I show that CXCR5+ CD8 T cells localize to 
the germinal center and B cell follicle, produce cytokines indicative of CD4 T 
follicular helper (Tfh) cells throughout the B cell follicle, and that CD8-derived IL-
4, but not IL-21 impacts B cell function. This work demonstrates that CXCR5+ 
CD8 T cells share many features with CD4 Tfh cells but may contribute to B cell 
function through a different combination of mechanisms than CD4 Tfh cells. 
Future work should assess the contribution of other cytokines and cell surface 
proteins to CXCR5+ CD8 T cell function, as well as the factors that control the 
differentiation of this novel subset, particularly in the context of autoimmune 
disease. 
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CHAPTER 1 

Background and historical context 
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CHAPTER 1: BACKGROUND AND HISTORICAL CONTEXT 

Autoimmunity and IL-2 signaling  

Autoimmune disease 

Autoimmune disease comprises more than 80 well characterized disorders 

that affect 7% of Americans (1). Autoimmune disease is immunological 

destruction of self-tissue due to breakdown of immunological tolerance. There 

are two stages of immunological tolerance, central and peripheral. Central 

tolerance refers to tolerance established during immune cell development, 

whereas peripheral tolerance refers to tolerance mechanisms that control self-

reactive responses during immune cell interaction with antigen. Regulatory T 

cells (Treg) are generated as one major mechanism of both central and 

peripheral tolerance. Cellular and molecular studies of autoimmune disease are 

extensive, yet few viable long-term treatments exist. Thus, basic research into 

the cellular and molecular mechanisms underlying autoimmune disease is 

needed to improve and develop novel treatments. 

We focus on identifying underlying mechanisms of autoimmunity across 

multiple diseases. To achieve this, we utilize models of disease manifestations of 

autoimmune hemolytic anemia (AIHA), bone marrow failure (BMF), diabetes, and 

lupus. AIHA is characterized by autoantibodies against red blood cells (RBC). 

This leads to RBC destruction through Fc-mediated phagocytosis and 

complement-mediated lysis (2). BMF is a set of disorders in which bone marrow 

stem cells fail to properly generate cellular components of blood, including RBC, 

and can be autoimmune in nature. Treg and IL-2 signaling-deficient or impaired 

mice provide models for spontaneous, systemic autoimmunity, including AIHA 

and BMF (IL-2-KO, IL-2R, surfy). Type 1 diabetes results from the autoimmune 

destruction of insulin-producing beta-cells in the pancreatic islets, causing in 

defects in insulin production. The most utilized model for studying immune 

mediated diabetes is non-obese diabetic (NOD) mice that develop hyperglycemia 

and immune infiltration of the pancreatic islets leading to decreases in insulin 

production (3). Lupus is a systemic autoimmune disease affecting multiple 

organs, and is best characterized by a butterfly rash, and antibodies against 

nuclear proteins and double-stranded DNA. MRL/MpJ-Faslpr/J (MRL-lpr) mice 

have a mutation in the Fas gene that leads to massive lymphoproliferation. 

These mice spontaneously develop multiple auto-antibodies and develop 

dermatitis, glomerulonephritis, severe thymic atrophy, and renal disease (4, 5). 

Mouse models allow for the evaluation of underlying mechanisms driving human 

autoimmune disease initiation and progression. 
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Tregs in tolerance and autoimmunity 

To maintain tolerance, Tregs function to suppress T cell activation, 

proliferation, and effector function by acting directly on self-reactive T cells and 

directing antigen-presenting cell (APC) function. Tregs can arise in the thymus in 

response to self-antigens (tTregs) or in the periphery primarily in response to 

foreign antigen (pTregs) and differentiate further in response to environmental 

stimuli (6). Suppressive functions are mediated in three major ways: through the 

action of soluble factors, the binding of inhibitory receptors, and through the 

competition of growth factors (7-9). The key proteins that mediate these functions 

include, but are not limited to IL-10, CTLA-4, Tim3, Lag3, TGF-β, adenosine, 

Nrp1, and IL-2Rα (7, 10-14). Specifically, soluble factors like IL-10 and TGFβ 

decrease antigen presentation and APC activation, reduce intracellular signaling 

downstream of T cell co-stimulatory receptor CD28, and induce the generation of 

additional Tregs (15). CTLA-4 competes with CD28 on naïve T cells for its 

binding partner CD80/CD86, thus preventing T cell co-stimulation and inducing 

an inhibitory signal (16). Extracellular ATP is proinflammatory and upregulates 

CD86 on APCs (17). Expression of CD39 and CD73 allow Tregs to convert 

extracellular ATP into adenosine, reducing inflammation (18). Finally, Tregs 

compete with activated T cells for local IL-2 through the use of high-affinity IL-2R 

to block T cell proliferation (19, 20). Tregs constitutively express IL-2Ra providing 

an advantage over naïve T cells that must upregulate IL-2Ra upon activation to 

respond to IL-2 with high affinity (21-23).  

Tregs have also been studied for their therapeutic potential in transplantation 

and autoimmune disease, with the assumption that re-establishing tolerance 

through boosting Treg numbers or function will alleviate the aberrant immune 

activation in these settings. Treg therapies include adoptive cell transfer of Tregs 

after in vitro expansion and enhancing Treg survival and function through 

administration of IL-2 (24-26). Hundreds of clinical trials focused on enhancing 

Tregs in a variety of settings are in progress or completed (27). Early success 

from trials in type 1 diabetes and systemic lupus erythematosus show promise 

for the use of adoptive Treg transfer for autoimmune disease (28). Ongoing work 

looks to further enhance Treg function in vitro prior to transfer, including through 

genetic manipulation, and to develop “off the shelf” Tregs with conserved MHCs 

so individual patient Tregs do not need to be isolated and manipulated for 

therapy (27, 28). 

IL-2 signaling  

IL-2 is a growth factor for and produced by activated T cells and plays a role 

in the differentiation of effector and memory T cells. Signaling response to IL-2 

differs among T cell populations. IL-2 signaling overtime is more sustained in 

CD8 T cells, lasting several hours, contrasting CD4 T cells due to intracellular 
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pools of IL-2Rβ that don’t exist in CD4 T cells (29). IL-2 signaling in CD8 T cells 

also reduces the T cell receptor signaling threshold required for proliferation but 

does not do this in CD4 T cells (30). IL-2 also drives the differentiation of Th1 and 

Th2 and inhibits the generation of Th17 and Tfh cells (31, 32). In activated CD8 T 

cells IL-2 induces expression of IFNg, TNFa, granzyme, and perforin, molecules 

required for their function as cytolytic cells (31). Low IL-2 signaling drives CD8 T 

cells to become memory cells by allowing the expression of Bcl6 and IL-7Rα 

through reduced Blimp-1, whereas high IL-2 signaling leads to effector 

differentiation through upregulation of Blimp-1 and T-bet (31). IL-2 is also a 

cytokine required for the survival, development, and function of Tregs (33). The 

receptor for IL-2 is comprised of three receptor chains – IL-2Rα (CD25), IL-2Rβ 

(CD122), and the common gamma chain or γc (CD132) (33, 34). Upon IL-2 

receptor activation three signaling pathways, MAPK, PI3K, and JAK1/3-STAT5 

pathways, are triggered (Figure 1-1) (34-36). These pathways promote cell 

survival and proliferation, induction of glycolytic metabolism, and STAT5-

mediated gene expression. This activates a gene expression profile that includes 

Foxp3, IL-2Rα, and mitogenic and survival genes like c-myc, bcl-2, and bcl-x (34, 

37, 38). Mice deficient in IL-2 or any part of its receptor develop spontaneous, 

multi-organ autoimmune disease driven by the reduction in functional Tregs, as 

decreased IL-2 signaling leads to reduced survival and suppressive function of 

Tregs (39-45). 

Mice lacking IL-2Rα (IL-2Rα-KO) are a useful model of human autoimmune 

disease as they develop many disease phenotypes seen in human autoimmune 

disease, such as AIHA, BMF, inflammatory bowel disease, and dacryoadenitis 

(39-42, 44). These mice and mice lacking other components of the IL-2 signaling 

pathway have reduced Treg numbers and function, a major contributor to the 

spontaneous autoimmune disease that develops (46, 47). Defects in IL-2 

responsiveness is also present in several human manifestations of autoimmune 

disease, including type I diabetes, multiple sclerosis, and systemic lupus 

erythematosus (48-51). IL-2Rα-KO mice develop excessive lymphocyte 

proliferation, lymphocyte activation, and auto-antibodies against RBCs due to 

reduced Treg suppressive function. On the C57BL/6 background these mice 

develop normally but autoimmune disease arises in early adulthood. Two 

disease kinetics emerge in these mice, with those succumbing at 8-12 weeks 

due to anemia and a combination of irritable bowel disease and anemia at 16 

weeks and older (41). In contrast, BALB/c mice begin to develop signs of 

autoimmunity as neonates (<21 days old), with approximately 25% succumbing 

to anemia by 21 days and the remainder succumbing out as far as 40+ days old. 

The kinetics of the development of these phenotypes is documented, but the 

underlying mechanism driving these differences are largely unknown and will be 

discussed in Chapter 2. 
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Germinal Center Reactions 

Autoimmune diseases can be antibody-mediated or cell-mediated and 

localize to only a few tissues or create systemic damage. Antibody-mediated 

autoimmune diseases are characterized by the presence of high-affinity auto-

antibodies targeted against self-tissues. To generate high-affinity antibodies, 

activated B cells must undergo a process of affinity maturation in the germinal 

center (GC). This process involves repeated rounds of proliferation, somatic 

hypermutation, and selection which is driven primarily through signals provided 

by specialized helper T cells (CD4 T follicular helper cells; Tfh) that reside within 

the germinal center (52-55) (Figure 1-2). During autoimmune disease CD4 Tfh 

cells and activated GC B cells expand leading to disease-causing high-affinity 

autoantibodies. 

Autoantibodies can be targeted against a large variety of cells or tissues to 

cause damage and disease. These autoantibodies are produced in large 

quantities, up to 2000 per second, by auto-reactive B cells that have 

differentiated into plasma cells (56). Antibodies can then cause damage through 

multiple mechanisms, common to normal antibody function. In general, 

antibodies function through several mechanisms, including activating 

complement, mediating FcR-dependent phagocytosis and cell lysis, and 

neutralization of extracellular pathogens and toxins that is defined by the heavy 

constant region of the antibody (57). In AIHA, autoantibodies are generated 

against RBCs, which bind to RBCs and target them for Fc-mediated 

phagocytosis and complement-mediated lysis. RBCs are thus destroyed, leading 

to anemia. Anti-DNA and anti-nuclear antibodies are generated in lupus, thus 

targeting almost any tissue or cell type in the body. Tissue damage and 

inflammation, particularly in the kidneys, are caused by the deposition of 

autoantibodies and antigen complexes that lead to complement activation and 

Fc-mediated activation of immune cells (58).  

CD4 Tfh cells are phenotypically defined by expression of CXCR5 and 

PD-1 and downregulation of CCR7 allowing entry into the B cell follicle and exit 

from the T cell zone (59). Functionally, these cells are defined by the ability to 

induce GC B cell proliferation, somatic hypermutation, class-switch 

recombination, and the differentiation of long-lived plasma cells and memory B 

cells (52, 55, 60). The most important signals CD4 Tfh cells provide to GC B cells 

are those derived from CD40 and IL-21 (52, 61, 62). Ligation of CD40 induces 

activation of several downstream pathways, including the PI3K/Akt/mTOR, NFκB, 

and MAPK/Erk pathways that induce cell growth, survival, and proliferation, and 

more recently have been implicated in timing the number of GC B cell divisions 

(63, 64). Binding of IL-21 to its receptor on B cells activates the PI3K/Akt/mTOR 
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and JAK/STAT pathways promoting proliferation and gene expression (62, 63, 

65-67). Together these signals induce the transcription of Bcl6, Blimp-1, and 

activation induced cytidine deaminase (AID), proteins important in somatic 

hypermutation, isotype switching, and differentiation into memory B cells or 

plasma cells (62). Antibody isotype switching and somatic mutation is performed 

by AID and is guided by cytokine signals from the environment, primarily from Tfh 

cells; different combinations of cytokines determine the Ig heavy constant region 

that is rearranged, providing antibodies with different effector functionality 

dependent on the environmental cues (68, 69).  

CD4 Tfh cells are an interesting T cell population, as they arise under 

multiple immune settings and differentiate alongside other CD4 T cell effectors. 

CD4 Tfh cells require strong antigen stimulation, IL-6 signals, low IL-2 signals, 

and ICOS co-stimulation in order to gain Bcl6 and CXCR5 expression (60, 70-

78). The gain of CXCR5 expression allows CD4 Tfh cells to migrate to the T-B 

border. Once there, CD4 Tfh cells interact with B cells to re-enforce key 

migratory protein expression (high CXCR5 and low CCR7), which will continue 

as CD4 Tfh cells move first into the follicle and then the germinal center (55). 

Once in the germinal center, CD4 Tfh cells influence B cell differentiation, 

antibody class switch, and memory, as described above (60). 

 

CXCR5+ CD8 T cells 

Recently, a population of CD8 T cells expressing CXCR5 has been 

identified in autoimmune disease, cancer, and chronic viral infection (79-85). 

These cells are proposed to acquire a variety of functions dependent on the 

setting in which they arise, including cytotoxic cells, progenitor memory cells, and 

CD4 Tfh-like cells. CXCR5+ CD8 T cells have become a subset of interest due to 

their ability to remain cytotoxic in chronic viral infections and cancer, as well as 

the novel capacity for helper functions traditionally associated with CD4 T cells. 

CXCR5+ CD8 T cells are phenotypically and functionally similar to CD4 

Tfh cells with retained cytolytic function and progenitor potential. CD8 T cells 

arise in multiple autoimmune models that express CXCR5 and PD-1 and localize 

to the germinal center where they promote antibody class-switching and plasma 

cell differentiation (52, 60, 79). Further, these cells express other markers 

indicative of CD4 Tfh cell function, including CD40L, ICOS, IL-21, and Bcl6 (79). 

CXCR5+ CD8 T cells expressing these follicular helper markers and participating 

in B cell responses have also been identified in colorectal cancer, hepatocellular 

carcinoma, Hodgkin lymphoma, chronic hepatitis B infection, and chronic LCMV 

infection (82, 85-88). Overall, these results indicate that a CXCR5+ CD8 T cell 
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subset acquires a follicular helper phenotype and functions in autoimmune 

disease, chronic viral infection, and cancer to promote B cell antibody responses. 

Given the similarity in phenotype and function between CD4 Tfh and 

CXCR5+ CD8 T cells, it is possible that CXCR5+ CD8 T cells migrate into the B 

cell follicle and GC in a similar manner to CD4 Tfh cells. As described above, this 

involves gaining CXCR5 expression and losing CCR7 expression in order to 

migrate away from the T cell zone and toward the B cell zone, where interactions 

with B cells increase this expression pattern to allow for full migration into the B 

cell follicle. CD8 T cells have been found within the germinal center in 

autoimmune disease, but whether these cells express the combination of 

chemokine receptors that traditionally aid CD4 Tfh cell entry into the GC center 

has not been fully studied (79). Further, CXCR4 determines CD4 Tfh helper 

localization for extrafollicular reactions, but also regulates localization within the 

germinal center (89-91). CXCR5+ CD8 T cells have not yet been assessed for 

their localization in this respect, and whether these cells, as with CD4 Tfh helper 

cells, localize primarily to certain regions of the germinal center. 

Traditional CD8 T cells activate and differentiate into cytolytic effectors 

responsible for killing virally infected and cancerous cells. Cytotoxic CD8 T cells 

(cytotoxic T lymphocytes; CTL) are defined by the ability to induce antigen-

specific target cell apoptosis. This cytotoxicity is mediated by the secretion of 

granzymes and perforin and the surface expression of FasL (92). Within 

autoimmune disease, the cytolytic function of CD8 T cells can be both harmful, 

by directly destroying self-tissue, or beneficial, by limiting self-antigen and 

inflammation (93). In chronic viral infections and cancer CXCR5+ CD8 T cells 

retain cytotoxic functional capacity when CXCR5- CD8 T cells become 

exhausted and non-functional in these settings (83, 94). In bladder cancer, 

pancreatic tumors, colorectal cancer, hepatocellular carcinoma, and chronic 

LCMV infection CXCR5+ CD8 T cells express cytolytic molecules, including 

IFNγ, TNF, granzymes, and perforin, and exhibit antigen-specific lysis of target 

cells (80, 81, 83, 94, 95). Thus CXCR5+ CD8 T cells fit the standard definition of 

cytotoxic CD8 T cells within the context of chronic viral infection and cancer.  

CXCR5+ CD8 T cells, given their unique ability to enter the germinal 

center to mediate either help or cell killing, are being studied for their therapeutic 

potential. As such, the regulation and differentiation of this population is being 

investigated. CXCR5+ CD8 T cells express the transcription factor Bcl6, 

important for the expression of their key chemokine receptor, CXCR5 (74, 96, 

97). Expression is thought to be driven and maintained by E2A and TCF-1, since 

these transcription factors have been found to regulate Bcl6 in CD4 T cells (85, 

94, 98-102). It is assumed that IL-2 and its signaling pathway inhibit CXCR5+ 

CD8 T cell generation, likely through IL-2 upregulation of the Bcl6 antagonist, 
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Blimp-1 as occurs in CD4 Tfh regulation (97, 98, 103). Extracellular signals that 

promote the differentiation of this subset still require investigation, although IL-6 

is at least one candidate, given it has been shown to induce IL-21-producing CD8 

T cells and influence CD4 Tfh cell differentiation (73, 104). Further study is 

required to fully understand the signals and pathways that drive the differentiation 

and function of these novel CXCR5+ CD8 T cells.  

CXCR5+ CD8 T cells are also described as memory precursor effector 

cells (MPECs) during chronic viral infection and following PD-1 blockade (100, 

105, 106). MPECs are defined by the expression of CD127, TCF-1, and T-bet, 

lack of KLRG1, and low cytokine production (107, 108). These cells persist when 

transferred and can generate memory and terminally exhausted cell populations 

(107, 108). A population of CXCR5+ CD8 T cells have been identified that are 

TCF-1+ PD-1+ Tim3 low and lack effector molecules (105, 106). These cells 

have limited proliferation but are capable of producing cytokine following 

stimulation (105, 106). Further, since these cells have self-renewal potential and 

respond to PD-1 blockade therapy, these cells are of interest as targets for 

cancer therapeutics (100, 109). 

CXCR5+ CD8 T cells have a variety of phenotypes and proposed 

functions. They have been described as cytotoxic, follicular helper-like, and 

precursors to either exhausted or memory cells (98, 99, 105, 109-112). These 

functions are distributed across different immunological settings. As these cells 

continue to be studied, whether these CXCR5+ CD8 T cells are the same 

population or are in fact different subsets, and how the differing phenotypes and 

functions are generated and regulated will need to be assessed. 

 

Summary 

In this dissertation, we seek to understand the contribution of CD8 T cells and 

CXCR5+ CD8 Tfc cells to autoimmune disease by exploring the mechanisms by 

which CD8 T cells promote disease. The mechanisms underlying the 

development and progression of autoimmune disease has yet to be fully 

established. Using a model of systemic autoimmune disease (IL-2Rα-KO), we 

show that a culmination of factors, including Treg dysfunction, changes in T cell 

activation, and differences in cytokine signaling combine to drive disease 

progression and kinetics (Chapter 2). The function of CXCR5+ CD8 T cells and 

their localization, particularly how this relates to their role within the germinal 

center reaction, remains to be assessed. Here we show that CXCR5+ CD8 T 

cells localize to the germinal center and B cell follicle, produce cytokines 

indicative of CD4 Tfh cells throughout the B cell follicle, and that CD8-produced 

IL-21 does not impact B cell function as CD4 Tfh-produced IL-21 does (Chapter 
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3). This work demonstrates that CXCR5+ CD8 T cells share many features with 

CD4 Tfh cells but may contribute to B cell function through a different 

combination of mechanisms than CD4 Tfh cells. 
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FIGURES AND FIGURE LEGENDS 

 

Figure 1-1: IL-2 signaling pathways. Upon binding of IL-2 to the IL-2R, Jak-1 

and -3 become activated and further activate STAT5, PI3K, and Ras/MEK/Erk 

pathways to mediate survival, proliferation, cytokine responses, and gene 

expression. 
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Figure 1-2: Germinal center reaction. When B cells become activated, they 

migrate into the germinal center (blue region). Differentiating CD4 Tfh cells will 

also migrate into the B cell follicle (yellow region) and then the germinal center, 

where they provide signals to germinal center B cells to promote the cycling of 

germinal center B cells between the light zone (light blue region) and dark zone 

(dark blue region). In the dark zone germinal center B cells will undergo rounds 

of proliferation and somatic hypermutation before returning to the light zone to 

receive further antigen and CD4 Tfh cell stimulation. Germinal center B cells 

eventually leave the germinal center as memory B cells and plasma cells.  
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CHAPTER 3: CD8 follicular T cells localize throughout the follicle during 

germinal center reactions and maintain cytolytic and helper properties. 

Introduction 

CXCR5+ CD8 T cells arise during situations of chronic antigen and inflammation; 
including models of chronic viral infection, multiple cancer types, and antibody 
mediated autoimmune disease (1-3). In some conditions CXCR5 expression 
facilitates CXCR5+ CD8 T cell homing to CXCL13 expressed in B cell follicles, 
while some studies find persistent expression of CCR7 on CXCR5+ CD8 T cells 
prevents follicle entry (4-7). Irrespective of disease condition, CXCR5+ CD8 T 
cells express the transcriptional repressor Bcl-6 associated with CD8 T effector 
memory differentiation and CXCR5 expression (7-16). CXCR5+ CD8 T cells also 
demonstrate a gene profile associated with Bcl-6 function including TCF-1, E2A, 
and e-related proteins Id2 and Id3 expression (13, 17). Despite recent research 
that explores CXCR5+ CD8 T cells, variance in tissue localization, expression 
profiles, inflammatory conditions and developmental stages limit comparisons 
between existing studies.  

 

Functionally, CXCR5+ CD8 T cells respond in an antigen determined manner. 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 (7, 13). CXCR5+ CD8 T cells isolated from patients with colon 
cancer promote antibody mediated immune responses, whereas cells isolated 
from hepatocellular carcinoma promote antibody mediated immune responses 
and exhibit cytolytic capacity towards tumor cells (9, 18, 19). CXCR5+ CD8 T 
cells generated during inflammation also maintain cytolytic function (5). In the 
context of autoimmunity, we have previously shown that a subset of CXCR5+ 
CD8 T cells that co-express PD-1 and CXCR5, localize to the germinal center 
and mediate antibody class switching (10). Despite the emergence of 
comprehensive and robust research a consistent description of CXCR5+ CD8 T 
cell development and function remains elusive.  

 

As the priming cues for CXCR5+ CD8 T cells are similar to those for CD4 T 
follicular helper (Tfh) cells, the recruitment and entry of CXCR5+ CD8 T cells into 
the follicle and germinal center are likely also similar (3). CD4 Tfh entry into the 
germinal center begins upon antigen encounter and migration to the T-B border. 
Once there, interactions with B cells re-enforce key migratory protein expression, 
such as CXCR5 upregulation and CCR7 downregulation, which progresses as 
the CD4 Tfh cells move first into the follicle and then the germinal center (20). 
Once in the germinal center, CD4 Tfh and CXCR5+ CD8 T cells interact via 
cell:cell contact and cytokine secretion to influence B cell differentiation, antibody 
class switch and memory (21). The interaction between self-reactive CXCR5+ 
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CD8 T cells or CD4 Tfh cells and self-reactive B cells that arise during 
autoimmune disease may promote disease.   

 

We aim to define the function of CXCR5+ CD8 T cells within autoimmune 
disease, particularly in regards to their interaction with B cells. Here we show that 
autoimmune CXCR5+PD-1+ CD8 T cells (CD8 Tfc) develop despite IL-2 
concentration but instead expand with inflammation and the absence of T 
regulatory (Treg) cells. Similar to data described for CXCR5+ CD8 T cells in viral 
infection and cancer, CD8 Tfc maintain cytolytic capacity while, within the 
germinal center CD8 Tfc employ multiple cytokine and direct cell:cell 
mechanisms to manipulate B cell responses. These data provide further 
evidence that CD8 Tfc development requires exposure to chronic antigen and 
perhaps chronic inflammation and can promote autoimmune disease 
progression.  

 

Methods 

Mice, antibody depletions, and immunizations. BALB/c IL-2 knockout (KO), 
CD25 (IL-2Rα)-KO, IL-2.IFNγ-double KO (dKO), and IL-2.CD28-dKO were used 
with littermate IL-2 wildtype or heterozygous (WT) controls (22, 23). IL-2 
mediated autoimmune disease is not gender specific such that only age is used 
to determine disease and is indicated for each experiment. CD4 or CD8 
depletions were performed in WT and IL-2-KO mice by 5 intraperitoneal (i.p.) 
injections from day 8-16 of 20μg anti-CD4 (GK1.5; BioXcell) or anti-CD8 (2.43; 
BioXcell) Ab per gram weight. BALB/c hemizygous male Foxp3sf/Y (scurfy) mice 
and HET female FoxPsf/+ (scurfy-HET) littermate controls were used as 
previously described (10). Scurfy and scurfy-HET mice were depleted of IL-2 by 
5 i.p. injections from day 7-16 of age using 20μg/g mouse of anti-IL-2 (JES6-
1A12; BioXcell) or PBS (Omega). Male Scurfy mutant containing IL-2-KO (scurfy 
x IL-2) mice we generated by crossing scurfy heterozygous, IL-2 heterozygous 
females to IL-2-heteozyogous scurfy WT males for F1 progeny that contained 
both scurfy and IL-2-KO. MRL/MpJ-Faslpr/J (Mrl.lpr) mice (JAX000485) and 
MRL/MpJ mice, as controls for Mrl.lpr mice, aged 17 weeks or more were 
generously donated by Dr. Gabriela Loots at Lawrence Livermore National 
Laboratory. NOD mice generously donated by Dr. Hans Dooms at Boston 
University were used at 11 weeks of age after urine testing as glucose positive. 
Collagen-induced arthritis mice were generated as described (24) using 6–8-
week-old C57BL/6 mice (JAX000664) injected intradermally with 100µg type II 
chicken collagen in complete freund’s adjuvant (CFA) containing 200µg 
tuberculosis mycobacterium supplemented by a collagen boost of 50µg type II 
chicken collagen in incomplete freund’s adjuvant (IFA). B6N.129-Il21rtm1Kopf/J (IL-
21R-KO mice; JAX019115) were used to isolate B cells. All mice were housed 
and bred in specific-pathogen free conditions in accordance with UC Merced’s 
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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/or 
splenocytes were processed and stained in 1% fetal bovine serum (FBS; 
Omega) phosphate buffered saline (PBS; Omega). Splenocyte red blood cell 
(RBC) lysis was performed in 3mL of 1x ammonium chloride lysis buffer for 1 
minute at room temperature (RT). CXCR5+ PD-1+ CD4 Tfh or CD8 Tfc were 
identified as previously described (10). 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 (BD Biosciences), 
CD11c, CD11b, Ly6G (Gr-1), and B220 for 30 min at 4°C. CD4 Tfh and CD8 Tfc 
are described as live CXCR5+PD-1+B220-CD11c-CD11b-GR-1- and were gated 
by fluorescence minus one for CXCR5+PD-1+ cells. Non-CD4 Tfh and Non-CD8 
Tfc were determined as CXCR5-PD-1-. CD8 Tfc cells were evaluated for Treg 
markers by staining with CD122, CD44, and ICOSL or were fixed after CD8 Tfc 
surface staining with the FoxP3 fixation/permeabilization kit 
(Thermofisher/Invitrogen) following manufacturer instructions for intracellular 
staining then stained with Foxp3 and Helios. To assess B cell expression of 
activation induced deaminase (AID), cultured cells were surface stained for 
B220, CD19, and viability dye 506 for 30 min at 4°C. Cells were then fixed using 
the FoxP3 fixation/permeabilization kit prior to intracellular staining for AID 
(mAID-2) and fluorochrome-conjugated streptavidin for 45 min at RT for each. 

 

To isolate CD4 Tfh and CD8 Tfc, 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 greater than 85% purity. Naïve 
WT or IL-21R-KO B cells were isolated from splenocytes by staining for CD19, 
TCRβ, CD11c, CD11b, Gr-1 and fixable viability dye 506 for 30 min at 4°C. B 
cells were sorted at greater than 95% purity. All flow cytometry and cell sorting 
were performed on Becton Dickinson LSR-II and BD Biosciences Aria II 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 were stimulated with 50ng/ml Phorbol 12-
myristate 13-acetate (PMA) and 500ng/ml ionomycin with brefeldin A (BFA) for 5 
hours at 37°C 5% CO2. Post-stimulation staining was categorized into multiple 
panels. For all panels cells were surface stained with follicular cell markers above 
except streptavidin (SA), then fixed using the Foxp3 fixation and permeabilization 
kit and stained for intracellular cytokines. In panel 1, CD8 Tfc were stained with 
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SA, perforin, granzyme B, and IFNγ or SA, CD95L (FasL), granzyme B and IFNγ 
for 45 minutes at RT. In panel 2, CD8 Tfc were stained tertiarily with IL-21R-
chimeria for 1 hour at RT then with SA, IL-10, IL-4, and IL-21R for 45 minutes at 
RT. In panel 3, CD8 Tfc follicular cells were stained tertiarily with IL-21R-chimeria 
for 1 hour at RT then with SA, IL-21R, and IFNγ for 45 minutes at RT. To stain for 
CD107a, 5µl in 200µl stimuli was used during the 5-hour stimulation without BFA 
for the first hour.   

 

In vitro T cell and B cell culture assays. Indirect co-culture of T and B cells by 
supernatant was performed as described previously (10, 25). In brief, FACS 
isolated T cell populations were plated at 5x104 cells per well and activated with 
5μg/mL soluble anti-CD3ε (17A2; BioXCell) and 1μg/mL soluble anti-CD28 
(37.51; BioLegend) for 72 hours. Supernatant from activated T cells was plated 
with 5x104 sorted WT or IL-21R-KO B cells per well and with 1μg/ml anti-CD40 
(IC10) and 5μg/ml F(ab’)2 goat anti-mouse IgMμ (Jackson ImmunoResearch 
Laboratories) for 3 days for assessment of AID expression or 6 days for 
assessment of B cell Ab production by ELISA as described (10). For IL-4 
depleted co-culture, T cells were plated with stimuli and 2μg/mL anti-IL-4 (11B11) 
for 72 hours. Co-culture then proceeded as described. 

 

RNA isolation and analysis of RNA next generation sequencing. RNA 
sequencing (RNAseq) of 4 IL-2-KO CD8 T cell samples are available at NCBI 
GEO (accession number GSE112540) and as previously published (10). 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 each for IL-2-KO CD4 Tfh 
and IL-2-KO CD8 Tfc. Raw reads were used for the expression analysis. Quality 
and adapter content of raw reads were analyzed using FastQC (version 0.11.8).  
Adapter removal and quality trimming were performed using trimmomatic 
(version 0.38) (26). Read pairs were mapped to the patch assembly (C57BL/6J) 
of GRCm38/mm10 NCBI build 38.p6 (GCF_000001635.26) using Rsubread 
(version 1.34.7) reporting up to ten mapping locations with equal MAPQ scores 
(27). Read summarization was performed on the gene level using featureCounts 
using annotations from a modified version of the annotations for GRCm38/mm10 
containing only protein coding genes (28). Multi-mapping reads were counted but 
not treated as fractional counts when mapping to several genes, reads mapping 
across more than one gene. Genes with less than one count per million in at 
least three samples were removed. To account for varying sequencing depths, 
read counts were normalized using trimmed mean of M-values (TMM) in edgeR 
(version 3.26.8) (29).  Read counts were voom transformed using the 
voomWithQualityWeights function for differential expression analysis in limma 
(version 3.40.6) (30-32). Genes were considered differentially expressed if their 
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p-value was less than 0.05 after adjusting for false positive rate using Benjamini-
Hochberg correction (33). Heatmaps were generated with log2 count per million 
(log-CPM) using package pheatmap (version 1.0.12) (34).  T cells were grouped 
in the heatmap by subtype: follicular, effector, exhaustion, and memory. 
Expression (log-CPM) of IL-2-KO CD8 Tfc and IL-2-KO CD4 Tfh expression was 
merged with prior RNAseq of day 12 IL-2-KO CD8 T cells and generated a 
heatmap to visualize gene expression differences using the different sub-type 
groupings (GSE112540) (10). Comparisons were conducted between IL-2-KO 
CD8 Tfc and IL-2-KO CD4 Tfh. Differentially expressed genes were annotated 
with their biological process using enrichGO from clusterProfiler (version 3.12.0) 
using the org.Mm.eg.db (version 3.8.2) database (35, 36). All analysis for read 
mapping, summarization, and differential expression analysis were performed 
using R versions v3.5.1 and v3.6.0(37). Tidyverse (version 1.2.1) functions were 
used throughout the analysis for plotting and data wrangling (38). 

 

Microscopy and Immunofluorescence. Spleens from d18-21 IL-2KO, WT, and 
6-8-week-old WT mice 7-days post-keyhole limpet hemocyanin (KLH) with IFA 
injection were collected and frozen in OCT. 10 μm sections were sliced from 
spleens on a Leica CM1860 cryostat. Sections were fixed in ice-cold acetone 
prior to staining. For chemokine receptor staining, CXCR5 (2G8, BD 
Biosciences) was performed as a 3-step stain (39), CXCR4 (SPRCL5, Invitrogen) 
as a 2-step stain (40), and CD4 (GK1.5, Invitrogen) or CD8β (eBioH35-17.2, 
Invitrogen), IgD (11-26C, Invitrogen), and PNA (Vector Laboratories) as a one-
step 30 min stain. For cytokine staining, IL-4 (11B11, BD Bioscience) was 
performed as a 3-step stain (41), IL-21 (149204, R&D Systems) as a 2-step stain 
(39), and CD4 or CD8β, IgD, and PNA (Sigma-Aldrich) as a one-step 30 min 
stain. After staining, slides were treated with Fluoromount G (Southern Biotech) 
before a glass coverslip was sealed over it. The sections were visualized with a 
Zeiss LSM 880 confocal system. Images were taken at 10x (10x/0.45 Plan 
Apochromat; 420640-9900) and 40x (40x/1.2 LC LCI Plan Apochromat; 420862-
9970-799) objectives. Images were saved in three ways: 1) all 5 color channels; 
2) only CD4/CD8, IgD, and PNA; and 3) CD4/CD8, CXCR5 or IL-4, and CXCR4 
or IL-21. The latter two are used for counting analysis.  

 

Before counting, all images were assigned blinded names and counted 
independently by two individuals and averaged to determine final counts. Images 
were counted in ImageJ (version 1.52a) using the cell counter plugin. Outlines 
around germinal centers were drawn using the polygon tool and determined by 
PNA+IgD- areas. T cells (either CD4 or CD8) were counted first, then presence 
of other markers (CXCR4, CXCR5, IL-4, or IL-21) on counted cells was 
determined. Cells were defined by round shapes with clear CD4 or CD8 staining 
along the outer edge with no staining on the interior. Cells were considered 
positive for surface markers if the stain was present along the outer edge of the 
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cell. Cells were positive for cytokine if stain was present either on the cell edge 
and/or as puncta of stain on the interior. The same counting procedure was 
performed for the neighboring non-germinal center follicle. 

 
Statistics.  All statistics, except for RNAseq, were performed on GraphPad 
Prism (Version 8.0.0). Differences between two means was assessed by 
Student’s T test with a Welsh correction if indicated. Differences between 
multiple groups was performed by ordinary 1-way or 2-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 and 
described as NS= not significant, * p<0.05, ** p<0.01, or *** p≤0.001. 
 
Results  
CD8 Tfc arise in multiple models of autoimmune disease.  

Recent variability in the functional role of CXCR5+ CD8 T cells may be attributed 
to differences in nomenclature and potential subpopulations, thus we sought to 
understand CXCR5+ CD8 T cell function as it relates to PD-1 co-expression. 
During severe autoimmune disease, IL-2-KO CD4 and CD8 T cells have similar 
total CXCR5+ T cell frequencies, 7.32% and 6.4% respectively. Yet, when 
compared to CXCR5+ CD4 T cells, CD8 T cells have reduced CXCR5+ CD8 T 
cell total numbers. IL-2-KO CXCR5+PD-1+ CD4 Tfh cells comprise 50% of the 
total CXCR5+ CD4 T cell population while IL-2-KO CXCR5+PD-1+ CD8 T cells 
(here termed T follicular cells [Tfc]) comprise only 37% of total CXCR5+ CD8 T 
cells (Fig 3-1A). These, IL-2-KO CD8 Tfc express more ICOS costimulatory 
molecules (Fig 3-1B) and bcl-6 transcription factor (Fig 3-1C) than their IL-2-KO 
CXCR5+PD-1- CD8 T cell, IL-2-KO CXCR5-PD-1- CD8 T cell (non Tfc), and WT 
naïve CD8 T cell counterparts. Specific analysis of the PD-1+ subset of 
CXCR5+CD8 T cells (CXCR5+PD-1+ CD8 Tfc versus CXCR5+ CD8 T cells) may 
explain reported differences in function and development between disease 
models and cell subsets.  

 

CD8 Tfc function in response to systemic autoantigen may drive antibody 
production to exacerbate autoimmune disease. To determine which autoimmune 
conditions facilitate CD8 Tfc responses, we assessed models of systemic and 
tissue-specific autoimmunity. As previously determined, IL-2-KO and scurfy CD8 
Tfc frequency and total numbers were elevated when compared to WT naïve 
mice (Fig 3-2) (10). Autoimmunity in Faslpr mice presents as severe 
lymphoproliferation and antibody-mediated systemic lupus erythematosus (SLE) 
that is associated with an expanded Tfh population (42). During SLE in Faslpr 
mice splenic CD8 Tfc are also expanded, if less than CD4 Tfh, by frequency 
(10.84+/-5.4%) and total number (0.3x106+/- 0.2x106 cells) when compared to 
aged MRL.MpJ control mice (Fig 3-2). However, when we assessed tissue-
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specific models of autoimmunity, non-obese diabetic (NOD) and collagen 
induced arthritis (CIA), CD8 Tfc did not arise despite a detectable CD4 Tfh 
population (Fig 3-2).  It is possible that CD8 Tfc may instead be restricted to 
ectopic germinal centers or draining lymph nodes during tissue-specific 
autoimmunity. Together these data suggest that CD8 Tfc predominately arise in 
response to systemic antigen and expand by lymphoproliferation to impact 
autoantibody responses.  

 

CD8 Tfc have distinct germinal center populations in systemic autoimmunity. 

CD4 Tfh cells can function in the extrafollicular region to influence plasma cell 
development (43) and within the germinal center during B cell cycling and 
somatic hypermutation (44). To determine if CD8 Tfc can similarly promote 
regionalized B cell responses during autoimmune disease, we sought to 
understand CD8 Tfc localization in and around the B cell follicle. Extrafollicular 
CD4 T cells express increased CXCR4 and decreased CCR7. Further license to 
enter the germinal center requires the addition of CXCR5 and decreased CXCR4 
(40, 45). We first evaluated CXCR4 and CCR7 expression on IL-2-KO CD8 Tfc 
by flow cytometry. Unlike WT CD8 T cells (59.98 +/-9.08% CCR7+) or IL-2-KO 
CD8 non Tfc (58.16 +/-15.5% CCR7+) only a small population of CCR7+ CD8 
Tfc exist (11.89 +/-10.51% CCR7+) (Fig 3-3A). Instead, IL-2-KO CD8 Tfc have 
significantly higher frequency of CCR7- cells, of which, 58% are CXCR4- and 
29% are CXCR4+, significantly more than observed in IL-2-KO non Tfc or WT 
naive CD8 T cells.  The dominance of CD8 Tfc populations that express less 
CXCR4 and CCR7 suggest CXCR5+ is used to enter the light zone of the 
germinal center, while another CXCR4+CXCR5+ population likely populates the 
extrafollicular space (Fig 3-3B). 

 

To further determine CD8 Tfc localization within the tissue structure, we used 
immunohistochemistry to evaluate germinal centers, defined by PNA and IgD 
staining, during intermediate to late disease in IL-2-KO mice or in KLH-
immunized WT controls (Fig 3-3C, Fig 3-4A). As expected, germinal centers and 
follicles in KLH-immunized WT mice contained no CD8 T cells (Fig 3-4B) (10). 
We found that IL-2-KO mice had a significantly greater total number of CD4 
(1012.86 +/-364.55 per mm2, 1046.39 +/-340.0 per mm2) than CD8 (168.90 +/-
259.53 per mm2, 421.06 +/-173.61 per mm2) T cells when normalized to the GC 
and follicle area. Unsurprisingly, of the CD8 T cells counted, an equal number of 
CD8 T cells were identified within the follicle and the GC area, similar to CD4 T 
cells (Fig 3-3D). When germinal center IL-2-KO CD4 T cells were evaluated 
based on CXCR5 and CXCR4 expression, were split between CXCR5 
expression alone (25.58 +/-20.63%) and no expression (47.02 +/-25.80%) (Fig 3-
3E). In contrast, CD8 T cells tended to co-express more CXCR5 and CXCR4 
(86.28 +/-18.01%) than CXCR4 (3.13 +/-8.84%) or CXCR5 (2.95 +/-5.48%) 
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alone. This was also true of follicular localized CD8 T cells, although more 
follicular localized CD8 T cells expressed CXCR5 (12.98 +/-14.55%) or CXCR4 
(22.87 +/-16.33%) alone than their germinal center localized counterparts (Fig 3-
3F). Differences between confocal and flow results may be explained by 
differences between CXCR5+ PD-1+ CD8 Tfc cells and CXCR5+ PD-1- CD8 T 
cells. These data suggest that CD8 T cells, like CD4 T cells, are capable of 
localizing to the B cell follicle and germinal center. The high co-expression of 
CXCR5 and CXCR4 on germinal center CD8 T cells suggests that CD8 T cells 
may localize preferentially to the dark zone of the germinal center, rather than the 
light zone where CD4 T follicular helper cells generally reside.  

 

T cell regulation and not inflammation control CD8 Tfc differentiation. 

CD4 T cell responsiveness to IL-2 dictates CD4 Tfh development (46, 47). To 
begin interrogating how IL-2 deficiency and Treg cell function influence CD8 Tfc 
development, we manipulated IL-2 availability in IL-2 sufficient, Treg deficient 
scurfy mice (10).  We first depleted IL-2 in scurfy mice using anti-IL-2 antibodies. 
Splenocytes from scurfy depleted of IL-2 maintain a similar CD8 Tfc 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 3-5A). Then, to 
determine if germline IL-2 deficiency plays a greater role in CD8 Tfc 
development, we generated scurfy and IL-2-KO mice (scurfy x IL-2 mice). Scurfy 
x IL-2 splenocytes have slightly elevated CD8 Tfc compared to scurfy CD8 Tfc 
yet, scurfy CD8 Tfc (0.6+/-0.15%) and scurfy x IL-2 CD8 Tfc (6.01+/-2.71%) are 
significantly reduced in comparison to IL-2-KO CD8 Tfc (5.45+/-3.75%) (Fig 3-
5B). Further, the total number of splenocytes in scurfy, and scurfy depleted of IL-
2 but not scurfy x IL-2 mice were reduced compared to IL-2-KO mice (Fig 3-5C). 
The splenic CD8 Tfc expansion in IL-2-KO or scurfy x IL-2-KO mice compared to 
scurfy mice is likely due to differences in lymphoproliferation caused by lack of 
bioavailable IL-2 and not due to presence or absence of the Treg compartment 
(48). 

 

To test the possible influence of paracrine T cell interactions we depleted IL-2-
KO mice of either CD4 or CD8 T cells before disease onset and evaluated CD4 
Tfh or CD8 Tfc development at late-stage disease for PBS-treated IL-2-KO 
control mice. The frequency of IL-2-KO CD4 Tfh or CXCR5+PD-1lo CD4+ does 
not change in the absence of total CD8 T cells. However, in the absence of CD4 
T cells, including CD4 Tfh, activated T cells and remaining Tregs, only CD8 Tfc 
(1.3+/-0.87%) are significantly reduced compared to IL-2-KO control CD8 Tfc 
(4.43+/-3.1%) (Figure 3-5E). Further suggesting that unstable or dysfunctional 
CD4 Treg, T follicular regulatory cells (Tfreg) and/or T effectors may drive CD8 
Tfc development during autoimmune disease.  
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However, this CD8 Tfc population likely does not arise from Foxp3+ Treg or Qa-1 
restricted CD8 Treg populations previously defined in autoimmune disease (49, 
50). CD8 Tfc cannot be identified similarly to CD4 Tfreg expressing Foxp3, 
although a significant population of CD8 Tfc can express Helios compared to non 
CD8 Tfc (Fig 3-6A). Helios expression is required for stable Treg and CD8 Qa-1-
specific Treg to function but is also a marker of T cell activation and proliferation 
(51, 52). CD8 Tfc cells do not express significantly different levels of ICOSL 
despite significantly elevated CD122 and CD44 co-expression (Fig 3-6B), 
suggesting that helios expression by CD8 Tfc is an indication of activation rather 
than Treg differentiation. These data suggest that CD8 Tfc development is likely 
due to the absence of functional Tregs allowing for excessive T co-stimulation 
and signaling within the B cell follicle and enhanced by the absence of IL-2 
signaling. CD8 Tfc cells then continue to expand during situations of 
lymphoproliferation promoted by IL-2 deficiency.  

 

CD8 Tfc cell transcriptional expression indicates cytotoxic and B cell helper 
functionality, and a memory-like profile. 

In autoimmune disease CD8 Tfc cells upregulate genes associated with a CD4 
Tfh phenotype (10) but is also distinct from both naïve CD8 T and CXCR5- CD8 
T cell transcriptional profiles (7). To determine how closely autoimmune CD8 Tfc 
cells resemble CD4 Tfh cells we performed RNAseq on IL-2-KO CD4 Tfh and IL-
2-KO CD8 Tfc cells sorted from day 15-16 spleens. Differential expression 
analysis yielded 1118 genes (479 upregulated; 639 downregulated) that are 
differentially expressed between CD4 Tfh and CD8 Tfc (Fig 3-7A). IL-2-KO CD8 
Tfc cells upregulated T cell activation genes Sema4a, Crtam, Tnfsf4, and CD8 
effector genes Ctsw, Nkg7, Klrd1, and Perf1 (Figure 4A).  In line with trends 
observed in gene expression, differential gene expression categorized by gene 
ontology indicate cytokine production, cell:cell adhesion and T cell activation as 
top biological processes eluding to dynamic IL-2-KO CD8 Tfc function (Fig 3-7B). 
 
To further evaluate CD8 Tfc functional capacity we compared IL-2-KO CD4 Tfh 
and CD8 Tfc expression for known select genes associated with CD4 Tfh and 
CD8 effector T cells. As a visual comparison without direct analysis, we added 
our prior RNAseq of IL-2-KO day 12 total CD8 T cells (GSE112540) (Figure 3-
7C) (10). Consistent with prior observations, IL-2-KO CD8 Tfc upregulate genes 
associated with CD4 Tfh, including Icos, Bcl-6, and Cd28, especially when 
assessed against IL-2-KO total CD8 T cells. Although, CD4 Tfh-associated 
genes upregulated in IL-2-KO CD8 Tfc are expressed at lower levels than in IL-2-
KO CD4 Tfh, suggesting that IL-2-KO CD8 Tfc may not function as efficiently as 
traditional CD4 Tfh and may instead maintain diverse functional capacity (10). In 
fact, Vdr, Sosdc1, Il21, and Cd40lg expression is lower in IL-2-KO CD8 Tfc 
relative to IL-2-KO CD4 Tfh. In contrast to CXCR5+ CD8 T cells identified in 
chronic viral infection, IL-2-KO CD8 Tfc maintain effector gene expression via 
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upregulated Perf1 but not Gzmb or Ctla4 compared to IL-2-KO CD4 Tfh cells and 
also upregulate exhaustion markers such as Lag3, Havcr2 (Tim3) and Cd160. 
Strikingly both IL-2-KO CD8 Tfc and CD4 Tfh express this exhaustion pattern 
suggesting a potential feedback mechanism for slowing antibody production 
during autoimmune disease. Together these data demonstrate that CD8 Tfc cells 
maintain a unique transcriptional profile incorporating CD4 Tfh associated 
cytotoxic CD8 T cell gene patterns permitting diverse functional potential. 

 

CD8 Tfc 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 
(4, 53, 54). Our RNAseq analysis reveals that IL-2-KO CD8 Tfc transcriptionally 
express cytolytic genes so we investigated whether CD8 Tfc have cytolytic 
capacity during autoimmune disease. We examined the production of CD107a, 
granzyme B, perforin, and TNF. A significantly higher frequency of IL-2-KO CD8 
Tfc produce CD107a, granzyme B, perforin, and TNF than IL-2-KO CD8 non Tfc. 
However, by mean fluorescent intensity (MFI) only CD107a and TNF are 
significantly higher in IL-2-KO CD8 Tfc than IL-2-KO CD8 non Tfc and naïve WT 
CD8 T cells (Fig 3-8A). Further, as a cytolytic population IL-2-KO CD8 Tfc are 
more likely to be polyfunctional producing two or more cytolytic proteins (57.39% 
double; 5.46% triple) than IL-2-KO CD8 non Tfc (13.96% double; 0.43% triple) 
(Fig 3-8B). IL-2-KO CD8 Tfc co-produce granzyme B and IFNγ (9.80%) or IFNγ 
and TNF (47.0%), but can also produce granzyme B (1.34%), IFNγ (25.8%) or 
TNF (2.45%) alone (Fig 3-8B). Thus, individual CD8 Tfc maintain lytic capacity 
via CD107a and TNF but as a population could mediate a lytic environment 
during autoimmune disease. CD8 Tfc maintain diversity as a population, 
producing somewhat different cytokines and cytolytic proteins in individual cells. 
Whether this represents different stages of differentiation and function, or a 
limitation on detection remains unknown.  

 

IL-2-KO CD8 Tfc also transcribe genes associated with CD4 Tfh function (Fig 3-
7) and can promote IgG class switch in vitro (10). CD8 T cells expressing IL-21 in 
human nasal polyps co-express IL-17 and IFNγ promote IgG class switch in vitro 
(55) suggesting a role for CD8 T cell cytokine mediated antibody class switch. To 
evaluate mechanisms by which CD8 Tfc promote antibody class switch we 
measured cytokines associated with germinal center reactions. A population of 
IL-2-KO CD8 Tfc produced significantly more IFNγ, IL-21 and IL-17 with an 
elevated frequency producing IL-4 than naïve CD8 T cells or CD8 non Tfc. By 
MFI, only IFNγ and IL-4 were significantly produced by IL-2-KO CD8 Tfc cells 
compared to naïve CD8 T cells and IL-2-KO CD8 non Tfc (Fig 3-9A). Similar to 
cytolytic protein production in IL-2-KO CD8 Tfc, Tfh-associated cytokines are co-
produced (4.77% double; 0.44% triple) compared to IL-2-KO non Tfc (0.51% 
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double, 0.01% triple) (Fig 3-9B). While IL-2-KO CD8 Tfc can co-produce IL-21 
and IL-4 (3.40 %), a greater frequency express IL-21 (3.16%) or IL-4 (20.0%) 
alone (Fig 3-8D). CD8 Tfc maintain a diverse repertoire of cytokine expression 
with the capacity to be both lytic and promote helper-like responses.  

 

Since CD8 Tfc maintain a broad diversity of effector cytokine production within 
the population, we next assess where CD8 Tfc cytokine-mediated function 
localizes within lymphoid tissue using immunohistochemistry. Splenic tissue 
sections were stained for IL-21 and IL-4, and IgD and PNA to determine germinal 
center position (Fig 3-10A). Both CD4 and CD8 T cells in the germinal center and 
follicle have a large and significant frequency of IL-4 and IL-21 double-negative 
cells (50.39 +/-15.03%, 29.49 +/-32.28%), suggesting that these cells are 
potentially producing other cytokines not examined here (Fig 3-10B and 3-10C). 
CD4 T cells in the germinal center and follicle produced a mix of these cytokines, 
equally producing IL-4 (18.93 +/-15.85%), IL-21 (11.56 +/-5.93%), and the two in 
combination (19.12 +/-14.66%) (Fig 3-10B). CD8 T cells present in the germinal 
center and follicle of IL-2-KO primarily and significantly produce IL-4, similar to 
what is seen by flow cytometry (Fig 3-9B and 3-10C). Further, fairly equal 
amounts of IL-4+ CD8 T cells were found in IL-2-KO germinal center (49.27 +/-
39.0%) and follicle (43.02 +/-15.29%), suggesting that CD8 T cells may provide 
cytokine-mediated B cell help equally in both locations, potentially affecting B cell 
responses as they enter or leave the germinal center.  

 

B cell class switch and AID induction directed by CD8 Tfc  

B cell responses to cytokine often initiate in the extrafollicular region of the B cell 
follicle for plasma cell development (43) followed by somatic hypermutation and 
B cell cycling within the germinal center (44). Presence of CD8 T cells in the 
follicle, germinal center and extrafollicular region, and demonstrated capacity for 
producing B cell acting cytokines, led us to next evaluate B cell responses 
induced by CD8 Tfc cytokines.  

 

CD4 Tfh through cytokines like IL-21 and surface proteins CD40L promote the 
expression of AID, responsible for antibody class-switching and somatic 
mutation, in GC B cells (20, 21). To assess CD8 Tfc-produced cytokine 
contribution to B cell AID expression, WT or IL-21R-KO B cells were stimulated 
using supernatant from cultured CD8 Tfc and CD4 Tfh then assessed for 
intracellular AID. As expected, the inability of IL-21R-KO B cells to respond to 
CD4 Tfh-produced IL-21 reduced B cell AID expression. However, this was not 
the case for CD8 Tfc; AID induction by CD8 Tfc occurred independent of IL-21 
responsiveness by the B cells (Fig 3-10D). Given the majority of CD8 Tfc cells 
produce primarily IL-4, we also assessed the contribution of CD8 Tfc cell IL-4 on 



48 
 

B cell function. To address this, IL-4 was depleted from T cell supernatant before 
addition to sorted WT B cells. In contrast to IL-21, when IL-4 was removed from 
CD4 Tfh and CD8 Tfc cell supernatant B cell expression of AID was reduced (Fig 
3-10E). This suggests that while IL-21 is a key cytokine for mediating CD4 Tfh 
function, it may not play as significant a role for CD8 Tfc function. Together these 
data demonstrate that CD8 Tfc mediate B cell responses, at least in part, via 
cytokine secretion within the germinal center. To facilitate autoantibody 
responses CD8 Tfc likely work in synergy with CD4 Tfh cells. 

 

Discussion 

Together, these data demonstrated that CD8 Tfc comprise a functionally non-
redundant subset of CXCR5+ CD8 Tfc in systemic autoimmune disease. CD8 Tfc 
develop in the absence of functional Tregs and expand in the context of 
lymphoproliferation. CD8 Tfc maintain significant effector cytokine levels to 
function as B cell helpers in germinal center and follicular reactions, although 
their function is not limited to CD4 Tfh activities. By transcriptional profile and 
protein expression, CD8 Tfc resemble CD4 Tfh cells. IL-2-KO CD8 Tfc acquire 
the capacity to produce helper cytokines including the co-expression of IL-21 and 
IL-4. However, CD8 Tfc maintain the capacity for cytolytic function and express 
granzyme B and TNFα, suggesting the potential for functional mechanisms that 
diverge from CD4 Tfh cells. Although, gene profiling (Fig 3-7) indicates that IL-2-
KO CD4 Tfh cells also acquire substantial cytotoxic gene expression perhaps 
due to reduced Tfregs in the absence of IL-2.  

 

While both IL-2-KO CD4 Tfh and CD8 Tfc promote cytokine-mediated B cell AID 
induction, CD8 Tfc do not utilize IL-21 to mediate B cell responses. This is in 
contrast to CD4 Tfh cells that utilize IL-21 for AID induction and antibody class 
switching (43). Instead CD8 Tfc may use IL-4 or combinatorial interactions to 
mediate B cell responses.  It is possible that direct cell:cell interactions such as 
CD40L known to be elevated on CD8 Tfc or mechanisms unique to CD8 Tfc are 
responsible for CD8 Tfc helper activity (10). In this study we cannot rule out a 
role for IL-2-KO CD8 Tfc cytolytic responses in antibody generation or in driving 
autoimmunity. However, CD8 Tfc position coupled with cytokine production in the 
germinal center and follicle, along with AID induction suggest a dominant helper-
like role. A cytotoxic role for CD8 Tfc can also be imagined for promoting 
apoptosis within the affinity maturation process, although this has not been 
assessed in any models of CXCR5+ CD8 T cell generation.  T cells interact with 
B cells at the follicular border, begin the germinal center reaction. CD8 Tfc 
localization within the follicle places these cells spatially within this interaction. IL-
4+ CD8 Tfc broad localization throughout the follicle and germinal center suggest 
that CD8 Tfc may promote B cell activities in either location during autoimmune 
disease. Whether this holds true will likely require live imaging studies between 
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CD8 Tfc and B cells. The types of B cell activities that CD8 Tfc cells influence are 
not fully defined such as regulating somatic mutation, memory and short-lived or 
long-lived plasma cell differentiation, and movement within the germinal center. 
However, we know that CD8 T cells promote plasma cell differentiation and 
antibody class switch, but do not alter germinal center B cell numbers (10).    

 

Differences in the helper function we define in autoimmune CD8 Tfc as 
compared to the cytolytic function of CD8 Tfc in chronic viral infection may be in 
part related to different CXCR5+ CD8 T cell subset definitions. Studies of 
CXCR5+ CD8 T cells in chronic viral infection and cancer have not separated 
CD8 Tfc from the total CXCR5+ CD8 T cell population. However, we show that 
IL-2-KO CXCR5+PD-1+ CD8 Tfc maintain a higher capacity for co-stimulatory 
and Bcl-6 transcription factor expression than CXCR5+PD-1- CD8 T cells in 
autoimmune disease. 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 function is dictated by antigen 
type, prevalence, and localization.  

 

CD8 Tfc in autoimmune disease appear in multiple models of systemic 
autoimmune disease, including IL-2 sufficient autoimmunity, promoting the 
hypothesis that CD8 Tfc development is associated with Treg dysfunction and 
not IL-2 regulation. Yet, some questions remain regarding the contribution of 
Treg deficiency or IL-2 signaling to CD8 Tfc development. IL-2 inhibits CD4 Tfh 
cell differentiation via STAT5 (56, 57). Yet, when IL-2 is depleted in scurfy mice 
CD8 Tfc fail to expand but IL-2-KO x scurfy mice have an increased frequency of 
CD8 Tfc. This contradictory data can be explained, in part, by the 
lymphoproliferation exhibited by IL-2 x scurfy (48) that is absent in IL-2 depleted 
scurfy. Together, this supports the hypothesis that Treg deficiency releases CD8 
Tfc function while IL-2 deficiency promotes lymphoproliferation associated with 
CD8 Tfc expansion. As CD8 Tfc can still develop even in the absence of CD4 T 
cells, including Tregs, albeit much less than in the presence of CD4 cells, it 
reasons that alternative mechanisms may initiate CD8 Tfc differentiation. To fully 
clarify the role of Treg control on CD8 Tfc development additional studies are 
needed. 

 

CD8 Tfc are an effector T cell population closely associated with late-stage 
autoimmune disease that present with lymphoproliferation, autoantibodies and 
systemic activation, germinal center development including SLE and AIHA. As 
such CD8 Tfc represent a promising avenue for autoimmune treatment. 
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FIGURES AND FIGURE LEGENDS 

 
Fig 3-1. CXCR5+ CD8 T cells constitute PD-1 high- and low-expressing 
populations. Flow cytometric analysis of CXCR5 and PD-1 expression on CD4 
or CD8 T cells from 17–21-day old IL-2-KO or WT LN gated on live B220-CD11c-

CD11b-GR-1-. (A) Frequency and total number of 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 naïve CD8 T cells, IL-2-KO CD8 non-Tfh, IL-2-KO 
CXCR5+PD-1- (X5+PD-1-), and IL-2-KO CD8 Tfc . (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. 
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Fig 3-2. CD8 Tfc arise in multiple models of autoimmune disease. (A) 
Representative flow plots compare CXCR5 and PD-1 expression on live B220-

CD11c-CD11b-GR-1-. CD4 or CD8 T cells splenocytes between 17–21-day old 
IL-2-KO and WT littermate controls, 17-23-week old Faslpr and MRL.MpJ 
controls, 11 week old diseased (urine-glucose positive) NOD and 6-14-week old 
WT controls, and 7-week post-induction CIA and PBS control mice. (B) 
Frequency and total number of CD8 Tfc in the indicated model is 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. 
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Fig 3-3. CD8 Tfc localize to GC and follicle. (A, B) Splenocytes from 17–21-
day old IL-2-KO and WT littermate controls were stained to identify CD8 Tfc. (A) 
The frequency of CCR7+ or (B) the mean frequency of CCR7 and CXCR4 (X4) 
co-expression ± SD was analyzed on bulk WT CD8, IL-2-KO non Tfc and IL-2-
KO CD8 Tfc. (C) Representative images of 19–21-day old IL-2-KO spleen 
sections that were stained for CXCR5, CXCR4, PNA, IgD, and CD4 or CD8. The 
outlined germinal center was defined as high PNA and low IgD are shown. (D) 
Quantification of CD4 or CD8 T cells counted in immunofluorescence images at 
40x asper mm2 of the counting area. (E) Frequency of CD4 or (F) CD8 T cells co-
expressing CXCR5 andCXCR4 within the germinal center (filled circle) or follicle 
(open circle). Data representative of 3-4 independent experiments. (A, D-F) Each 
symbol indicates an individual animal. Statistics: (A, D-F) 1-way ANOVA with 
multiple comparisons and Bonferroni correction, (B) 2-way ANOVA with multiple 
comparisons and Bonferroni correction.  
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Fig 3-4. CD8 T cells do not localize to the GC following KLH immunization. 
(A) KLH-immunized WT spleen sections were stained for CXCR5, CXCR4, PNA, 
IgD, and CD4 or CD8. Region outlined is the germinal center, defined by high 
PNA and low IgD. (B) Quantification of CD4 or CD8 T cells counted in 
immunofluorescence images at 40x. (per mm2 calculated from the area that cells 
were counted in) (C) Frequency of CD4 T cells expressing CXCR5 and/or 
CXCR4 of total CD4 T cells counted within the given region. Data representative 
of 4 experiments with a total n of 5-9 per group.  Statistics one-way ANOVA with 
multiple comparisons and Bonferroni correction. 
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Fig 3-5. CD4 T cells and IL-2 controls CD8 Tfc differentiation.  Splenic CD8 
Tfc frequencies were compared between (A) 17-21-day old IL-2-KO, 16-21-day 
old scurfy mice treated 5 times with PBS (scurfy) and anti-IL-2 (scurfy aIL-2) 
or(B) 18–20-day old IL-2-KO, scurfy, and scurfy x IL-2-KO (Scurfy x IL-2) mice. 
(C) Total splenocyte number in scurfy, scurfy aIL-2, Scurfy x IL-2, and IL-2-KO 
mice described in A and B. (D) IL-2-KO mice were treated 5 times with anti-CD4 
or anti-CD8 between 8-16-days of age to deplete either CD4 or CD8 T cells. The 
frequency and total number of CD4 Tfh and CD4 CXCR5+PD-1lo in the absence 
of CD8 T cells or CD8 Tfc and CD8 CXCR5+PD-1lo in the absence of CD4 T cell 
was compared to PBS-treated IL-2-KO mice. Each symbol indicates an individual 
animal. Data representative of 2-4 independent. Statistics: (A-C) 1-way ANOVA 
with multiple comparisons and Bonferroni correction. (E) unpaired Student’s t-test 
with a Welch correction. 
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Fig 3-6. CD8 Tfc are not CD8 Treg subsets. Flow cytometric analysis of WT 
naïve CD8 T cells, IL-2-KO CD8 non-Tfh, or IL-2-KO CD8 Tfc from 17-21-day old 
WT or IL-2-KO LN. (A) Representative plots and frequency comparisons of total 
Helios expression or co-expression of Helios and Foxp3. (B) Evaluation of Qa-1 
restricted CXCR5+ ICOSL+ CD8 Tregs first as CD122 and CD44 on CD8 T cells, 
then as expression of CXCR5 and ICOSL within the CD8+CD122+CD44+ 
population. Each symbol indicates an individual animal. Data is representative of 
2-4 independent experiments. Statistics: (A) 1-way ANOVA with multiple 
comparisons and Bonferroni correction, (B) paired Student’s T test.  
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Fig 3-7. CD8 Tfc transcriptional profiling highlights a diverse helper-like 
and memory phenotype. RNAseq of 2 independent IL-2-KO CD4 Tfh and CD8 
Tfc from 6-7 pooled LN and Spl. (A) Volcano plot of differential expression 
defined as log fold change (LFC) of IL-2-KO CD8 Tfc vs IL-2-KO CD4 Tfh with 
479 upregulated and 639 downregulated genes. (B) Gene Ontology plot of top 10 
categories. X-axis shows the gene ratio which indicates the quantity of genes 
present from each category divided by total number of differentially expressed 
genes. (C) Heatmaps containing normalized gene expression (Log-CPM) marked 
by different gene class. Cell type is defined as the first column labeled “CellType” 
of the heatmap, marker type is defined as “Gene.Class” as the first row at the 
top.   
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Fig 3-8. CD8 Tfc maintain cytotoxic capacity. IL-2-KO and WT lymphocytes 
were stimulated with PMA and ionomycin with BFA for 5 hours, then analyzed for 
cytokine expression in WT naïve CD8 T, IL-2-KO CD8 non Tfc and IL-2-KO CD8 
Tfc populations. (A) Frequency of cytokine expressing cells and mean 
fluorescence intensity of (MFI) of CD107a, Granzyme B, Perforin and TNFα. (B) 
Pie charts illustrate polyfunctional cytolytic protein expression by IL-2-KO CD8 
Tfc and non-CD8 Tfc. Grey scale figures show non-producing, single, double and 
triple expression of the total population. Color figures show expression of 
Granzyme B, IFNγ and/or TNFα as a percentage of the cytokine expressing 
population defined. Each symbol indicates an individual animal. Data 
representative of 3-6 independent experiments. Statistics: (A) 1-way ANOVA with 
multiple comparisons and Bonferroni correction.  
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Fig 3-9. CD8 Tfc possess helper capacity. IL-2-KO and WT lymphocytes were 
stimulated with PMA and ionomycin with BFA for 5 hours, then analyzed for 
cytokine expression in WT naïve CD8 T, IL-2-KO CD8 non Tfc and IL-2-KO CD8 
Tfc populations. (A) Frequency of cytokine expressing cells and MFI of IFNγ, IL-
21, IL-4, and IL-17.  (B) Pie charts illustrate polyfunctional Tfh-associated protein 
expression by IL-2-KO CD8 Tfc and non-CD8 Tfc. Grey scale figures show non-
producing, single, double and triple expression of the total population. Color 
figures show expression of IL-4, IL-10 and/or IL-21 as a percentage of the 
cytokine expressing population defined. Each symbol indicates an individual 
animal. Data representative of 3-6 independent experiments. Statistics: (A) 1-way 
ANOVA with multiple comparisons and Bonferroni correction.  
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Fig 3-10. CD8 Tfc produce IL-4 and IL-21 within GC and follicle. (A) IL-2-KO 
spleen sections were stained for IL-4, IL-21, PNA, IgD, and CD4 or CD8. Region 
outlined is the germinal center, defined by high PNA and low IgD. (B, C) 
Frequency of (B) CD4 or (C) CD8 T cells expressing IL-4 and/or IL-21 of total 
CD4 or CD8 T cells counted within the given region. (D, E) Sorted IL-2-KO CD4 
Tfh and CD8 Tfc were stimulated for 3 days with anti-CD3 and anti-CD28, with 
(E) or without (D) neutralizing anti-IL-4. T cell supernatant was then plated with B 
cells and anti-IgM and anti-CD40 for 3 days. B cells were then collected and 
assessed for AID expression by flow cytometry. MFI for each experiment was 
normalized to Tfh with WT B cells, setting that condition to 1. Data representative 
of 4 experiments with a total n of 4 per group for D and n of 5-8 per group for C-
D. Statistics (D, E) paired Student’s t-test, (B-C) one-way ANOVA with multiple 
comparisons and Bonferroni correction. 
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CHAPTER 4: CONCLUSION AND FUTURE DIRECTIONS 

 

CONTRIBUTIONS TO THE FIELD 

Autoimmune disease 

The work presented here is the first to our knowledge to computationally 

assess and predict autoimmune disease kinetics in IL-2Ra-deficient mice. 

Peripheral blood parameters were assessed through principal component 

analysis to predict disease endpoint in a mouse model of autoimmune disease 

and use that prediction to assess parameters that drive differences in disease 

kinetics (Chapter 2). This work contributes to the understanding of what drives 

disease progression in a model of autoimmunity, including T cell activation 

states, signaling responsiveness, and Treg function, and suggests that multiple 

small changes can contribute to large differences in disease kinetics. This 

suggests that factors that influence human autoimmune disease progression may 

also be present early, but that multiple factors may need to be considered 

holistically in assessing disease outcomes. This approach could help with 

determining what early factors drive autoimmune disease progression; however, 

more work with autoimmune models with longer progression and kinetics may 

help to tease apart what factors may apply to human autoimmune disorders. 

Further, our work contributes to the understanding of the role of CD8 T cells 

in autoimmune disease. Our work shows that the decrease of IL-10 production 

from CD8 T cells and CD8 Tregs, along with the decreased IL-7 responsiveness 

and increased apoptosis may contribute to more rapid autoimmune disease 

progression (Chapter 2). The work presented here adds to our understanding 

that CD8 T cells can contribute to both the progression and prevention, or in this 

case delay, of autoimmune disease (1). 

Germinal Center Reactions, CD8 Tfc cell regulation and function 

 While the germinal center reaction has been studied extensively, and the 

dynamics and interactions involved are well established, there are many 

remaining questions. The identification of a CD8 T cell population that localizes 

to the B cell follicle and germinal center (Chapter 3 and (2)) raises the question of 

their role in the germinal center and B cell antibody responses, particularly 

whether CD8 Tfc cells contribute uniquely or redundantly to B cell responses. 

The work presented here indicates that CXCR5+ CD8 T cells localize within the 

B cell follicle and the germinal center and produce CD4 Tfh-associated cytokines 

IL-21 and IL-4, particularly IL-4. Further our work shows that CD8 T cells within 

the germinal center express a chemokine receptor pattern (CXCR5+ CXCR4+) 

suggestive of dark zone localization, but work remains to confirm that CD8 T 
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cells are present in this region. Work remains to determine whether CXCR5+ 

CD8 T cells contribute to B cell responses outside of the follicle and to what 

extent they rely on cell-contact dependent signals to contribute to B cell help. 

Further, work remains to identify whether CD8 Tfc cells contribute to germinal 

center reactions uniquely from CD4 Tfh cells, particularly in the context of 

autoimmune disease. Given the possible dark zone localization of CD8 Tfc cells 

there is the potential of unique contribution to B cell responses due to localizing 

to a region that CD4 Tfh cells do not. 

 Since the identification of CD8 T cells in ectopic germinal centers in 

rheumatoid arthritis in 2002 and subsequent work characterizing CXCR5+ CD8 T 

cells in a variety of settings, some of the signals that regulate this population 

have been identified. E2A, Tcf1, Id2, and Id3 are implicated in the differentiation 

of this population (3-7). Since IL-2 suppresses CD4 Tfh cell generation and the 

expression of Bcl6, a key transcription factor for the expression of CXCR5, IL-2 

was assessed for its influence on CXCR5+ CD8 T cells (8-11). In collaboration 

with a prior graduate student, work presented in Chapter 3 shows that CXCR5+ 

CD8 T cells arise in the presence of Treg dysfunction alone, such as is present in 

scurfy mutant mice; however, depletion or genetic absence of IL-2 increases the 

frequency of this population. The increase in CXCR5+ CD8 cells is likely due to 

extensive lymphoproliferation rather than a direct result of IL-2 on the 

differentiation of CXCR5+ CD8 T cells. A study using CD8-specific deletion of 

STAT5 also showed CXCR5+ CD8 T cells developing, which suggests that 

STAT5 regulates the differentiation of this subset (12). Since several cytokines, 

including IL-2, IL-7, and IL-15, all utilize STAT5, more work needs to be done to 

assess the influence of IL-2 and other STAT5-mediated cytokines on CXCR5+ 

CD8 T cell development. 

 CXCR5+ CD8 T cells have been identified in a variety of settings – chronic 

viral infection, cancer, and autoimmune disease – and with a variety of proposed 

functionality – cytolytic, helper, and precursor to memory and exhaustion (2-4, 

12-24). We have shown that CXCR5+ CD8 T cells in autoimmune disease are 

phenotypically and functionally similar to CD4 Tfh cells (2). We have 

demonstrated that CD8 T follicular (Tfc) cells produce CD4 Tfh-associated 

cytokines IL-21 and IL-4 (Chapter 3). We identified the possibility of CD8 T cells 

localizing to the dark zone of the germinal center, but the limitations of the 

current study did not allow for assessing whether CD8 T cells in the dark zone 

are also producing IL-21 or IL-4. We have further assessed the contribution of 

these cytokines to CD8 Tfc cell function in providing B cell help. Our work 

suggests that IL-21 produced by CD8 Tfc cell does not influence B cell antibody 

class-switching or expression of activation-induced cytidine deaminase, while IL-

4 from CD8 Tfc cells induces AID (Chapter 3). The mechanisms underlying the 

differences between B cell responses to CD4 and CD8 derived cytokines is 
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unknown but may provide novel regulation cues to the tightly regulated GC 

reactions. Further the contribution of contact-dependent interactions from CD8 

Tfc cells on B cell responses remains to be determined, as this was not assessed 

in the presented work. 

 

FUTURE DIRECTIONS  

 The work here has contributed to identifying the function of CD8 Tfc cells 

in autoimmune disease. CD8 Tfc cells in autoimmune disease phenotypically and 

functionally resemble CD4 Tfh cells, including localizing to the B cell follicle and 

germinal center, producing IL-4 and IL-21, and increasing B cell AID expression. 

Work remains assessing the role of CD8 Tfc cells in B cell responses. Previous 

work suggests that CD8 Tfc cells may increase plasma cell differentiation, but 

where CD8 Tfc cells contribute to plasma cell differentiation and whether they 

contribute to long-lived or short-lived plasma cells remains to be determined 

(Figure 4-1, (2)). It has not yet been assessed how CD8 Tfc cells may influence 

memory B cell differentiation, in general or in regard to specific memory B cell 

subsets (Figure 4-1). Further, given the potential for CD8 Tfc cells to localize to 

the dark zone of the germinal center, the function of these cells within this zone 

needs to be investigated. Since CD8 Tfc cells retain cytolytic molecule 

expression, CD8 Tfc cells may contribute to B cell apoptosis in the dark zone. 

CXCR5+ CD8 T cells have been studied across settings and phenotypes and 

have the potential for cytolytic and helper function. These cells are responsive to 

PD-1 blockade, making them a therapeutic target for chronic viral infection and 

cancer. This work further suggests that CXCR5+ CD8 T cells are a progenitor 

effector memory population that seeds the anti-tumor and anti-virus CD8 T cells 

(5, 16); however, the potential of CXCR5+ CD8 T cells to promote B cell antibody 

production in autoimmune disease has implications for their contribution to 

immune adverse events that occur during checkpoint inhibitor blockade treatment 

((2), Chapter 3). Thus CXCR5+ CD8 T cells should be studied further in the 

context of immune checkpoint blockade, particularly whether their re-activation in 

this scenario leads to auto-antibody production and development of immune 

adverse events. Given the ability of CXCR5+ CD8 T cells to promote B cell 

responses in autoimmune disease, these cells likely contribute to the 

development of autoimmune-like immune adverse events following PD-1 

checkpoint blockade. 

The differentiation cues for CXCR5+ CD8 T cells, particularly as this subset 

manifests with different phenotype and function in a variety of contexts, needs to 

be studied more. A few genes have been identified that regulate the development 

of these cells, including E2A, TCF-1, Id2, and Id3, but the cues that drive the 
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differentiation of these cells has yet to be determined. Further, since CXCR5+ 

CD8 T cells have been identified in multiple settings with a variety of functions 

the question remains to what extent is the regulation of these cells similar or 

different across settings and function. In particular an assessment of 

transcriptomics across settings may be necessary to fully dissect how the 

regulation of this subset differs across settings and how CXCR5+ CD8 T cells in 

these different settings relate to each other. 

 My work suggests that CXCR5+ CD8 T cells in autoimmune disease are 

phenotypically and functionally similar to CD4 Tfh cells ((2), Chapter 3). It 

remains to be determined whether these cells are regulated by the same signals 

and mechanisms that regulate the development of CD4 Tfh cells, including 

strong antigen and IL-6 stimulation (9, 10, 25-28). More recent work suggests 

that CD4 Tfh cells develop from IL-2 producing activated CD4 T cells and that 

these cells utilize different metabolic pathways from other effector cells (29, 30). 

Future work should assess whether these aspects of CD4 Tfh cell differentiation 

apply to the differentiation of CXCR5+ CD8 T cells, including whether CXCR5+ 

CD8 T cells arise from IL-2-producing activated CD8 T cells and/or CD8 T cells 

with the strongest TCR stimulation. Preliminary data suggests that CD8 Tfc cells 

and CD4 Tfh cells have similar TCR responsiveness (Figure 4-2), indicating that 

CD8 Tfc cells may also differentiate from CD8 T cells with strong TCR 

stimulation. Our work here suggests that CD8 Tfc cell differentiation is dependent 

on CD4 T cells, as the depletion of CD4 T cells significantly reduced CD8 Tfc 

cells (Chapter 3). In agreement with this, other work suggests that CD4 Tfc cells 

are required to help the differentiation of CXCR5+ CD8 T cells (31). Further, 

previous data suggests that CD8 Tfc cells alone cannot mediate B cell responses 

when transferred, but require CD4 Tfh cells, which suggests that CD8 Tfc cells 

may need established germinal centers to mediate their function or differentiation 

(2). Time-specific depletion of CD4 Tfh cells during the development of CD8 Tfc 

cells will help to confirm this theory.  

 

SUMMARY 

 Despite the increasing field of work assessing CXCR5+ CD8 T cells, many 

questions remain, particularly in regard to the regulation of these cells. To what 

extent the differentiation of these cells matches that of CD4 Tfh cells or are 

similar across settings that CXCR5+ CD8 T cells have been identified in remain 

to be determined. Further, the role these cells may play in immune checkpoint 

blockade and its associated immune adverse events remains to be assessed. 

Finally, CXCR5+ CD8 T cells are present in the B cell follicle and germinal center 

and are involved in B cell responses. This adds to our understanding of the 
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germinal center reaction and that these cells may contribute with overlapping and 

distinct contributions to the germinal center reaction. 
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FIGURES AND FIGURE LEGENDS 

 

Figure 4-1. Memory B cell and plasma cell differentiation. B cells following T 

cell interactions may differentiate into plasma cells or memory B cells, but these 

states differ depending on where T:B cell interactions occurred. B cells 

differentiating into plasma cells from the germinal center (blue region) are more 

long-lived than plasma cells differentiating out of the follicular zone (yellow 

region). Memory B cells can also be categorized into GC-dependent and GC-

independent based on whether they differentiate from the germinal center. 
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Figure 4-2. CD8 Tfc cells and CD4 Tfh cells respond similarly to TCR 

stimulation. Phosphorylation of ribosomal protein S6 was measured by flow 

cytometry in CD4 Tfh and CD8 Tfc cells following stimulation with 20 μg/mL α-

CD3ε and 50 μg/mL α-Armenian hamster IgG stimulation. Representative flow 

plot shows data from 30min post-stimulation.  
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