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Abstract

In response to microbial infection, effector CD4 T cells must polarize appropriately in order to induce an
effective inflammatory response that leads to elimination of invading pathogens. Since Borrelia
burgdorferi (Bb), the spirochetal agent of Lyme disease, evades immune clearance in infected mice and
humans, we wanted to explore the possibility that inappropriate CD4 T cell polarization may contribute to
bacterial persistence. In response to Bb infection, CD4 T cell polarization is considered to be Thl
dominant as a result of early Type I IFN production. Additionally, IFNy producing T cells have been
associated with Lyme disease pathology, especially arthritis of the large joints. However, when we
stimulated CD4 T cells from Bb infected mice ex vivo with a recombinant form of the Bb surface Ag
Arthritis Related Protein (Arp), we were unable to detect the hallmark cytokine produced by Thl cells,
IFNy. This prompted us to re-examine the polarization state of effector CD4 T cells throughout Bb
infection by quantitative RT-PCR and flow cytometry. We were surprised to find only modest Th1
polarization as measured by expression of the Th1 lineage defining transcription factor, Tbet (7hx27), and
little to no induction of /fing. This could not be explained by enhanced polarization to two other major T
helper lineages, Th2 or Th17. Nor could it be explained by the migration of polarized CD4 T cellstoa T
cell effector site, the skin, as skin resident T cells also failed to polarize. Furthermore, we did not observe
enhanced effector polarization in Arp-specific CD4 T cells, as identified by a novel I-A® tetramer.

Instead, Arp-specific CD4 T cells were skewed toward a T follicular helper (Tth) phenotype, which
provides the first direct evidence that antigen specific Tth are generated in response to Bb infection. Our
data support the hypothesis that Bb induces suboptimal CD4 T cell polarization, thus we propose effector

CD4 T cell polarization as a novel target of Bb immune evasion.
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Chapter 1

CDA4 T cell responses in persistent Borrelia burgdorferi infection

As published in Current Opinion in Immunology, 77:102187 (2022)



1.1 Abstract

Infection of mice with Borrelia burgdorferi (Bb), a tick-transmitted spirochete and the pathogen that
causes Lyme disease in humans, triggers CD4 T cell activation in secondary lymphoid tissues, from
which they disseminate into various infected tissues. Despite their activation and the appearance of CD4
T cell-dependent antibody responses, Bb establishes persistent infection in natural Bb reservoir hosts in
the absence of overt disease, raising the question of the effectiveness of the anti-Bb T cell responses.
Reviewing the existing literature, we propose that CD4 T cells might constitute a host cell target of Bb-
mediated immune evasion, rendering these cells ineffective in orchestrating effective inflammatory
responses and in supporting highly functional Bb-specific antibody induction. Supporting the induction of

more effective CD4 T cell responses may help overcome Bb persistence.



1.2 Introduction

Borrelia burgdorferi sensu stricto (Bb), a spirochetal bacteria transmitted by Ixodes ticks, is the causative
agent of Lyme disease in incidental hosts such as humans, dogs, and horses [1,2]. The pathogen
establishes persistent infections without causing much of any disease in reservoir hosts such as small
rodents and birds. This allows feeding larval and nymphal ticks to acquire Bb continuously and thus to
perpetuate Bb’s life cycle [3,4]. Evolutionary adaptation must have imbued Bb with potent immune
evasion mechanisms to enable persistence in these hosts. Indeed, known Bb immune evasion strategies
include suppression of innate immune responses, such as inhibition of complement-mediated killing, as
well as the dynamic regulation of outer surface protein expression to escape antibody-mediated immunity,
among others [5]. Less is known, however, about immune evasion mechanisms that might render T cell-
mediated immunity unable to clear infections in reservoir species. In this review, we summarize known
functions of CD4 T cells in anti-Bb immunity. As we outline, the existing literature fails to provide
evidence that fully functional CD4 T cell responses develop after Bb infection, suggesting that these cells

may constitute an additional host cell target of Bb-mediated immune evasion strategies.

1.3 CD4 T cell responses to Bb infection

Studies with cell subset-deficient mice first indicated that T cells had little impact on the course of Bb
infection, while B cells appeared critical for controlling Bb tissue burden [6,7]. afTCR+ CD4 T cells
were shown to be induced to Bb antigens (Ags) in a cognate manner [8,9], however, the specificity of
these anti-Bb T cells are largely unknown. CD4 T cells were shown also to be activated in an Bb Ag-
independent manner [10], possibly via T cell-intrinsic [11] or extrinsic [12] TLR2 signaling. Non-
classical T cells, such as gdT cells also seem to play a role in anti-Bb defense [13]. The extent to which
CD4 T cell activation to Bb infection is Ag-specific versus the result of bystander activation remains an

important open question. Another unanswered question pertains to the extent to which anti-Bb CD4 T



cell responses control bacteria burden and/or drive inflammation-induced tissue damage. Lyme disease
pathology is largely believed to be immune mediated [3,14], driving Lyme arthritis, carditis, and
neuroborreliosis [15-17]. Yet, the presence of Bb in tissues can also induce tissue damage and
inflammation directly [18,19], although this correlation is not always straightforward [20-22]. CD4 T
cells provide some control for Bb tissue levels [23], likely via induction of Bb-specific IgG, perhaps
explaining why in some studies CD4 T cells were shown to limit or resolve Bb-infection induced

pathology, rather than to cause it [24,25].

1.4 Effector CD4 T cell responses to Bb infection

Effector CD4 T cells were shown to be activated in secondary lymphoid organs (SLOs) presumably by
professional antigen presenting cells (APCs), presenting Bb antigens in the context of MHC II (Fig. 1.1).
They egress from SLOs to home to inflamed tissues via the blood, where CD4 T cells specific for Outer
surface protein (Osp)A of Bb have been found at very low frequencies in humans [26]. Once in tissues,
CD4 T cells can secrete pro- and anti-inflammatory cytokines, modulating the local inflammatory
response to the invading spirochetes (Fig. 1.1). In humans and arthritis-prone mouse models, CD4 T cell
accumulation in joint tissues is largely correlated with disease pathology [26,27], including after adoptive
T cell transfer into Rag-deficient mice [15,28]. However, the transfer of Bb-primed T cells from mice
either infected or immunized with Bb had no effect on either disease severity or bacterial clearance in
SCID mice [28], while the co-transfer of B and T cells, or the transfer of B cells alone led to improved
control of Bb-induced pathology, suggesting a pivotal role for B cell-mediated disease resolution [15,28].
These results also indicated that CD4 mediated T cell help might not be required for the generation of

disease-protective antibodies, raising questions about CD4 T cell helper functions in Bb infection.

CD4 T cell effector polarization during Bb infection



Thl polarization CD4 T cell effector polarization has been studied mostly in the context of Lyme arthritis
(LA). CD4 T cells isolated from Bb-infected mice and humans suffering from LA secrete the Th1-
associated cytokine [FNy when stimulated in vitro with sonicated Bb [10,29], with stronger [FNy
production by synovial fluid CD4 T cells than those isolated from blood [30]. IFNy production by CD4 T
cells was seen also in LA-susceptible C3H mice, whereas stronger IL-4 responses (the canonical Th2
response) were noted in disease-resistant BALB/c mice [8,31]. While CD4 responses in adult C3H mice
seem to recapitulate aspects of LA in humans [32], arthritis-development after Bb infection in adult C3H
mice represents an outlier among mice, caused by a genetic defect that leads to the accumulation of
DAMPs in infected joints [33]. Neither natural reservoir species such as Peromyscus leucopus, nor other

laboratory mouse strains show overt signs of disease [34].

It remains unclear whether enhanced IFNy production in LA is a result, or the cause of Bb-induced
arthritis. Enhanced Thl polarization and IFNy production in disease-resistant BALB/c mice had no effect
on the induction of arthritis [35], and genetic ablation of IFNy in disease-susceptible C3H mice did not
reduce arthritis severity [36]. Indeed, IFNy producing CD4 T cells were essential for resolution of Bb-
induced carditis, presumably via modulation of cardiac macrophage functions [24]. Furthermore, an
additional blockade of TNFa signaling in IFNy deficient mice exacerbated rather than relieved arthritis
[37], and blockade of IL12 signaling via antibody treatment enhanced Bb tissue burden and arthritis
severity [38], an effect, however, seen also in B and T cell deficient SCID mice [39]. A role for
inflammatory CD4 T cells in limiting bacterial burden was demonstrated further in mice lacking the anti-
inflammatory cytokine IL-10 [40] or lacking regulatory T cells [41]. These mice showed reduced Bb
tissue burden, but also significantly enhanced arthritis severity and infiltration of joint tissues by Thl-
polarized CD4 T cells [27]. As there are cellular sources of IFNy other than CD4 T cells (macrophages,
NK cells, CD8 T cells, B cells), further limiting a clear understanding of CD4 Th1 polarization versus

IFNy production and the effects on Bb infection outcome.



A potential mechanism of Th1 induction during Bb infection is the observed early generation of type I
IFN [42,43], known drivers of Th1 polarization in viral infections [44]. Indeed, type I IFN production in
response to Streptococcus spp. and Helicobacter pylori, examples of other extracellular bacterial
infections, were shown to support host protection [45]. Canonical induction of type I IFN is triggered by
endosomal TLR stimulation. Yet, type I IFN induction in Bb infection is produced independently of the
TLR adaptor molecules MyD88 and TRIF [42,46], implicating other pathogen associated molecular
pattern recognition receptors (PRRs), such as cytosolic nucleic acid sensors, as possible mediators of type
I immunity [47]. Bacterial-derived nucleic acids can activate cytosolic PRRs, such as cGAS-STING and
NOD-like receptors (NLRs), which initiate a type I IFN response [48-50]. Although macrophages
efficiently phagocytose and degrade Bb [51], escape from the macrophage phagolysosome by some Bb
may activate cytosolic PRRs [52]. Alternatively, cytosolic PRRs might be activated by host
mitochondrial or nuclear DNA following Bb infection-induced cellular damage [53]. Further studies are
needed to understand the mechanism of type I IFN induction by Bb, and its possible role in driving Thl

polarization.

Th2 polarization Early studies suggested that Th2 polarization could prevent inflammatory disease in Bb-
infected BALB/c mice [8,54]. Consistent with this notion, Th2 skewing via mercury treatment
ameliorated arthritis severity in C3H mice, despite delayed bacterial clearance [55]. However, C57BL/6
mice deficient in either IL-4 or IL-5 signaling showed enhanced rather than reduced resistance from Bb
infection [56]. CD4 Th2 polarization does not appear to be strongly induced in response to Bb infection.
Yet, a hallmark of Th2 effector responses, eosinophilia, has been described in Bb infected Peromyscus
leucopus mice [57], as well as in cutaneous [58,59] and cardiac [60] Lyme Borreliosis patients. Whether
this eosinophilia is the outcome of Th2-polarized CD4 T cell responses, however, and whether it can

modulate infection outcome, has yet to be determined.
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Th17 polarization Production of IL17 by CD4 T cells has been associated with protective immunity to
extracellular bacterial and fungal infections [61]. However, in Bb infection Th17 responses may
contribute to Lyme disease development in humans [62-64]. Consistent with these studies, Bb-infected
IFNy deficient C3H mice responded to antibody-mediated blockade of IL-17 with reductions in LA
severity [65]. In mice with intact [FNy signaling, however, deletion of IL-17 or IL-17R had no effect on
the course of Bb infection [66,67], and the observed 1L.17 production might not even be derived from

CD4 T cells [68].

Taken together, existing literature on CD4 effector responses to Bb have left no clear picture on the extent
to which polarized effector CD4 T cells are induced and how they contribute to anti-Bb immunity (Fig.
1.2). While Th1 polarization has been observed particularly in the context of LA, the effects of CD4 T
cells on the control of infection and contribution to or inhibition of inflammatory diseases associated with
Bb infection appears complex. When considering that Bb establishes persistent, non-resolving infections
in mice, the apparent lack of effective anti-Bb CD4 T cell effector induction may identify these cells as

potential host cell targets of Bb-employed immune evasion strategies.

1.4 Helper CD4 T cell responses to Borrelia burgdorferi infection

Interaction of primed CD4 T cells with antigen-activated B cells in the T-B border zone of SLO’s initiates
T-dependent (TD) B cell responses, and also polarizes CD4 T cells to the T follicular helper (Tth) cell
state (Fig. 1.2). Tth express the master transcriptional regulator Bel6, upregulate the follicular homing
chemokine receptor CXCRS5, the inducible co-stimulator (ICOS), as well as programmed cell death (PD)-
1 [69], all facilitating enhanced T-B interactions. This supports Ig class-switch recombination (CSR) from

IgM to IgG and the development of two distinct B cell responses: an immediate and rapid differentiation
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of cells into short-lived plasma blasts in the extrafollicular medullary compartment, a response that can
also be initiated independent of T cell help; and the establishment of germinal centers (GCs) following the
migration of Tth and B cells into the follicle, a response that is dependent on CD4 T cells [70]. Inside the
follicle, CXCR4+ GC Tth support extensive B cell proliferation. Competition for T cell help is considered

a main driver of selection of those B cells expressing the highest affinity antigen receptor.

The development of activated ICOS+ CXCR5+ CXCR4+/- CD4 Tth in LNs but not the spleen of Bb-
infected mice has been demonstrated [71,72], consistent with studies showing that the lack of T cell help
in CD40L-deficient mice resulted in a sharp decline in Bb-specific IgG [73]. Furthermore, TD CSR of
anti-Bb antibodies during infection was demonstrated by its absence in mice lacking CD40L [71,73].
There was also strong evidence for fulminant extrafollicular B cell responses in the LNs of Bb infected
mice within 10 days of infection, as evidenced by the accumulation of CD138+ plasma blasts and plasma
cells in the medullary cord areas of LNs, and rapid and transient increases in the numbers of antibody-
secreting cells [72,74]. CD4 T cells isolated from LNs of Bb infected mice were able to provide strong
help for B cell differentiation into plasma cells, but were less effective in supporting B cell proliferation
[23], perhaps suggesting functional skewing of the CD4 T cell response in Bb infected mice towards
support for extrafollicular responses. In Bb infection models were splenic involvement was noted,
depletion of marginal zone (MZ) B cells via treatment with integrin-blocking antibodies led to reductions
in Bb-specific IgG responses and, somewhat surprisingly given MZ B cell responses are largely
considered to be induced independent of CD4 T cells, reduced frequencies of activated splenic CD4 T

cells [75].

Despite the presence of Tth and TD antibody responses in Bb-infected mice, multiple lines of evidence

suggest that the TD B cell response to Bb is either not fully induced and/or not fully functional. First,



despite a need for CD40L expression for maximal anti-Bb IgG induction, there was no difference in the
course of Bb infection in CD40L-/- mice compared to controls and serum from CD40L-/- mice provided
the same level of passive protection as Bb-infected controls [73]. Similar findings were made with serum
from mice lacking MHCII and/or CD4 T cells [76]. Second, although GCs are formed within about 2
weeks after Bb infection, they rapidly collapse over the next two weeks, with Tth and GC B cells
disappearing with similar kinetics [23,71,72]. This explains, at least in part, the transient nature of
antibody-affinity maturation following Bb infection [23] and the absence of both memory B cells and
long-lived bone marrow plasma cells (LLPCs), two hallmarks of TD GC responses [71]. Third, immune
sera from TCRP/d gene-targeted mice proved equally efficacious to those from controls in providing
passive protection from Bb challenge, although arthritis resolution in SCID mice was achieved only with
transfer of control sera [7], further underscoring the limited effects of T cells on the quality and/or

magnitude of the B cell response to Bb.

The mechanisms that render TD B cell responses ineffective for clearing Bb infections are likely
multifactorial and include, to name but one example, the dynamic modulation of Borrelia surface antigen
expression over the course of infection [3,5]. However, the failure of sustained GC is expected to
significantly impact the quality of the TD B cell response. Unravelling the mechanisms causing these
failures of the adaptive immune response will be critical for the devising prophylactic and therapeutic

strategies that can overcome the immune response limitations seen after Bb infection.

1.6 Are CD4 T cells a host cell target of Bb mediated immune evasion?

It is well understood that CD4 T cell activation is critically affected by the cytokine milieu in which they
are primed. In addition to cytokine signals provided by dendritic cells, tissue-derived inflammatory

signals can also directly stimulate T cell fates [77]. Recent in vitro studies showed that stimulation of



CD4 T cells with Bb lysate-pulsed dendritic cells resulted in an exuberant differentiation of cells with a
Tth phenotype. The authors suggested, however, that these cells were in a “transient activation state”, and
required stimulation with pro-inflammatory cytokines such as IL1b and IL18 for effective differentiation
into polarized effectors [78]. Given the robust appearance of Tth-like CD4 T cells after Bb-infection in
vivo [23,71,72], and a potentially ineffective polarization of CD4 T cells towards a robust effector state
during subclinical infection (summarized above), aberrant inflammatory signals in SLO’s induced to Bb
infection, as indicated by a deterioration of the LNs architecture with loss of discrete T and B cell zones
[74], might prevent the induction of CD4 T cells with appropriate functionalities. This could mean that
CD4 T cells are not dispensable for controlling Bb infection, as suggested by early studies [6,7], but
rather that during Bb infection CD4 T cell responses are suppressed such that their elimination has little

effect on the course of Bb infection, precisely because they are non-functional.

1.7 Conclusion

Available studies indicate that Bb infection induces effector and helper CD4 T cell responses that are not
fully functional, providing a possible explanation while early studies with T cell-deficient mice failed to
demonstrate an impact of T cells on the course of Bb infection in mice. Yearly rates of Lyme disease have
risen sharply over the last two decades, a trend likely to be enhanced by climate change and a wider
distribution of the tick-vectors. There is an urgent need to expand the tools and models available to study
the effects of Bb on adaptive immunity, especially the neglected area of Bb-induced T cell and TD B cell
responses, to gain a better understanding of what could constitute effective immunity to this important
pathogen. Existing data point to opportunities for identifying novel regulators of T cell responses during

chronic infections.

10



1.8 Dissertation Outline

As previously stated, there are significant gaps in our understanding of how CD4 T cells are activated and
polarized in response to Bb infection, and what roles these subsets have in host protection. The first aim
of this dissertation is to provide a more comprehensive characterization of CD4 T cell functionality
throughout early and late Bb infection. In chapter 2, I determined the effector and helper T cell
polarization state of activated CD4 T cells in secondary lymph organs, blood, and the skin of Bb-infected
mice at various times after infection by measuring the induction of key transcriptional regulators and
effector cytokines. In chapter 3, I describe the identification of an immunogenic CD4 T cell epitope for
the arthritis-related protein (Arp) of Bb. Using Arp peptide-MHC II tetramers I then analyzed Bb-specific
CD4 T cell responses by flow cytometry and assessed their polarization state during Bb infection. My
results indicate robust Tth differentiation in lymph nodes rapidly after Bb infection but at best weak Thl
effector CD4 T cell polarization among both total activated CD4 T cells as well as those specific for Arp.
For the first time, [ have demonstrated that CD4 T cells can undergo antigen-specific activation and
expansion in response to Bb in C57BL/6 mice. Taken together my data show that Bb infection induces
CD4 T cell effector and helper responses that do not appear to contribute substantially to bacterial

clearance, identifying CD4 T cells as potential host cell targets of Bb-induced immune evasion.
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Figure 1.1: Summary of CD4 T cell responses to Borrelia burgdorferi (Bb) infection. A) Adult
Ixodes sp. ticks transmit Bb spirochetes. Resident antigen-presenting cells phagocytose Bb in the context
of local inflammatory signals. B) DCs migrate from the site of infection to the draining lymph node
presenting Bb antigen to naive CD4 T cells in the context of peptide-MCH II (pMHCII). APC-derived
cytokines shape CD4 T cell polarization. C) Effector CD4 T cells migrate to Bb infected tissues to
modulate inflammation by secreting anti-inflammatory cytokines (IL-10), or pro-inflammatory cytokines
such as IFNy. D) Bb-specific T follicular helper (Tth) cells induce and regulate germinal center and

extrafollicular B cell responses.
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*Bb does not induce strong Th2 polarization
*The most recent evidence does not support a protective
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*Bb does not induce strong Th17 polarization in mice,
which may differ from Th17 responses in humans
+Disruption of IL-17 signaling has no effect on the course
of Bb infection

*Tregs are a major source of IL-10 in Bb infection

+IL-10 signaling is essential for limiting inflammation and
preventing Lyme disease pathology

+IL-10 signaling also limits Bb clearance

*Bb induces a robust Tfh response

Tth are likely responsible for inducing TD antibody
responses

+Tth functionality in Bb infection has not yet been
characterized

Figure 1.2: Functions of CD4 T cell subsets in Bb infection. Upon priming and activation by antigen

presenting cells (APCs), CD4 T cells differentiate into cells expressing a distinct set of co-stimulatory

molecules, chemokine receptors and cytokines regulating their migration and function. Shown are five

major CD4 T cell subsets (Thl, Th2, Th17, Treg, and Tfh), their key cytokine profile and their known

effects on the course of Bb infection in mice.
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Chapter 2

Lack of effector CD4 T cell polarization during persistent infection of mice

with Borrelia burgdorferi
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2.1 Abstract

Borrelia burgdorferi (Bb), the spirochetal agent of Lyme disease, evades immune clearance in infected
mice, establishing bacterial persistence. To determine host cell targets of Bb immune evasion we
examined the functionality of CD4 T cells in Bb infection, which was previously considered to evoke a
Th1 dominant immune response. However, since Thl responses are generally associated with
intracellular pathogens, but Bb is an extracelluar bacteria, we decided to reexamine CD4 T cell
polarization in Bb infection. Analysis of the polarization state of activated LN and blood effector CD4 T
cells throughout Bb infection by quantitative RT-PCR and flow cytometry revealed the presence of only
modest numbers of Thl-polarized activated CD4 T cells, as measured by expression of Tbet (7hx21), and
little to no induction of Ifing. In contrast, Tth (Bcl6+CXCRS5+ PD1™) differentiation was induced strongly
during early infection, but these Tth cells disappeared with the collapse of germinal centers around one
month after infection. The lack of effector CD4 Thl polarization was not explained by strongly enhanced
polarization towards FoxP3+ CD4 Treg, or Th2 and Th17 polarization, as GATA-3 and RORyt
expression were also largely absent from the activated CD4 T cell pool. Nor was it explained by
polarization at an effector site, as skin-resident CD4 T cells also showed no evidence of polarization, even
five months after infection. Together, our data demonstrate a lack of CD4 T cell polarization during Bb

infection, and suggest a dysregulation of effector CD4 T cell responses during persistent Bb infection.
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2.2 Introduction

CD4 T helper cells play an essential role in coordinating inflammatory responses as part of the host
defense against pathogens. As CD4 T cells undergo activation by antigen presenting cells (APCs), they
receive instructions to undergo polarization that is appropriate and effective to the type of microbe that is
currently invading the host environment [1-3]. Inappropriate T cell polarization has been implicated in

enhanced pathology as well as failure to eradicate infection [4,5].

Multiple types of CD4 T cell polarization have been identified and linked to specialized functions.
Briefly, Th1 polarization is typically seen in response to intracellular pathogens, such as viruses and
intracellular bacteria; Th2 polarization is generally induced by parasitic helminths; and Th17 responses
are induced by infections with yeast as well as extracellular bacterial pathogens [6-8]. In addition to these
effector subsets, CD4 T cells can also polarize to a T follicular helper (Tth) phenotype, which are
programmed to migrate to the B cell follicle of lymphoid tissues and provide specialized support to
antigen (Ag)-experienced B cells [9-11]. Lastly, anti-inflammatory regulatory T cells (Treg) can become

polarized either during thymic development or in the periphery [12].

CD4 T cell polarization is controlled at the transcriptional level by induction of lineage-defining
transcription factors (TFs). These TFs include Tbet, GATA3, RORyt, Bcl6, and Foxp3 that mediate
differentiation of Th1, Th2, Th17, Tth, and Treg phenotypes, respectively [13]. These TFs promote
cytokine production specific to each T helper subtype [14]. However, individual CD4 T cells display
differing degrees of plasticity, including the ability to express multiple lineage-specific TFs and cytokines
at once, as well as the ability to modulate subtype identity completely [15,16]. Although the reality of
CD4 T cell polarization is more complex than this simple paradigm of five T helper lineages suggests
[17], it is nonetheless a useful tool for understanding the role of CD4 T cell effector functions in many

different contexts.
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In the course of Borrelia burgdorferi (Bb) infection, effector CD4 T cells are thought to predominantly
undergo Th1 polarization, even though Bb largely reside in the extracellular environment of the host.
Although studies have found that T cells are largely dispensable in controlling Bb infection [18,19], Thl
cells have been shown to play a minor role in controlling Bb burden and in resolving Lyme carditis
[20,21]. Otherwise, most studies have focused on the role of IFNy-secreting T cells in causing Lyme
pathology [22-24]. The poorly protective, and potentially pathogenic, nature of a Th1 dominant CD4 T
cell response to Bb infection calls into question whether Th1 polarization is an effective or appropriate

defense against Bb.

More recent studies have investigated whether Th17 polarized T cells play a role in Bb infection. One

study found little evidence for induction of IL-17 secreting cells by Bb, although the Th17 cytokine IL-22
was induced [25]. Another group has shown that IL-17 was associated with enhanced Lyme arthritis in a
mouse model using heterologous Bb priming prior to infection [26,27]. However, Lasky et al. found that
deletion of IL-17RA had no effect on the course of disease in a model of primary Bb infection, indicating

a limited role for Th17 polarization [28].

Our lab previously examined the formation of Tth in Bb infection, and observed strong Tth induction
coinciding with germinal center (GC) formation [29]. Despite robust Tth cell induction, GCs are not
sustained and disappear approximately 28 days post infection (dpi) with Bb. We observed neither
upregulation of T cell exhaustion markers on Tth, nor evidence of aberrant regulatory Tth (Tfr) induction,
to explain why Tth fail to sustain GCs [30]. Instead, we found that Bb infection altered the nature of T

cell-B cell interactions, favoring Ab production over B cell proliferation [30].
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The role of immunosuppressive Treg in modulating Bb pathology is also of keen interest, since
insufficient immune regulation can cause pathology, whereas too much immune suppression may
contribute to bacterial persistence. Indeed, Brown et al. showed that genetic deletion of the major Treg
cytokine IL-10 led to enhanced control of Bb numbers, albeit at the expense of increased arthritis of the
large joints [31]. Subsequent characterization of the IL-107" model of Lyme arthritis confirmed that
increased arthritis severity was likely mediated by CD4 T cells, as well as macrophages [32]. Similarly,
Vudattu et al. demonstrated a correlation between decreased Treg in the synovial fluid of treatment

refractory Lyme arthritis patients and prolonged arthritis symptoms [33].

Despite the wealth of literature devoted to revealing the role of different T helper subsets in the
pathogenesis of Lyme disease, the extent to which each CD4 subtype contributes to the overall immune
response in Bb infection is still unclear. Here, we provide a comprehensive study of CD4 T cell
polarization in a mouse model of Bb infection, including characterization at an important T cell effector
site, the skin. Unexpectedly, we observed an overall dearth of polarized effector CD4 T cells (Teff) in
lymphoid and effector tissues with only a small frequency of Tbet+ Thl polarized T cells both at early
and late timepoints after Bb infection. Together the data suggest that dysregulated Teff responses might

contribute to the ability of Bb to establish persistence in an immunocompetent host.

2.3 Results

To assess the functionality of CD4 Teff during Bb infection we first aimed to characterize CD4 T cell
activation in the draining inguinal LN of mice, which we infected with host-adapted spirochetes in the
right lower hind leg, measuring CD4 T cell numbers at various intervals using flow cytometry in the
draining inguinal lymph node (LN). As we observed previously [29,34], there was a very strong increase

in the LN cellularity after Bb infection. However, expansion of total CD4 T cells in the LN was only
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modest, particularly when compared to the increases in total B cell numbers (Fig. 2.1A, B). At the height
of LN cellularity (10 dpi), B cell numbers had increased more than 16-fold compared to 0 dpi, while CD4
T cells increased about 5.5-fold (Fig. 2.1B). By the time of the germinal center collapse in the LN, which
we had described previously to occur around day 28 dpi [29,35], B cells still outnumbered CD4 T cells by
more than 3:1, compared to a ratio of 1.5:1 before infection. In contrast to the large proportion of naive B
cells recruited to the draining LN after Bb infection [29], the number of CD44" CD11a" activated CD4 T

cells increased over 20-fold by 14 dpi (Fig. 2.1C, D).

We noticed a reproducible, temporary decrease in activated CD4 T cells at 19 dpi in the draining LN,
followed by a rebound by 22 dpi. Because this could be due to egress of activated CD4 T cells from the
LN to sites of inflammation, we also analyzed CD4 T cells in the peripheral blood and the spleen.
Correlating with the drop in activated LN CD4 T cells at 19 dpi, CD4 T cells were significantly increased
in in the peripheral blood, as well as spleen at 20 dpi (Fig. 2.1E). Together, the data show that CD4 T

cells undergo dynamic activation and migration throughout Bb infection.

Early CD4 T cell differentiation after Bb infection is dominated by Bcl6-expressing cells

Next, we assessed CD4 T cell differentiation by measuring expression of master transcription factors (TF)
and cytokines associated with various T helper lineages (Th1, Th2, Th17, Tth, and Treg), using
quantitative RT-PCR on magnetically enriched CD4 T cells from LNs of mice at days 8 and 14 dpi. To
account for inflammation contributed by the mode of infection (subcutaneous tissue transplant), we
included a sham infection control group which was analyzed at 8 dpi. In agreement with previous studies
that had described the CD4 T cell response as Th1 dominant, 7bx2/ expression was increased more than
6-fold at 8 dpi compared to naive controls (Fig. 2.2A). However, 7hx2] induction was transient. By 14

dpi Thx21 expression was not significantly different than that of non-infected mice (p=0.7087, one-way
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ANOVA with Tukey’s post-hoc comparison). Surprisingly, transcript levels of the Th1 cytokine IFNy
were not significantly increased over naive levels at either 8 or 14 dpi (Fig. 2.2B, p=0.488). The TFs
Gata3 and Rorc and cytokines /4, and 1117, which are associated with Th2 and Th17 differentiation,
respectively, and can act as antagonists to Th1 polarization; these were not significantly increased in Bb
infected groups. A minor exception was a transient and highly variable increase of //17a at 8 dpi (Fig.

2.2B).

Thl cells have previously been associated with Lyme pathogenesis [22,36] and B6 mice are resistant to
many aspects of Bb induced pathology [37,38]. We therefore also tested whether genetic susceptibility to
Lyme arthritis affected T helper polarization by measuring CD4 T cell polarization in B6-congenic Gusb”"
mice (breeders provided by Janis Weis, University of Utah), which develop Lyme arthritis due to lack of
B-glucoronidase and a resulting failure to remove DAMPS from the infected joints [39]. However, in this
model also, CD4 effector cytokines and transcriptional regulators were comparable in Gusb”" and B6 mice

on days 8 and 14 of infection (Fig. 2.2A, B).

We also observed a modest (1.6-fold) increase in Foxp3 expression in Bb infected mice at 8 but no
significant change at 14 dpi (Fig. 2.2A). Significant increases in ///0 expression were noted in the GusB
mice at 8 dpi compared to either non-infected (D0) or sham-infected B6 mice (DS8). Although we also
noted modest increases in //10 expression in infected B6 mice (D8 and D14), those increases did not
reach statistical significance (p=0.1243 B6 DO vs. B6 D§; p=0.3808 B6 DO vs. B6 D14). Thus, IL-10
appeared at best only modestly induced in the lymph node CD4 T cells at these early time points after Bb
infection. In contrast to the modest induction of TF that drive Teff polarization, we observed a robust
induction of the regulator of Tth development, Bcl6 (3-fold), and the corresponding signature cytokine,

1121 (>80-fold; Fig. 2.2A, B). We conclude that within 1-2 weeks following Bb infection CD4 T cells in
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the LN strongly polarized towards a Tth phenotype, while evidence of effector CD4 T cell differentiation

was largely absent at that site.

Strong Tfh but not effector CD4 T cell differentiation after Bb infection

We next analyzed CD4 polarization at the single cell level in LN of mice at 10 and 14 dpi using flow
cytometry. In addition to lineage markers, cells were stained simultaneously for Tbet, GATA3, RORt,
Foxp3, and Bcl6. To distinguish expression of these TF in naive and activated CD4 T cells we also
stained for CD44 and CD11a (Fig. 2.3A, left panel). To identify appropriate gates to distinguish TF+
from TF- cells, “Fluorescence minus one” (FMO) controls (Fig. 2.3A bottom panels), and when available
staining of gene-targeted mice (Fig. 2.4A-C), were used. Successful staining for TF expression was
confirmed on thymocytes (Fig. 2.4A-C). TF expression analysis of CD11a'* CD44™ CD4 T cells
confirmed the low abundance of all TFs in naive T cells, with the exception of FoxP3, as expected (Fig.
2.3A, middle panels). As expected also, the most common TF in the small number of activated, CD11a"
CD44" CD4 T cells present in LN, spleen and PBMC of non-infected mice was Foxp3 (Fig. 2.3B),
indicating the presence of Tregs, which play an essential role in maintaining immune homeostasis[12]. A
portion of Foxp3 expressing cells also co-expressed GATA3, which is important for Treg function and

maintenance[40].

Following Bb infection, >50% of TF+ activated CD4 T cells in the draining LN co-expressed multiple
transcription factors at 10 dpi (Fig. 2.3B). By 14 dpi, a clearer pattern of CD4 T cell polarization began
to emerge (Fig. 2.3A top panel, B). Consistent with the qRT-PCR analysis, Bcl6+ Tth-like cells were
the dominant TF+ population in the draining LN, as well as the TF+ population with the greatest number
of single TF expressing cells (Fig. 2.3A, B). Among circulating PBMC, Tbet+ Thl-like activated CD4 T

cells were more prevalent than GATA3+ or Foxp3+ cells. Even so, only half of Tbet+ activated CD4 T
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cells in PBMCs did not express additional TFs. In spleen, Foxp3+ Tregs outnumbered all other TF+ cells
(Fig. 2.3B), consistent with our previous observations that the spleen is not a major site of immune
induction in this Bb infection model [34]. The proportion of TF negative but activated CD4 T cells
remained similar in the draining LN before and after infection, but increased in spleen and among
PBMCs. We designated the population of TF negative cells as ThO/other, since these cells could have
undergone a type of polarization not assayed here. The analysis confirmed and expanded the results of the
qRT-PCR analysis, demonstrating a notable polarization of CD4 T cells in the LN towards single Bcl6-
expressing Tth, but an at best modest induction of activated CD4 Teff, with nearly all such cells co-

expressing multiple TFs.

Since we observed the largest proportion of single TF+, CD4 Th1 (Tbet+) cells among PBMCs, we
considered that CD4 Teff might polarize only following their migration from the site of activation in the
draining LN to an effector site. We focused on the skin, an important reservoir for Bb[41] and the site of
bacterial transfer to and from ticks. Although sufficient numbers of activated CD4 T cells were not
present in skin of non-infected mice to conduct TF analysis, by 14 dpi, >1,000 CD4 T cells per mouse
skin digest (roughly 11% of total skin leukocytes) had accumulated, of which most expressed an activated
CD44" CD11a" phenotype (Fig. 2.5A). Unexpectedly, nearly 70% of these activated CD4 cells from
skin failed to express any of the assayed TFs at 14 dpi. Although Tbet+ cells were found in greater
numbers than other effector types, approximately half of the Tbet+ cells co-expressed additional TFs, and
the total Tbet+ cells contributed only 13% to the overall activated CD4 T cell pool (Fig. 2.5A). This lack
of T cell polarization was not due to contamination of the skin cell preparation with T cells from the
capillary bed, as intravenous injection of an anti-CD45.2 mAb [42] to stain intravenous leukocytes 3
minutes before necropsy showed that only about 6% of CD4 T cells were stained and thus likely blood-

derived at necropsy (Fig. 2.5B).
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In summary, strong CD4 Teff polarization is absent during the first two weeks post infection with Bb in
secondary lymphoid tissues, PBMC and the skin, the latter an important effector site. Indeed, CD4 T cell
polarization appeared weakest at the effector site, despite the fact that the majority of skin CD4 T cells

were activated (Fig. 2.5A).

Lack of CD4 T cell polarization during persistent Bb infection

We considered whether CD4 T cell polarization might increase over time in persistently infected animals
and conducted similar flow cytometric evaluation of CD4 Teff at 30 and 160 dpi. The data were
consistent with those obtained at early time points, demonstrating that only a few polarized Teff were
present in any of the tissues analyzed, including the LN, skin (Fig. 2.6), PBMC and spleen (Fig. 2.7). In
the LN, there was a significant decrease in Bclo+ cells beginning at 30 dpi compared to 14 dpi (Fig.
2.6A), temporally coinciding with the collapse of germinal centers [29,35] . The proportion of Bclo+
cells in the draining LN did not recover between 30 and 160 dpi, and the total CD4 T cells numbers in the
LN strongly contracted over this time (Fig. 2.6C). Bcl6+ Tth made up approximately 20% of all

activated CD4 T cells in both persistently infected and age-matched naive animals (Fig. 2.6A).

The proportion, but not absolute number, of Foxp3+ Tregs increased over time in the draining LN of
persistently infected mice (Fig. 2.6A, C), although this was independent of infection, since naive age-
matched mice had a similar proportion of Foxp3+ cells (39%) compared to mice infected for 160 days
(34%, p=0.4333). In PBMC, frequencies of Foxp3+ Tregs increased transiently at 30 dpi, and then, in
persistent infection, returned to levels similar to those seen at 14 dpi (Fig. 2.7A). There was no
significant difference in the frequency of Foxp3+ CD4 T cells over the course of infection in skin or

spleen (Figs. 2.6B and 2.7B).
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Interestingly, the frequencies of TF+ CD4 T cells were not different between infected mice at 160 dpi and
naive age-matched controls, although the number of skin resident CD4 T cells was significantly higher in
infected mice compared to naive mice (Fig. 2.6B, D). Thus, CD4 T cells accumulate in the skin over the
course of Bb infection, but effector polarization does not increase over time. We conclude that robust

CD4 Teff polarization did not occur in mice persistently infected with Bb.

2.4 Discussion

CD4 T cell responses, through their production of cytokines, are critical for the regulation of adaptive
immunity to many infections. The nature and effectiveness of the T cell help depends on appropriate
polarization of uncommitted naive CD4 T cells to polarization into effector T cells that produce critical
cytokines to guide the immune response. By conducting a thorough characterization of CD4 T cell
responses to Bb infection in persistently infected mice, we demonstrated significant CD4 T cell activation
and expansion at the site of immune induction (the draining LN), as well as accumulation at an important
effector site (the skin). Surprisingly, however, we noted a lack of vigorous Teff polarization (Th1, Th2, or

Th17) of CD4 T cells at either site, at both early and late phases of this persistent infection.

Of'the T effector polarization states that we analyzed, our data show that more Tbet+ Th1 cells were
induced following Bb infection compared to Th2 or Th17 polarized cells, consistent with previous studies
that demonstrated a Th1 dominant response to Bb [32,36,43,44]. Unexpectedly, our data revealed
relatively weak Thl polarization as measured by the percent of activated CD4 that expressed Tbet, as well
as a lack of IFNy induction. This could be explained, in part, by our use of C57BL/6 mice, which are
reported to produce lower levels of IFNy in response to Bb than other strains [37]. However, in other
studies that had assessed [FNy induction directly ex vivo, rather than by re-stimulation, also showed weak

IFNy induction in both Lyme disease-susceptible (C3H) and -resistant (C57BL/6) mouse strains [45,46].
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Our data suggest that in response to Bb infection, CD4 T cells are primed to undergo Th1 polarization,
but are not fully differentiated into effector cells that produce the canonical Thl proinflammatory

cytokine IFNy.

Although we were able to find a small number of RORyt expressing CD4 T cells in Bb infected mice, we
did not observe evidence of significant Th17 polarization. This is consistent with a Th1 dominant
response, since Tbet directly inhibits Th17 polarization [47]. Furthermore, the observed lack of Th17
polarization may help explain why Bb infected mice deficient in IL-17 signaling molecules did not show

enhanced bacterial tissue loads [28,48].

In contrast to the weak polarization we observed in effector CD4 subsets, we observed strong Tth
polarization in the draining LN at 14 dpi. Tth numbers were much lower at 30 dpi, consistent with both
the timing of the GC collapse [29], as well as the similar observations by others [29,49]. Although we
have previously described strong induction of Tth [30], this observation contrasts with the failure to
maintain the GC reaction during Bb infection. Since our qRT-PCR analysis showed a strong increase in
1121 transcripts following Bb infection, it appears that the Tth fulfill this critical Tth effector function.

Nonetheless, further studies are warranted to test the functionality of Tth induced by Bb infection.

The final CD4 subset of note were Foxp3+ Tregs. By late infection, Tregs represented the largest
population of CD4+ TF+ cells in both the draining LN and the skin. However, the proportion of Foxp3+
CD4 T cells was not different in late infection compared to age-matched naive controls. Additionally, we
observed only modest CD4-specific expression of IL-10. These results argue against an overly abundant
Treg response to Bb infection, and instead support the role of Tregs in limiting Bb induced pathology
[32].
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To our knowledge, our study represents the first attempt to characterize the polarization of the CD4
response to Bb in the skin. Surprisingly, of all the tissues we analyzed, skin resident CD4 T cells had the
weakest overall CD4 polarization (i.e. skin had the highest percent of ThO/other CD4 T cells). Because
skin resident CD4 T cells were largely unpolarized, these cells were not likely secreting lineage specific
effector cytokines, such as IFNy. Given that CD4 T cells play an essential role in orchestrating
inflammation in infected tissues, as well as activating macrophages and granulocytes, our data raise the
possibility that Bb inhibits strong CD4 T cell polarization as a means of evading immune-mediated

clearance, supporting the establishment of persistence in the skin of infected hosts.

Because our expression analysis was restricted to the TFs and cytokines associated with five canonical
CD4 T cell subsets (Thl, Th2, Th17, Tth, and Treg), we cannot exclude the possibility that another type
of CD4 T cell polarization is induced in our model of Bb infection. Expression analysis of additional
cytokines and markers of known CD4 T cell subsets (such as Th9, Th22, and Trl) is warranted to further
elucidate CD4 T cell polarization in Bb infection. However, other Bb studies that use less biased methods
of immune cell expression profiling, such as RNA-seq, have not provided evidence that would point

toward strong induction of any known alternative CD4 T helper subset [50].

Although we have characterized CD4 T cell activation and polarization with these studies, we have not
addressed whether CD4 T cells are able to respond to Bb infection in an Ag-specific manner. Others have
demonstrated that Bb can induce non-specific bystander T cell activation [51], but there are currently no
reagents or mouse models available to evaluate Ag specific T cell responses in a mouse model of Bb
infection. In order to understand mechanisms by which Bb is able to evade the CD4 T cell response,

there is an urgent need to develop tools to characterize Ag-specific T cell responses.
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Furthermore, our data do not address the functional role of differentially polarized CD4 T cells in Bb
infection. Although CD4 T cells have been implicated in providing protection against Bb replication and
dissemination [30], the role of different CD4 subsets is less clear. Future studies on the role of CD4 T
cell polarization may provide insights into the optimal balance of CD4 T cell polarization that can

promote control and clearance of spirochetes, while minimizing tissue pathology.

Here we provide a thorough characterization of CD4 T cell polarization in Bb infected mice in the
absence of genetic or pharmacologic manipulation. These data provide a useful framework for
understanding host-pathogen interactions between mice and Bb, and help contextualize some of the
existing studies that examine the CD4 response to Bb infection. Additionally, our data suggest that Bb
inhibits strong effector CD4 T cell polarization as a means of evading immune clearance, providing a

novel potential therapeutic target.

2.5 Materials and Methods
Mice

Unless otherwise noted, mice were purchased from Jackson laboratory. Strains include C57BL/6
(000664), B6.Cg-Prkdc*/Sz] (B6-SCID, 001913), and B6.129S6-Thx21™"/] (004648). Mice were
housed in microisolator cages under specific pathogen free conditions. Females at 8 to 12 weeks of age
were used for all experiments unless otherwise specified. Prior to tissue harvesting, mice were euthanized
by overexposure to CO,. All procedures were performed with approval from the University of California,

Davis Animal Care and Use Committee.

Borrelia burgdorferi infections
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A low passage clonal strain of Borrelia burgdorferi sensu stricto (cN40) was grown in modified Barbour-
Stoenner-Kelley (BSK) II medium as previously described [29,34]. B. burgdorferi were grown to mid-
log phase and enumerated using a Petroff-Hauser bacterial counting chamber. B6-SCID mice were
injected subcutaneously (s.c.) with 10* spirochetes diluted in BSK. After 2-6 weeks of infection, ear
pinnae were harvested from infected SCID mice, cleaned with Novalsan (Zoetis) and 70% ethanol, and
trimmed into 8§ sections. Ear pieces were transplanted s.c. at the right rear hock of experimental mice
using a stab incision. Prior to transplant, experimental mice were placed under anesthesia with a mixture
of ketamine (10 mg/kg) and xylazine (1 mg/kg). Anesthetized mice also received an NSAID analgesic
(either 7.5 mg/kg meloxicam or 5 mg/kg carprofen), and incision site was monitored for 7 days after
surgery. For sham infections, naive SCID ear tissue was transplanted into right rear hock of C57BL/6

mice, as described above.

Flow Cytometry

Single cell suspensions of inguinal LNs, spleen, and thymus were prepared for flow cytometric analysis
as described previously [29,30]. Briefly, tissues were ground between glass slides, and treated with
ammonium chloride potassium (ACK) lysis buffer if erythrocyte contamination was evident. After
filtering single cell suspensions over a 70 pm nylon mesh filter and enumerating via hemocytometer, cells
were Fc blocked using in house generated anti-CD16/CD32 (clone 2.4G2). Cells were then stained with
combinations of the following antibodies (conjugate clone manufacturer): CD3 (Alexa700 S00A2
Invitrogen, PerCP-ef710 17A2 Invitrogen), CD4 (APC-ef780 GK1.5 Invitrogen, Alexa700 RM4-5
Invitrogen, Cy7-PE GK1.5 in house), CD19 (BV786 ID3 BD Biosciences, PE-CF594 1ID3 Invitrogen,
Biotin ID3 in house), B220 (APC-ef780 RA3-6B2 Invitrogen), CD44 (BV711 IM7 Biolegend), CD11a
(PE M17/4 Invitrogen, Cy7-PE 2D7 BD Biosciences), CD62L (BV605 MEL-14 BD Biosciences), I[COS
(BUV395 C398.4A BD Biosciences, FITC in house), PD-1 (BV421 J43 BD Biosciences), CXCRS5

(BV785 L138D7 Biolegend, Biotin 2G8 BD Biosciences), CD8a (Alexa700 53-6.7 Invitrogen, PE and
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Biotin 53.6.7.3.1 in house), NK1.1 (Alexa700 PK136 Invitrogen, Biotin PK136 Biolegend), Gr-1 (red
fluor 710 1A8 Tonbo, Biotin RA3.6C2 in house), F4/80 (Cy5-PE BMS Biolegend, Alexa700 BM8
Biolegend, Biotin F4/80 in house), TCR y/d (Biotin GL3 in house), CD45 ( BUV395 30-F11 BD
Biosciences), Ly6C (BV785 HK1.4 Biolegend), Streptavidin (BV605 Cat# 405229 Biolegend, APC Cat#
17-4317-82 Invitrogen), Bcl6 (Alexa647 K112-91 BD Biosciences), Foxp3 (FITC FJK-16s Invitrogen),
GATA3 (PerCP-ef710 TWAJ Invitrogen), RORyt (PE-CF594 Q31-378 BD Biosciences), Tbet (Cy7-PE
4B10 Invitrogen). Extracellular labeling was performed on ice for 20 minutes. For intracellular labeling,
cells were fixed and permeabilized with Foxp3 Transcription Factor Staining Buffer Set (eBioscience 00-
5523-00) following manufacturer’s instructions. Intracellular antibodies were incubated for 30 minutes at
room temperature. Data was acquired on either a LSRFortessa or FACSymphony flow cytometer (BD),

and analyzed using FlowJo software.

PBMC processing for FACS

Whole blood was collected by cardiac puncture into lithium heparin coated microtainer tubes (BD
Biosciences 365965). Blood volume was measured and diluted in 4-5 mL KDS-BSS prior to overlaying
on top of 6 mL room temperature Ficoll Paque Plus (GE). PBMCs were separated by centrifugation at
700 xg for 20 minutes with no brake, at room temperature. When erythrocyte contamination was visible,
samples were treated with ACK lysis buffer for 1-2 minutes prior to filtration over a 70 pm nylon filter
and enumeration via hemocytometer. Cell labeling and analysis were as described above (Flow

Cytometry).
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Intravenous labeling of circulating leukocytes

Anti-CD45.2 (104 FITC Invitrogen) was diluted in sterile PBS at 15 pg/mL. 200 pL per mouse was
injected into tail vein 3 minutes prior to euthanasia by CO, overexposure [42]. Tissues were prepared and

labeled for flow cytometry analysis as described above.

Magnetic Separation of CD4 T cells

The draining (right inguinal) LN was harvested and processed as above (Flow cytometry), and labeled
with biotinylated Abs and anti-biotin microbeads (Miltenyi 130-090-485). Total CD4 T cells were
enriched by magnetic separation of non-T cell populations (CD19+, CD8a+, Gr-1+, F4/80+, NK 1.1+,
TCR v/6+) via AutoMACS Pro Separator (Miltenyi Biotec). An aliquot from the negative fraction was
labeled with Streptavidin, CD3e, and CD4 antibodies prior to FACS analysis for purity check. CD4 T
cell purity of >90% was confirmed for each sample used in downstream analysis. Purity was calculated
as percent cells that were CD3e+ CD4+ Streptavidin- of total cells gated on Lymphocytes/Singlets/Live

(mean purity was 97.9% + 1.2% SD).

Relative expression of CD4 T cell genes

CD4 T cells were lysed and RNA from lymphocytes was extracted using Norgen Total RNA Purification
Kit (Norgen 17200), following manufacturer’s instructions. cDNA was prepared with Superscript 11
Reverse Transcriptase Kit (Invitrogen 18064014) using random hexameric primers. RT-PCR reaction
utilized TagMan primer/probes and TagMan Universal PCR Master Mix (Applied Biosystems 4364338).
96 well plates were run using QuantStudios 6 Flex System (Applied Biosystems). All expression values

were calculated relative to Ubiquitin C housekeeping gene.
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Calculation of % TF+ CD4 T cell pie charts

For pie charts, cells were gated on lymphocytes, singlets, live, CD3+ CD4+, CD44" CD11a" (Fig. 3).
Inner circle represents the mean percent of CD44™ CD11a" subpopulations (i.e. activated CD4; N=4
animals at each timepoint), either TF+ cells (Bcl6+, Foxp3+, GATA3+, RORyt+, or Tbet+) or TF- cells
(i.e. ThO/other, defined as Bcl6- Foxp3- GATA3- RORyt- Tbet-), as determined by gating in FlowJo (Fig.
3B). Because some TF+ cells were positive for more than one TF, the sum of all activated CD4
subpopulations was greater than 100%. The sum of means of TF+ plus TF- populations was calculated

as:

%Bcl6 + %Foxp3 + %GATA3 + %RORyt + %Tbet + %Th0/other = sum value > 100
p

These values make up the inner circle of each pie chart.

To facilitate analysis, population percentage was normalized to a total of 100%. For that the mean value
(X) of TF+ activated CD4 T cells from dLN (%) was divided by the sum % value of TF+ and TF-

populations of activated CD4 (Y) then multiplied by 100%:

(X%

v (y) %X 100% = Normalized TF (%)
0

TF+ populations were further analyzed for the expression of multiple TFs, illustrated with an outer ring of
the pie charts (Fig. 3B). For each TF+ activated CD4 T cell, the mean % TF+ of all other TF was
determined, and mean values of multi-TF+ populations (Bcl6+ Foxp3+, Bel6+ GATA3+, Bel6+ RORyt+,
Bcl6+ Tbet+) or single TF+ populations (Bel6+ Foxp3- GATA3- RORyt- Tbet-) were determined as
percent of activated CD4 T cells. Again, population values were normalized to a total of 100% of
activated CD4 T cells. Thus, the normalized value of a particular TF+ cell expressing a second TF was

calculated as:

36



( Mean % two TF+
Mean sum total TF +

) X 100% = TF coexpression (%)

Finally, each multi-TF+ and single-TF+ population was calculated as a proportion of all activated cells by

multiplying the population percentage by the percent of the TF+ population in the inner circle.
Skin Digest

Mouse skin was weighed prior to digest. Skin was digested in two 30 minute incubations at 37 C
in HBSS with 25 pg/ml Liberase (Roche 5401119001) and 100 pg/ml DNase I (Roche 10104159001).
Cells were passed over a 100 um filter, and immune cells were enriched by 33% Percoll gradient,

centrifuged at 600 xg for 20 minutes at room temperature [52].

Statistics

All statistics were performed and plots generated using Prism GraphPad software.Statistical tests include
one-way ANOVA or 2-way ANOVA, with Tukey’s post-hoc comparison, as indicated. P-values were

considered significant if p<0.05.
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Figure 2.1: CD4 T cell activation and expansion during the course of Bb infection. A) Representative
FACS plots of inguinal lymph node cells of Bb-infected mice at 14 dpi. Shown are LN cells gated for
lymphocytes, singlets, and live. B cells are also gated on dump negative (dump includes CD90+, CD4+,
CD8+, NK1.1+, F4/80+). B) Total cell count of CD19+ B220+ B cells and CD3+ CD4+ T cells in the
draining LN of Bb infected mice. C) Representative FACS plot shows gating for activated CD4 T cells
(CD44" CD11a"). D) Mean activated CD4 T cell count + SD in draining LN of Bb infected mice. E)
Mean frequency + SD of CD4 T cells, B cells, and other cells in draining LN, spleen, and peripheral
blood of Bb infected mice. Data from 0, 10, 14, 22, and 29 dpi are representative of two independent

experiments. Other timepoints were analyzed once. N = 4 mice at each timepoint.
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Figure 2.2: CD4 T cell differentiation is dominated by Tfh rather than effector subtypes. Bar charts show
mean + SD expression fold-changes of A) indicated transcription factors and B) cytokines among total
CD4 T cells isolated from B6 and GusB" mice infected with Bb for 8 or 14 days, or sham-infected for 8
days, compared to non-infected B6 mice. Statistical analysis was done using one-way ANOVA with
Tukey’s post-hoc correction. Only significant comparisons are indicated (* p<0.05, ** p<0.01, ***

p<0.001).
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Figure 2.3: Bb-infection induces Tfh but weak CD4 effector T cell polarization. A) Shown are
representative FACS plots of inguinal lymph node cells from B6 mice 14 dpi after gating on live, single
B220- CD3+ CD4+ cells (left panel). Cells were gated as activated (CD44™ CD11a", top panels) and
naive (CD44"° CD11a™, middle panels) and then analyzed for indicated transcription factor expression.
Right panels indicate gating strategy for transcription factors Bcl6, Foxp3, GATA3, Roryt, and Tbet,
based on fluorescence minus one (FMO) control stains (right bottom panels) and staining of cells from
gene-targeted mice (Fig 4). B) Pie charts indicate mean percent transcription factor positive cells among
activated CD4 T cells in draining LN (dLN), spleen, PBMC and skin (interior of pie charts) at indicated
times before and after Bb infection. Mean percent transcription factor double positive cells shown in
outside ring of pie charts. Data from 14 dpi are representative of 2 independent experiments. Tissues

from n=4 mice at each timepoint.
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Figure 2.4: Positive and negative staining controls for TFs. A-D) Representative FACS plots of TF
staining in Bb infected mice 14 dpi. All plots are gated on lymphocytes, singlets, live, CD45+ CD3+
CD4+. Draining LN (RILN) and PBMC are additionally gated on CD44hi CD11ahi. A) PBMCs are a
positive control for Tbet staining. Tbet KO PBMC and Tbet FMO are negative controls. B) WT thymus
and Tbet KO RILN are positive controls for RORyt staining. FMO is a negative control. C) WT thymus
is a positive control for GATA3 staining. FMO is a negative control. D) Plots represent the proportion of

TF+ cells that co-express Foxp3 in RILN of Bb 14 dpi mice.
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Figure 2.5: TF expression in skin. A) Representative FACS plots show gating strategy for TF+ CD4 T
cells in skin at 14 dpi. Pie chart shows percent TF+ activated CD4 T cells. B) Representative flow plots
of skin leukocytes following intravascular labeling. Right: summary data of mean number circulating

and skin resident cells £SD. A, B) N=4 mice for each experiment, 14 dpi.
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Figure 2.6: CD4 effector polarization does not increase with time. A-B) Mean percent £SD TF+
activated CD4 T cells in draining LN and skin, as well as naive age-matched control mice (Naive D163).
C-D) Mean percent and count + SD of total and activated CD4 T cells in dLN and skin of Bb infected
mice. All timepoints are compared to 14 dpi using a two-way ANOVA with Tukey’s post-hoc
comparison (* p<0.05, ** p<0.01, *** p<0.001, ****p<0.0001). Data pooled from 4 independent

experiments; n = 3-7 mice for each group.
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PBMC and spleen in acute and chronic Bb infection. Two-way ANOVA with Tukey’s post-hoc

comparison (* p<0.05, ** p<0.01, *** p<0.001).
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Chapter 3

Generation of a pMHCII tetramer for the identification of Borrelia

burgdorferi specific CD4 T cells in C57BL/6 mice
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3.1 Abstract

CD4 T cells are central regulators of both cellular and humoral immune responses to infections. Yet,
understanding of the induction kinetics, quality, and effectiveness of CD4 T cell responses to Borrelia
burgdorferi (Bb), the causative agent of Lyme disease, are limited. Generation and use of MHC class II
“tetramers”, peptide-loaded MHCII multimers that can bind to peptide-specific CD4 T cells, has
significantly enhanced our ability to interrogate CD4 T cell responses by flow cytometry, but no such
reagents are available to study CD4 T cell responses to Bb in C57BL/6 mice. Here I describe the
identification of an immunogenic, I-A® restricted CD4 T cell epitope (Arpiss-i66) on Arthritis related
protein (Arp), a constitutively expressed Bb surface antigen that we had shown previously to induce
strong T-dependent IgG responses to infection in mice. I then validated that an I-A® tetramer generated
with this peptide identified Arp-specific CD4 T cells ex vivo, in lymph nodes of B. burgdorferi- but not B.
afzelii-infected, or non-infected C57BL/6 mice. Furthermore, I demonstrate that in vitro cultures of lymph
node cells stimulated with recombinant Arp led to strong proliferation among tetramer stained CD4 T
cells. In a proof-of-concept study assessing the usefulness of this reagent for the analysis of Bb-specific
CD4 T cell function, I demonstrate that Arp-specific CD4 T cells are preferentially differentiating into T
follicular helper (Tth) and T follicular regulatory (Tfr) cells on day 14 after infection, consistent with the
previously observed induction of strong serum Arp-specific IgG responses. Together, this study provides

a new tool for the interrogation of CD4 T cell responses to Bb.
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3.2 Introduction

Borrelia burgdorferi (Bb), a spirochetal bacterium, causes Lyme disease in a variety of species, including
humans [1], but causes persistent non-resolving infection with few if any disease manifestations in small
birds and rodents, considered “reservoir species” [2,3]. Bb is transmitted to humans by the bite of adult
blacklegged ticks of the order Ixodes. Infection of ticks with Bb requires the presence of chronically
infected reservoir hosts, as there is no vertical transmission of Bb from adult ticks to eggs [4]. A number
Bb immune evasion mechanisms have been identified that support the establishment of chronic infection
in these species. Among them is the differential expression of immunogenic Bb surface antigens.
Differential expression of Bb antigens plays an important role in the complex life cycle of Bb, allowing
the spirochete to evade antibody-mediated immunity in order to establish persistent infection [5]. One
apparent example is the expression of the outer surface protein (Osp) C by tick-dwelling Bb. While
expression of OspC is required for infection of a mammalian host, once infection occurs, OspC is rapidly
downregulated, explaining the rather modest IgG titers observed to OspC in C57BL/6 mice following
experimental infection [6]. Bb engineered to constitutively express OspC were rapidly eliminated from
infected mice [7], further demonstrating the importance of dynamically regulating OspC expression for

Bb persistence.

Bb also expresses the variable lipoprotein E (VISE), which through the use of various gene expression
cassettes alters its antigenic surface profile following infection, allowing Bb to evade antibody-mediated
immunity [8]. It has been proposed that expression of VISE on the surface of Bb acts also as a “shield” that
prevents recognition of other immunogenic surface antigens by the B cell response [9]. Specifically, it
was shown that the absence of vISE expression could cause clearance of Bb infection in mice that were

given antibodies to the surface antigen “arthritis related protein” (Arp) [9].
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Arp is a surface lipoprotein that is constitutively expressed throughout infection of mice [10,11].
Although its function is unknown, its absence diminishes the infectivity of Bb spirochetes [12]. Anti-Arp
immune serum was shown to induce arthritis resolution in arthritis-susceptible strains of mice, but it did
not induce bacterial clearance [13,14]. Furthermore, we previously showed that anti-Arp IgG responses
are highly prevalent in C57BL/6 mice infected with Bb N40, and that the induction of anti-Arp IgG
required the presence of CD40L and CD4 T cells [15,16], thus cognate T dependent B cell activation.
Despite the T-dependence of the anti-Arp response, antibiotic treatment rapidly reduced anti-Arp IgG
serum titers to background levels, strongly suggesting a failure of the anti-Arp response to induce long-
lived plasma cells (LLPC). In support of this, we were unable to detect Arp-specific LLPC in the bone
marrow of Bb-infected mice for over 3 months [17]. Furthermore, we demonstrated a rapid collapse of
germinal centers [17], the structures responsible for the induction of LLPC, suggesting that the anti-Arp
response is functionally defunct, but the reason for this defective immune response remains to be

established.

Because there are currently no tools available with which to assess Bb-specific CD4 T cell responses and
only one human CD4 epitope has been characterized previously [18], we conducted the following study to
identify MHCII I-A%restricted CD4 T cell epitopes and to test their utility for inclusion in a MHCII I-A®

“tetramer” for Bb infection studies with C57BL/6 mice.

3.3 Results and Discussion

High degree of sequence conservation of arthritis-related protein (Arp) among B. burgdorferi sensu

stricto strains

Studies on antigen-specific CD4 T cell responses in the context of a polyclonal T cell response have been

made possible through the generation of MHCII-peptide complexes that when multimerized can be used
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to label CD4 T cells for analysis by flow cytometry. We aimed here to develop an MHCII-restricted
tetramer as a tool to study Bb-specific CD4 T cell responses in C57BL/6 mice, the most common
laboratory strain of mice used today. We evaluated the Arp protein of Bb N40 as a candidate target,
because we had shown previously that Arp is highly immunogenic and induces a strong, T-dependent IgG
response in Bb N40-infected C57BL/6 mice [19]. Thus, suggesting the presence of MHCII-restricted
epitope(s) on the Arp protein. To determine whether the use of Arp may also allow studies of T cell
responses to other Bb strains we performed a basic local alignment search tool (BLAST) search for the
arp gene from Bb strain N40 (accession NC_017415.1, locus tag BBUN40 RS05425). We identified at
least eight strains of B. burgdorferi sensu stricto, including two commonly used laboratory strains, B31
and N40, that contained the arp gene (Table 3.1). Comparison of the Bb Arp protein sequences revealed
a high degree of homology across all Arp sequences (>90%). Notably, strain B31 was among the five Bb
strains that shared an identical Arp sequence with N40. In contrast, the closely related Bb sensu lato
strains, B. afzelii and B. garinii (Refseq accession GCF_000222835.1 and GCF_003814405.1,
respectively) lacked Arp (Table 3.1). Due to the high immunogenicity and sequence conservation of arp,

we proceeded to identify Arp-specific I-AP-restricted epitopes on Bb N40.

Arp contains a strong I-A -restricted epitope that induces CD4 T cell responses in C57BL/6 mice

after infection with Bb N40.

To identify I-AP-restricted epitopes on the Arp protein, we used total CD4 T cells enriched from the
peripheral lymph nodes (LN) of day 12 Bb-infected C57BL/6 mice as a source of Arp-specific T cells, as
this resulted in optimal detection of cytokine secretion via ELISPOT. We generated 20-mer peptides that
spanned residues 8 through 332 of Arp (NCBI accession WP _010890266.1"). To assess the presence of

these cells we co-cultured enriched CD4 T cells with irradiated, total spleen cells from non-infected

* The Arp protein was originally annotated as “ErpD.”
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C57BL/6 mice in the presence of individual 20-mer peptides from a library of Arp peptides (20-mer
peptides offset by 5 amino acids). Since the CD4 T cell response to Bb is considered Th1 dominant [20-
22], we first used IFNy ELISPOT as a read-out of CD4 T cell activation following restimulation with
either whole recombinant (r)Arp or individual Arp peptides. Controls were mediastinal lymph node CD4
T cells from day 7 influenza A/Puerto Rico/8/34 (A/PR8)-infected mice stimulated with heat-inactivated
A/PRS. While these controls gave robust increases in IFNy ELISPOTs when compared to the negative
control wells that lacked peptide additions (Fig. 3.1A), stimulation of CD4 T cells enriched from Bb-
infected mice with rArp or peptides resulted in an at best very modest induction of IFNy ELISPOTS (Fig.
3.1A). Similar results were obtained also when we isolated CD4 T cells from mice infected with Bb via
syringe inoculation, as well as mice infected with tissue adapted spirochetes for one year (data not
shown). Thus, the failure to measure IFNy ELISPOTs after Arp stimulation was unlikely due to technical
difficulties with the IFNy ELISPOT or the route of infection, and was unlikely due to the time point at
which we harvested the T cells. Furthermore, given that we previously showed the presence of activated
CD4 T cells in the lymph nodes of Bb infected mice on day 12 after infection [16,17], our data suggested
that Bb infection did not induce IFNy-producing CD4 T cells in the lymph nodes, although it is possible
IFNy producing cells may exist in other tissues. Since IL-2 is secreted by CD4 T cells following TCR
engagement [23], we proceeded to assess IL-2 ELISPOT generation in these cultures instead. The
drawback in using IL-2 as a readout for TCR engagement is the potential for higher background in
ELISPOT assays due to naive T cell’s ability to secrete IL-2 [24]. To overcome this limitation, we
calculated the fold-change of spots obtained from peptide stimulated wells compared to the mean number
of spots seen in the PBS control wells. Using this approach, we found that stimulation of lymph node
cells with rArp consistently resulted in robust IL-2 ELISPOT-induction compared to the control wells
(Fig. 3.1B). Screening the Arp peptide library at least 3 times resulted consistently in strong increases in
IL-2 ELISPOTS above background in cultures containing peptide fragments F22 and F23, and less strong

induction in ELISPOTSs from additional Arp regions (Fig. 3.1B).
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In order to more precisely identify the specific Arp epitope, we next generated shorter 15-mer peptides
offset by 5 amino acids, representing regions of interest from our initial screen. In this analysis we
focused on Arp regions F22-23 and others that had resulted in more variable increased [L-2 ELISPOTs.
The highest number of IL-2 ELISPOTS were induced by a 15-mer peptide “B11”, which shared
overlapping amino acid sequences with peptides F22 and F23 (Fig. 3.1C). No other peptide induced
significant and reproducible IL-2 ELISPOTs (Fig. 3.1C). This suggested the presence of at least one T

cell epitope in this region of Arp.

To more precisely determine the epitope sequence included in peptide B11, we next screened the original
B11 15-mer peptide as well as additional peptides generated by including 1, 2 or 3 amino acid residues
upstream (-1, -2 and -3), or downstream (+1, +2 and +3) of the B11 sequence. T cell stimulation via B11
(+3), spanning Arp residues 152 to 166, resulted in the largest number of IL-2 ELISPOTs. The spot
counts were comparable to those observed with the full length rArp, suggesting that we identified a major,
if not the only I-A’-restricted epitope on Arp (Fig. 3.1D, E). As little as 5Sng of Arpisz-166 induced
significant increases in IL-2 ELISPOTs compared to PBS (Fig. 3.1F), indicating the high
immunogenicity of this peptide. Consistent with induction of ELISPOTs by peptides F22 and F23, the

Arpisz-166 sequence spanned these originally identified immunogenic regions (Fig. 3.1G).

Generation and validation of an I-A" restricted Arp Tetramer

Due to the low affinity nature of TCR interactions with soluble peptide-MHC class I (pMHCII)
molecules, tetrameric pMHCII molecules have been developed in order to identify CD4 T cells
expressing antigen-specific TCRs [25]. MHC class II tetramers have proved invaluable in following CD4

T cell responses in non-TCR transgenic models of infection and immunization [26]. Using the above
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Arpisri66 (TIDFYIEPRPISSFL) peptide, the NIH Tetramer Core Facility generated two MHCII (I-A®)
peptide “tetramer” complexes, one labeled with PE the other with BV421. Using dual staining with these
tetramers, approximately 0.05 — 0.2% of CD4 T cells in the draining inguinal LN of Bb infected mice at
the height of their response, 14 days post infection, stained with both tetramers (Fig. 3.2A). Single stained
cell population likely constitute non-specific binding to non-peptide components of the tetramer. To
determine whether we could further optimize the identification of Arp-specific CD4 T cells with these
tetramers, we treated cells with Dasatinib, a protein kinase inhibitor (PKI). PKI treatment is thought to
increase the number of TCR molecules retained on the cell surface, increasing tetramer binding and
staining intensity [27], i.e. enhancing the mean fluorescence intensity (MFI) of the tetramer-bound cells
[27,28]. As expected, PKI treatment did not affect the number of cells that bound the Arp tetramer (Fig.
3.2B). It did, however, result in modest increases in the MFI of the PE-but not BV421-labeled tetramer

(Fig. 3.2C). We therefore treated all subsequent samples with PKI prior to tetramer labeling.

We then conducted several studies to confirm that the Arp tetramer identified Bb-induced antigen-specific
CDA4 T cells. First, we tested further whether the Arp-tetramer identifies Bb infection induced CD4 T
cells. After staining lymph node cells from Day 14 Bb-infected mice as well as controls with PE-labeling
Arp-tetramers and anti-PE antibodies conjugated to magnetic beads, we performed a magnetic pull-down
assay using a magnetic column (Fig. 3.3A). The pull down resulted in an at least 50-fold increase in the
frequency of Arp-specific CD4 T cells among total lymph node lymphocytes from day 14 Bb infected
mice, compared to frequencies measured prior to enrichment (2.55% + 0.41% vs. 0.0492% =+ 0.0066%,
respectively; Fig. 3.3B). In contrast, use of lymph node cells from naive mice, resulted in only a modest
enrichment in the number of Arp-specific CD4 T cells (Fig. 3.3B). Presumably these cells constituted the
Arp-specific CD4 T cells of the naive repertoire. Their frequencies (0.0129% + 0.0113% of total
tetramer-enriched lymphocytes, Fig. 3.3B), is similar to precursor frequencies reported with other systems

by others [29-31].
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To ensure that infection did not lead to an increased in “stickiness” or non-specific expansion of tetramer-
binding cells, we quantified Arp tetramer stained CD4 T cells also in mice infected with the B. afzelii
strain pKo, a spirochete which is closely related to B. burgdorferi, but lacks arp (Table 3.1). B. afzelii
infection induced a CD4 response of similar magnitude to that induced by Bb 14 dpi in the draining LN
(3.3-fold increase in total number of CD4 vs. 3.8-fold increase, respectively, compared to naive LN—data
not shown). Yet, the total number of Arp tetramer binding CD4 T cells detectable in these mice was not
significantly different in non-infected controls, nor did they differ from the number of CD4 T cells that
bound to two control tetramers of irrelevant specificity in Bb infected LN (Fig. 3.3C). These data
strongly suggested that Arpisz-166 tetramer-bound CD4 T cells recognize a Bb-specific antigen and expand
in response to infection with Arp-expressing but not Arp non-expressing spirochetes. A Bb-specific
expansion of Arpisa-ie6 -specific CD4 T cells was further supported by data showing that >80% of Arp-
tetramer positive CD4 T cells were enriched for T cells expressing an activated (CD44"™ CD11a")

phenotype (Fig. 3.3D).

Together, these data demonstrate that the I-A® tetramer displaying Bb Arpis»-i66 reliably identifies Bb-
specific CD4 T cells generated during infection with Arp-expressing but not Arp non-expressing Borrelia
spirochetes. The increased number of Arp-specific CD4 T cells detectable 14 dpi compared to either
uninfected mice, or mice infected with a Borrelia strain lacking Arp, demonstrates furthermore that the

tetramer-binding sCD4 T cells undergo clonal expansion in vivo in a Bb-specific manner.

In vitro rArp stimulation leads to enrichment of Arpis:-166 specific T cells

Final validation of the specificity of the Arpisz-166 tetramer was done by stimulating total lymph node cells

harvested from Bb infected and non-infected mice with recombinant (r)Arp for 6 days after first labeling
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these cells with a proliferation dye. As expected, stimulation with rArp resulted in robust proliferation of
CD4 T cells from Bb infected mice, with higher frequencies of divided CD4 T cells and a larger total
number of CD4 T cells compared to cultures from uninfected mice, as well as control wells without rArp
(Fig. 3.4A). Moreover, comparison of rArp-stimulated versus non-stimulated lymph node cultures
showed a strong expansion of Arp tetramer-binding CD4 T cells over a 7-day culture period (Fig. 3.4B).
All tetramer-binding CD4 T cells from rArp stimulated cultures had lost their proliferation dye signal,
indicating extensive cell divisions. Thus, we conclude that the Arpiss.ie6 tetramer identifies Arp-specific

CD4 T cells induced as part of a polyclonal CD4 T cell response to Bb N40 infection of C57BL/6 mice.

Polarization and function of Arp-specific CD4 T cells

Given the somewhat surprising lack of IFNy producing CD4 T cells observed in our initial ELISPOT
assays, we aimed to characterize CD4 T cell polarization during Bb infection and to compare Arp-specific
CD4 T cells to the total pool of activated (CD11a"™ CD44™) CD4 T cells. To this end, we developed
multicolor flow cytometric intracellular staining panels with which to study simultaneously the
expression of five lineage-defining transcription factors (Bcl6, FoxP3, Tbet, GATA-3 and ROR¢yt) in
conjunction with cell surface markers as well as dual tetramer staining Fig. 3.5A). Staining of thymocytes
confirmed our ability to stain for each of these transcription factors (data not shown). The results of this
analysis demonstrated that the overall expression pattern of transcription factors responsible for effector T
cell polarization (Tbet, GATA3, RORyt, supporting polarization towards a Th1, Th2 and Th17 state,
respectively) was overall similar between Arp-specific and Arp non-specific CD4 T cells (Fig. 3.5B).
Consistent with our functional analysis measuring IFNy secretion by ELISPOT, Tbet-expressing and thus
Thl polarized CD4 T cells were rare in lymph nodes of Bb-infected mice. There was, however, a small
increase in the frequency of Tbet-expressing CD4 T cells among the Arp+ cells, although this difference
did not reach statistical significance. We further noted that of the Tbet-expressing CD4 T cells fewer than

25% expressed solely Tbet. Rather, most co-expressed additional transcription factors, notably Bcl6 and
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FoxP3, among both the Arp-specific and the Arp non-specific cells (Fig. 3.5C). Similarly, about 75% of
GATA3+ and RORyt+ CD4 T cells expressed at least one additional transcription factors, and the
frequencies of cells expressing these factors was overall remarkably low (Fig. 3.5A). No major
difference in polarization signature of effector T cells was observed between Arp-specific and Arp non-
specific cells (data not shown). We conclude that Arp-specific CD4 T cells lack strong effector

polarization.

However, Arp-specific CD4 T cells did exhibit significant expression of Bcl6, the canonical transcription
factor of Tth cells, which are involved in T-dependent (TD) B cell responses. Moreover, the Arp+ CD4 T
cells showed a significantly higher frequency of Bcl6+ cells compared to the Arp non-specific cells (Fig.
3.5B). This finding is consistent with previous experiments that identified Arp as inducing strong T-
dependent IgG responses after Bb infection. In contrast to the findings in CD4 T cells with mixed
expression of transcription factors associated with effector polarization, only a relatively small fraction of
Bcl6+ cells expressed additional transcription factors (Fig. 3.5E). Of these, the most notable were the Tfr
cells that coexpressed Bcl6 and FoxP3 (Fig. 3.5D). The frequency of Tfr cells was significantly higher
among Arp-specific CD4 T cells, resulting in a higher ratio of Tfr:Tth among the Arp-specific cells
compared to those not binding Arp (Fig. 3.5F). Consistent with these results, analysis of all Bcl6+ CD4
T cells showed a significant enrichment for Arp-specific FoxP3+ Treg cells (Fig. 3.5G). These data are
interesting, as Tfr cells have been shown previously to constrain GC responses in some contexts [32,33].
Given our previous findings of a rapid collapse of GC after Bb infection, assessing whether the increased
frequencies of Tfr among Arp-specific CD4 T cells may constrain the Arp-specific GC response is a
future goal of our studies. Similarly, the biological significance of the apparent lack of strong CD4 T cell

effector polarization in the lymph nodes of Bb infected mice remains to be further evaluated.
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In conclusion, we have identified an immunogenic MHCII I-A® restricted epitope on a constitutively
expressed and highly conserved Bb surface antigen that is recognized by about 0.05% of activated lymph
node CD4 T cells at the height of the lymph node response. MHC 11 tetramers containing the identified
Arp peptide stained Bb-specific T cells that showed a surprising lack of strong effector T cell
polarization, but instead expressed Bcl6 either alone or in combination with FoxP3, thus identifying Tth
and Tfr, respectively. The lack of effector polarization that I described in Chapter 2 is unlikely to be
explained by our previous inability to distinguish bystander activated from Bb-specific CD4 T cells, since
the overall transcription factor expression profile was similar between the Arp-specific CD4 T cells

compared to the overall CD4 T cell response.

3.4 Materials and Methods
Mice and infections

C57BL/6 (000664) and B6.Cg-Prkdc*/Sz] (B6-SCID, 001913) mice were purchased from The Jackson
Laboratories, and housed under specific pathogen free conditions. To generate tissue-adapted spirochetes
[15,17], B6-SCID mice were injected intradermally with 1 x 10° low passage cultured N40 Bb spirochetes
in the intrascapular region of the dorsal midline. After at least 14 days of infection, ear tissue from B6-
SCID mice was transplanted subcutaneously in the right rear hock of 8 — 12 weeks old recipient female
C57BL/6 mice, leading to their infection. This mode of infection ensured that the right inguinal lymph
node was always the infection-site draining lymph node. At various times after infection mice were
euthanized by overexposure to CO, prior to harvesting tissues. All procedures were performed in strict
accordance with protocols approved by the Animal Care and Use Committee of University of California,

Davis.

Peptide libraries
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Peptides representing 20 mer fragments overlapping by 5 amino acids covering residues 8 through 332 of
the Arp sequence (NCBI reference WP_010890266.1) were generated by Genscript. 15 mer peptides
overlapping by 5 amino acids were subsequently generated of regions of interest (approximately 40% of
the Arp sequence). Individual lyophilized peptides were reconstituted according to manufacturer’s
instructions, using either water, or water mixed with ammonium hydroxide (NH4OH), DMSO, or acetic

acid (CsHCOOH). PBS served as a no peptide control.

ELISPOT

96-well ELISPOT plates were coated with anti-IFNy (clone AN-18, eBioscience) or anti-IL-2 (clone
JES6-1A12, eBioscience) in PBS overnight, and blocked with 4% BSA as described previously [17].

CD4 T cells from the draining lymph nodes of 12-day Bb infected mice were enriched by magnetic
separation. Single cell suspensions of spleen cells from non-infected congenic mice were irradiated (3000
rad) and served as feeder cells. 1 x 10° CD4 T cells and 4 x 10° irradiated splenocytes were plated in each
well, resuspended in RPMI culture media supplemented with 10% fetal calf serum. Varying
concentrations of recombinant protein, peptide, or heat inactivated influenza A/Puerto Rico 8/34 virus
were added for overnight culture at 37 C in 5% CO,. Cytokine detection antibodies were added following
lysis of the cells using water. Biotinylated anti-IFNy (clone R4-6A2, eBioscience) or anti-IL-2 (clone
JES6-5HA, eBioscience) and streptavidin conjugated to alkaline phosphatase (BD Pharmingen) was used
to label secreted cytokines and spots were revealed using nitro-blue tetrazolium chloride (NBT)/ 5-
bromo-4-chloro-3'-indolyphosphate p-toluidine salt (BCIP) substrate (Thermo Fisher). Spots were
imaged and enumerated using an iSpot Spectrum EliSpot Reader System (Advanced Imaging Devices
GmbH). Results were expressed as fold-change over control wells receiving PBS instead of protein or

peptide.
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Flow Cytometry

As described previously [17,34], lymph nodes and other tissues were dissociated between frosted glass
slides and passed through a 70 pm nylon mesh filter to create single cell suspensions. If erythrocyte
contamination was visible, single cell suspensions were treated with ammonium chloride potassium
(ACK) lysis buffer for 60 seconds, then washed with staining media. Cell concentration was determined
by hemacytometer count. Prior to antibody labeling, cells were treated with anti-CD16/CD32 (Fc block
generated in-house; clone 2.4G2) and labeled with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit
(Invitrogen) for discrimination of live vs. dead cells. Cells were then stained with combinations of the
following antibodies (conjugate clone manufacturer): CD3 (Alexa700 500A2 Invitrogen, PerCP-ef710
17A2 Invitrogen, FITC 2C11 in house), CD4 (Alexa700 RM4-5 Invitrogen, BUV395 RM4.5 BD
Biosciences, APC-ef780 GK1.5 Invitrogen), CD19 (BV786 ID3 BD Biosciences, PE-CF594 1D3
Invitrogen, BV650 ID3 BD Biosciences), B220 (FITC RA3-6B2 in house), CD44 (BV711 IM7
Biolegend), CD11a (PE M17/4 Invitrogen, Cy7-PE 2D7 BD Biosciences), ICOS (BUV395 C398.4A BD
Biosciences, BV786 C398.4A Biolegend), PD-1 (APC-ef780 J43 Invitrogen), CD8a (BUV737 53-6.7 BD
Biosciences, AF700 53-6.7 Invitrogen), NK1.1 (Alexa700 PK136 Invitrogen), Gr-1 (red fluor 710 1A8
Tonbo), F4/80 (Alexa700 BMS Biolegend), Bcl6 (Alexa647 K112-91 BD Biosciences), Foxp3 (FITC
FJK-16s Invitrogen), GATA3 (PE-Cy5 TWAJ Invitrogen), RORyt (PE-CF594 Q31-378 BD Biosciences),
Tbet (Cy7-PE 4B10 Invitrogen). Extracellular labeling was performed on ice for 20 minutes. For
intracellular labeling, cells were fixed and permeabilized with Foxp3 Transcription Factor Staining Buffer
Set (eBioscience 00-5523-00) following manufacturer’s instructions. Intracellular antibodies were
incubated for 30 minutes at room temperature. Data was acquired on either a LSRFortessa or

FACSymphony flow cytometer (BD), and analyzed using FlowJo software.
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Protein Kinase Inhibitor (PKI) treatment

PKI treatment of single cell suspensions to enhance tetramer staining was performed as described
previously [27]. Briefly, a stock solution of Dasatinib (Selleck Chemical) was diluted to 1 mM in DMSO
and stored at -20 C. Lymph node single cell suspensions were incubated with a final concentration of 50
nM Dasatinib in PBS at 37 C for 30 minutes. Cells were washed twice with staining media before

proceeding to tetramer incubation and additional antibody labeling as outlined for flow cytometry.

Arpisz-166 Class 11 tetramer labeling

I-A® restricted Arpisz-166 MHC I tetramers conjugated to phycoerythrin and BV421 were generated by the
NIH Tetramer Core. Following PKI treatment of lymph node single cell suspensions, Arpisz-i66 tetramers
were incubated with cells for 60 minutes at room temperature and washed with staining media before

proceeding to further labeling as outlined under flow cytometry.

In vitro stimulation assay

Lymphocytes were harvested from the right inguinal (draining) lymph node of Bb infected mice at 21 dpi,
or mixed peripheral lymph nodes of age-matched uninfected controls. Cells were incubated with 1.25uM
of CellTrace Far Red proliferation dye (Invitrogen) diluted in PBS, for 10 minutes at 37 degrees C, then
washed twice with staining media. Cells were resuspended in RPMI (Gibco) culture media containing
10% FBS (Gibco), 100 U/ml penicillin, 100 pg/ml streptomycin, 0.292 mg/ml L-glutamine (Gibco), 50
UM B-mercaptoethanol (MP Biomedicals), and 1 U/ml rhIL-2 (Roche). Between 2-3 x 10"6 lymphocytes
were plated in 24-well tissue culture plates, in the presence or absence of 50 pug/ml rArp (Genscript, or
generated in house as previously described [15]). Cultures were incubated for 6-7 days at 37 degrees and

5% COs. Every 2-3 days, cultures were spun down at 400 xg for 5 minutes, half the culture media was
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removed and replaced with fresh media containing 2 U/ml thIL-2. At the end of the culture period, cells
were layered over Ficoll-Paque PLUS (Cytiva) density gradient, and spun at 600 xg for 20 minutes at
room temperature with no brake to separate out dead cells. The interface layer was collected and washed

twice with staining media prior to labeling for flow cytometry.
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3.6 Tables

Table 3.1

Table 1. Arp gene sequence homology

. . OspC Peptide % Amino Acid | Arp gene .
Species Strain Geography Source Type Length Identity to N40 location NCBI accession #
. Ixodes
B. burgdorferi N40 New York scapularis E 332 aa 100 Ip28-5 WP_010890266.1
B. burgdorferi 64b New York Human B1 332 aa 100 1p28-5 WP_010890266.1
B. burgdorferi 118a New York Human J 332 aa 100 1p28-5 WP_010890266.1
B. burgdorferi 156a New York Human H2 332 aa 100 1p28-5 WP_010890266.1
. Ixodes
B. burgdorferi B31 New York scapularis A 332 aa 100 1p28-1 WP_010890266.1
B. burgdorferi PAbe Germany Human 332 aa 100 1p28-1 WP_010890266.1
. Ixodes
B. burgdorferi JD1 Massachusetts . C1 332 aa 99.1 p28-4 WP_014540454.1
scapularis
B. burgdorferi 72a New York Human G 332aa 92.15 Ip36 WP_012665889.1
B. burgdorferi 94a New York Human U1 332 aa 91.84 1p36 WP_012672552.1
B. afzelii PKo Germany Human - - - - -
B. garinii PBr Denmark Human - - - - -
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Figure 3.1: Discovery of an immunodominant Arp epitope. CD4 T cells from Bb infected mice (12
dpi) were stimulated with gene-wide overlapping 20-mer Arp peptides (100 pg per well), recombinant
Arp (50 pg per well), or PBS, and analyzed for (A) IFNy or (B) IL-2 secretion by ELISPOT. (A) CD4 T
cells from influenza A/PRS infected mice (7 dpi) were stimulated with 40 HAU of inactivated virus as a
positive control. (C) Immunogenic regions identified in (B) were further probed through stimulation with
15-mer Arp peptides B1-B18 and (D, E) 15-mer Arp peptides offset by 1 aa residue. Controls were
recombinant Arp and PBS. E) Representative images of ELISPOT wells. F) Peptide-dose response
curve of CD4 T cell IL-2 production in response to B11(+3) peptide as assessed by ELISPOT. G)
Alignment of selected Arp peptide sequences to the whole Arp protein sequence. A-D, F) Bars represent
mean of 2-3 replicate ELISPOT wells + SD. Data are representative of two (A, C, D, E, F) or three (B)

independent experiments.
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Figure 3.2: PKI treatment improved staining intensity of the Arpis:-i66 tetramers. A) Representative
FACS plots of draining LN from 14 dpi Bb infected mice. LN cells from individual mice were either
treated with a protein kinase inhibitor (+PKI) or incubated in staining media (-PKI) prior to incubation
with Arp tetramer. Plots are pre-gated on live single lymphocytes, CD19- CD3+ CD4+. B) Frequencies
and numbers of Arp-specific CD4 T cells detected in draining LN of 14 dpi Bb infected mice. C) Mean
fluorescence intensity (MFI) of BV421- and PE-labeled Arp tetramer among CD4+ T cells. N=4 mice,

paired two-tailed Student’s t-test, *p<0.05.
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Figure 3.3: Arp tetramer detects Bb Ag-specific CD4 T cells. A) Representative FACS plots show
mixed LNs from 14 dpi Bb infected and naive control mice following enrichment by magnetic pull down
of tetramer-labeled cells. B) Frequency of Arp-specific CD4 T cells among enriched fractions of
lymphocytes from 14 dpi Bb infected (n=4) and naive (n=4) mice. Data are representative of three
independent experiments. C) FACS plots show dual Arp-tetramer-labeling of CD4 T cells from the
draining LN 14 dpi Bb N40-infected, B. afzelii pKo-infected, or naive control mice (n=4 mice for each
condition). Staining with non-specific control tetramer stains for Bb N40 and naive mice is shown below.
Right bar chart shows summary of results. D) Overlay 5% contour plot with outliers of staining for CD44
and CD11a among total and Arp-specific CD3+ CD4+ T cells in the draining LN of 14 dpi Bb N40
infected mice (n=4). Bar chart shows summary of activated CD44"™ CD11a" cells = SD B) Two-tailed

Student’s t-test; C) One-way ANOV A with Tukey’s post-hoc comparison. ***p<0.001, ****p<0.0001.
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Figure 3.4: Arp tetramer binds specifically to rArp stimulated CD4 T cells. A) LN cells from 21 day
Bb infected mice or uninfected controls were labeled with proliferation dye, and cultured for 6 days in the
presence or absence of rArp protein. Cultures were analyzed via FACS for dilution of proliferation dye
(representative FACS plots, top) and total divided CD4 T cells (summary data, bottom). Student’s t-test;
*=p<0.05, **=p<0.01. B) Draining LN cells from Bb infected mice (21 dpi) were labeled with
proliferation dye, and cultured in the presence or absence of rArp protein. After 7 days of culture,
similarly treated wells were pooled, labeled with Arpisz-166 tetramers, and Arpisz-166 specific cells (top

panels) were analyzed for proliferation via FACS (bottom panels).
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Figure 3.5: Arp-specific CD4 T cells are enriched for Bel6+ Tth. A) The draining LNs of Bb infected
mice were harvested 14 dpi, and processed and labeled for FACS analysis. B) Highly activated Arp-
specific (Arp+) CD4 T cells and non-tetramer binding cells (Arp-) were analyzed for expression of
lineage defining transcription factors. C) Tbet-expressing CD4 T cells were analyzed for co-expression
of additional lineage-defining transcription factors. D) Representative FACS plots of Bcl6 and Foxp3
coexpression in Arp+ and Arp- CD4 T cells. FMO controls are shown below. E) Bcl6-expressing CD4 T
cells were analyzed for co-expression of additional lineage-defining transcription factors. F) The ratio of
Tfr (Foxp3+ Bcel6+) to Tth (Foxp3- Bcel6+) cells was calculated for Arp+ and Arp- CD4 T cells. G)
Foxp3-expressing CD4 T cells were analyzed for co-expression of additional lineage-defining
transcription factors. N=4 mice, representative of three independent experiments. Statistical analysis for
B-C), E) and G) is 2-way ANOVA with Sidak’s multiple comparison correction. F) is paired student’s t-

test.
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Although it is well established that B cell immunity to Borrelia burgdorferi (Bb) infection is critical for
host defense, the role of CD4 T cells in host defense against this pathogen remains enigmatic. Since CD4
T cells are an indispensable component of host defense against microbial pathogens, it stands to reason
that they also play an important role in defense against Bb infection. To date, however, most studies on
CD4 T cell responses to Bb infection have focused on their role in inducing host pathology (see Chapter
1, or [1]). They provided little evidence that CD4 T cells play a role in host protection [2]. I therefore set
out to reexamine the extent to which CD4 T cells either contribute, or fail to contribute, toward host

defense against Bb.

One particular aspect of the CD4 response I focused on was T cell polarization (Chapter 2). Although
Bb is an extracellular bacterium, it has been widely reported and it is generally accepted that Bb induces a
Th1 dominant CD4 T cell response [3,4]. Since most of the work done to establish that Bb induces a Thl
response occurred prior to the discovery and characterization of additional CD4 T cell polarization states,
such as Th17 and Tth, I reasoned that it would be useful to reassess Bb induced CD4 T cell polarization
using several approaches, and to assess the degree of CD4 T cell polarization towards the following major
CD4 T cell subsets: Thl, Th2, Th17 (effector T cells), Tth (B cell helper T cells), and Treg (regulatory T
cells). First, I conducted qRT-PCR to measure the induction of mRNA transcripts of lineage defining
cytokines and transcription factors in highly purified populations of CD4 T cells from the draining LNs of
Bb infected mice. Although I found that the Thl-associated transcription factor 7hx2/ was more highly
upregulated than Th2- or Th17-associated transcription factors, 7hx21 induction appeared weak and
transient, returning to baseline levels by 14 dpi (Figure 2.2). Surprisingly, the Thl cytokine /fng was not
significantly increased over baseline levels (Figure 2.2). When I assessed CD4 T cell polarization via
multi-color flow cytometry, I observed a similarly weak Th1 polarization assessed via staining for Tbet,

encoded by the master transcriptional regulator of Thl polarization, Tbx21 (Figure 2.3). Nevertheless,
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induction of Thl lineage markers was greater than induction of Th2 or Th17 markers, consistent with

previous literature.

Since effector T cells are able to exit the LN and migrate to sites of inflammation in the tissues, I also
analyzed the polarization state of CD4 T cells at an important effector site in Bb infection, the skin, as T
cell polarization may require time from initial induction in the LN and/or environmental cues from an
effector site. Somewhat surprisingly, CD4 T cell polarization to effector subsets in the skin was not
observed above that seen in the LN (Figures 2.5 and 2.6). We also tested the possibility that effector
polarization might increase at late timepoints of Bb infection, and found that effector CD4 polarization
remained minimal over the course of infection (Figure 2.6). Although it appears that Bb infection results
in greater Th1 polarization compared to either Th2 or Th17 polarization, together our data suggests

overall weak or incomplete effector T cell polarization.

One technical limitation of the studies outlined above is that they could not distinguish antigen (Ag)
specific CD4 T cells from polyclonal T cells that may have undergone bystander activation during Bb
infection. Therefore, we set out to generate a system in which we could identify Bb-specific CD4 T cells.
We did this by conducting a comprehensive epitope mapping study to identify an immunoreactive epitope
on the T-dependent Bb surface antigen, Arthritis related protein (Arp) (Chapter 3). Notably, during this
screen we discovered that we could not detect IFNy secretion by ex vivo Arp peptide stimulated CD4 T
cells from day 10 Bb infected mice (Figure 3.1), consistent with my mRNA analysis that failed to
demonstrate significant /fng induction (Figure 2.2). Using the newly identified Arp epitope, we
developed a pMHCII tetramer that was capable of identifying Arp-specific CD4 T cells (Figures 3.3 and
3.4). Using this novel tetramer reagent, [ assessed the polarization state of Ag-specific CD4 T cells

alongside polyclonal CD4 T cells, and found that Arp-specific CD4 T cells exhibited similarly weak Th1
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polarization as polyclonal effector T cells (Figure 3.5). These results help support my earlier conclusions

that Bb induces a weak effector response, characterized by slight Th1 skewing.

Our lab previously described that Bb infection induces lymphadenopathy, characterized by a highly
disorganized LN architecture [5,6]. We hypothesized then that the dis-coordinated nature of the LN
response might lead to impairment of the quality of B cell responses. Given my data, it stands to reason
that the induction of optimal CD4 T cell responses may be similarly impaired, which may be manifested
in a lack of T cell polarization. Although early type I IFNg induction has been implicated in driving
aspects of the dysregulated B cell response to Bb infection [7], it is not known whether this mechanism,

or others, contributes to suboptimal CD4 T cell polarization.

Another important unresolved question is what role Th1 dominant polarization of effector CD4 T cells
plays in host immunity to Bb. Although there is a well-established correlation between the production of
the hallmark Th1 cytokine IFNy and the severity of certain Lyme disease pathologies such as Lyme
arthritis [8], it is less clear whether Th1 responses play a role in limiting bacterial replication and
dissemination. Although increased IFNy was correlated with decreased bacterial burden in certain mouse
models [9-11], it is not clear whether this effect is T cell intrinsic. Furthermore, our data indicated little to
no production of [IFNy by CD4 T cells in response to Bb infection. Further studies are warranted to
understand whether Thl polarization, and whether CD4 T cell derived IFNy, contributes to host

protection against Bb infection.

One possibility that should be considered in future studies of CD4 responses to Bb is that polarization of
effector CD4 T cells towards a subset other than Th1 may be beneficial to host protection. For instance, a

Th17 dominated response to Bb could potentially be more effective than a Th1 driven response, since
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Th17 responses are particularly well-suited to combatting extracellular bacterial infections [12]. One
major function of Th17 cells is mobilization and recruitment of neutrophils via production of IL-17 [13],
and neutrophils have previously been shown to be beneficial to host protection against Bb infection [14].
Furthermore, type I IFN has been shown to impair Th17 mediated neutrophil recruitment and host
protection against secondary bacterial pneumonia following influenza infection [15,16]. Since Bb
induces strong type I IFN signaling [4], it is unsurprising that stronger Th1 polarization is induced
compared to Th17. Furthermore, previous studies established that 7hx27 expression suppresses the
induction of Rorc, the transcriptional regulator of Th17 polarization [17], thus Th1 polarization also
directly inhibits the development of Th17 effectors. If Th17 polarization is indeed suppressed during Bb
infection, this may limit neutrophil mobilization and impair neutrophil mediated control of Bb. Indeed
histological evaluation of Bb-infected mouse tissues showed little evidence for a granulocytic infiltrate by
about day 7 following infection [14], a finding confirmed by us via flow cytometry (data not shown),
further supporting the idea that a lack of local IL17 production may inhibit effective innate immune

response activation during Bb infection, helping the spirochetes to evade clearance.

In several preliminary experiments, I tested whether administration of rIL-17 to Bb infected mice
improved neutrophil mobilization to the skin, as well as control of bacterial burden. Although greater
numbers of neutrophils were seen circulating in mice treated with rIL-17, I did not observe enhanced
neutrophil infiltration of the skin (data not shown). Additionally, rIL-17 treatment did not significantly
affect bacterial burden in the skin, or in other tissues (data not shown). Although treatment with the
hallmark Th17 cytokine IL-17 did not appear to benefit host defense in these experiments, it is possible
that the cytokine treatment was insufficient in dose or frequency. Thus, further investigation into the

efficacy of Th17 responses in host defense against Bb is warranted.
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In contrast to the weak effector polarization that was observed in response to Bb infection, I consistently
observed robust induction of the lineage defining Tth transcription factor Bel6 among LN CD4 T cells
(Figures 2.2 and 2.3). T cells identified as specific for Arp were even more likely to express the Tth
defining transcription factor Bcl6 than polyclonal cells (Figure 3.5), which supported previous studies
from our lab that had previously observed strong T-dependent Arp-specific IgG responses in C57BL/6
mice [18]. Intriguingly, Arp-specific CD4 T cells were more likely than polyclonal cells to co-express
Foxp3 with Bcl6, indicative of greater induction of Arp-specific Tfr cells (Figure 3.5). Although greater
numbers of Arp-specific Tfr might indicate tighter regulation of the Arp-specific humoral response, the
functional consequences of this observation require further exploration, given that we observed the
presence of Arp-specific germinal center B cells at days 14 and 21 after infection, but not at day 28 (data

not shown.

In light of the strong induction of Tth responses, it is important to further investigate role of Tth in the
GC response to Bb infection. Our lab has previously identified significant defects in Bb induced GC
responses, including a lack of long lived plasma cell formation, defects in affinity maturation, and
premature GC collapse [6,19]. Thus it will be important in the future to identify whether the population
of Bcel6+ Tth are fully functional and/or whether the presence of Tfr might suppress the response.
Although I observed strong upregulation of //2] transcripts in LN CD4 T cells (Figure 2.2), suggesting
their ability to produce the hallmark Tth cytokine IL-21, it will be important to examine additional
functional aspects of the Tth generated in response to Bb infection. Indeed, our lab previously showed
that CD4 T cells from Bb infected mice had altered functionality in driving T-dependent B cell responses,
favoring rapid plasma cell differentiation rather than B cell proliferation [18]. Identification of Bb-
induced functional changes to Tth could help explain why the GC response fails to induce effective B cell

immunity to Bb, and why Bb is able to persist in spite of a robust Ab response.
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In summary, my data provide evidence that CD4 T cells undergo weak effector polarization in response to
Bb infection. Ineffective induction, or alterations of CD4 T cell effector polarization may constitute a
previously overlooked but potentially powerful aspect of Bb-mediated immune evasion that identifies
CDA4 T cells as a potential target of Bb-mediated immune suppression. My data also show that, relative to
the weak induction of effector subsets, Tth are strongly induced, but that a relatively high frequency
express a regulatory phenotype. Additionally, I have described the development and validation of a novel
reagent to identify CD4 T cells specific for the highly conserved and T-dependent Bb surface antigen Arp

will provide a critical reagent to further explore the function of CD4 T cells in Bb infection.
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