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ABSTRACT Activation of CD4 T cells by dendritic cells leads to their differentiation
into various effector lineages. The nature of the effector lineage is determined by
the innate cues provided by dendritic cells to newly primed T cells. Although the cy-
tokines necessary for several effector lineages have been identified, the innate cues
that drive T follicular helper (Tfh) lineage cell development remain unclear. Here we
found that following priming, CD4 T cells undergoing clonal expansion acquire a
transient Tfh-like phenotype before differentiating into other effector lineages. In ad-
dition, we found that T cell-intrinsic myeloid differentiation antigen 88 (MyD88) sig-
naling, which occurs downstream of interleukin-1 (IL-1) and IL-18 receptors, is critical
for the primed CD4 T cells to transition out of the temporary Tfh lineage. Mice with
T cell-specific deletion of MyD88 have a higher proportion of Tfh cells and germinal
center (GC) B cells. These exaggerated Tfh cell and GC B cell responses, however, do
not lead to protective immunity against infections. We demonstrate that T cell-
intrinsic MyD88 is critical for effector lineage differentiation as well as production of
the cytokines that are necessary for class switching. Overall, our study establishes
that following priming and clonal expansion, CD4 T cells undergo a transitional Tfh-
like phase and that further differentiation into effector lineages is dictated by T cell-
intrinsic MyD88-dependent cues.
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mong all the cell types of the adaptive immune system, CD4 T cells display the
largest degree of plasticity, as they have the ability to differentiate into numerous
sublineages in response to pathogen-specific and environmental cues (1, 2). The
pathogen-specific signals are primarily derived from the innate immune system, while
the environmental cues are defined by the tissue location and the global immune
status of the host shaped by the microbiota and persistent infections (3). Differentiated
CDA4 T cell lineages orchestrate a broad range of effector activities, including providing
help to CD8 T cells, activating B cells, and recruiting inflammatory cells, such as
monocytes and neutrophils, to sites of infection and inflammation. Understanding CD4
T cell differentiation is therefore critical to gain insights into the function of the entire
immune system. Naive CD4 T cells recognize cognate peptides presented in the context
of major histocompatibility complex (MHC) class Il molecules on dendritic cells (DCs),
which results in clonal expansion of antigen-specific T cells. Costimulatory molecule
engagement and the innate cytokine milieu present during the T cell priming dictate
the fate of activated CD4 T cells (4, 5). T helper (Th) cell subsets (Th1, Th2, Th17, induced
T regulatory [iTreg], and T follicular helper [Tfh] cells) are defined by the expression of
a unique set of transcription factors as well as hallmark cytokines (4).
Tfh cells, defined by the expression of the Tfh cell master transcriptional factor B cell
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lymphoma 6 (BCL6), are important for the formation of productive germinal centers
(GCs) and selection of high-affinity B cells (6-10). Tfh cells are characterized by their
production of interleukin-21 (IL-21) and their selective expression of CXC chemokine
receptor 5 (CXCR5), programmed death 1 (PD-1), and inducible costimulator (ICOS) (6).
Like other CD4 T cell subsets, innate cytokines, namely, IL-6 and IL-21, have been
proposed to be the drivers of Tfh cell differentiation (11). These cytokines induce the
expression of BCL6, which promotes CXCR5 expression and GC formation, in addition
to acting as a transcriptional repressor for alternative lineages (12-14). IL-6 is consid-
ered a key Tfh cell-priming cytokine, as it promotes the expression of BCL6 (15).
However, an in vivo deficiency of IL-6 does not seem to impair Tfh cell differentiation
(16). IL-12 has also been reported to be capable of inducing differentiation of IL-21-
producing Tfh-like cells in humans; however, this finding could not be reproduced in
murine models (17-19). A recent study has shown that during early Th1 cell differen-
tiation, CD4 T cells pass through a Tfh-like phenotype and the local concentration of
IL-2 dictates the fate of activated CD4 T cells to differentiate into Tfh cells versus
non-Tfh lineage cells (20). Accumulating evidence also suggests that CD4 T cell lineages
display a high degree of plasticity based on the cytokine milieu. Expression of BCL6 and
IL-21 is not exclusive to Tfh cells, with other activated murine CD4 T cells also
expressing these proteins (21-24). Human memory CD4 T cells with CXCR5 expression
were reported to share functional properties with Tfh cells, but these cells also
expressed canonical Th1, Th2, and Th17 cell transcription factors (25). These reports
point to the existence of a cell-intrinsic regulator of Tfh cell fate determination. We
therefore decided to investigate the early events in CD4 T cell differentiation in order
to elucidate the role of innate cues in Tfh cell fate determination.

The importance of myeloid differentiation antigen 88 (MyD88) downstream of
Toll-like receptors (TLRs) in DCs in driving T cell activation and differentiation is well
established (26). Although MyD88 is a critical signaling adaptor downstream of TLRs, its
function downstream of IL-1, IL-18, and IL-33 receptors in T cells is continuing to be
unraveled (3). We have reported a critical role for T cell-intrinsic MyD88 in Th17
responses (27). Others have also shown that a lack of T cell-intrinsic MyD88 leads to
compromised Th1 differentiation following protein immunization as a result of en-
hanced Treg suppression (28). In addition, T cell-intrinsic MyD88 has also been shown
to be critical for priming of lymphocytic choriomeningitis virus (LCMV)-specific CD4 T
cells (29). Pathogen recognition by DCs leads to the production of several inflammatory
cytokines that shape the nature of adaptive immune responses. While priming
cytokines like IL-6 and IL-12 have been prescribed functions in promoting specific
CD4 T cell lineage commitment, the role of IL-1 family members in regulating early
priming and lineage commitment of CD4 T cells is not entirely clear. In particular,
whether T cell-intrinsic MyD88 regulates the early plasticity of T cell differentiation
remains unknown.

In the present study, we examined the process of commitment by CD4 T cells with
respect to lineage-specific markers and the role of innate cytokines in early CD4 T cell
programming. Surprisingly, we found that the majority of activated CD4 T cells tran-
sition through a Tfh-like stage before differentiating into other effector lineages.
Furthermore, we discovered that T cell-intrinsic MyD88, acting downstream of IL-1 and
IL-18 receptors, is crucial for primed CD4 T cells to exit the transitional Tfh cell stage. T
cell-specific deletion of MyD88 resulted in exaggerated Tfh lineage differentiation,
which was accompanied by enhanced GC reactions. Our study provides novel
insights into early CD4 T cell lineage commitment by identifying a previously
unrecognized role for T cell-intrinsic MyD88 signaling in determining the fate of
transitional Tfh lineage cells.

RESULTS

Activated CD4 T cells acquire a Tfh lineage phenotype before committing to
other effector lineages. To investigate the early events of CD4 T cell differentiation in

vivo, we used the OT-II T cell receptor (TCR) transgenic T cell transfer model. We closely
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mimicked the in vivo frequency and antigen-specific T cell response by transferring very
low numbers (1 X 10°) of purified OT-Il T cells into wild-type (WT) mice. Following
intravenous transfer of congenic OT-II cells, recipient mice were immunized with
ovalbumin (OVA) mixed with lipopolysaccharide (LPS) emulsified in incomplete
Freund’s adjuvant. We tracked the expansion and differentiation of OT-II T cells on days
7, 14, and 21 in response to OVA immunization. Donor cells in the draining lymph
nodes were collected and stained for congenic markers as well as T cell lineage markers.
We found that the majority of transferred OT-Il CD4™" T cells acquired a Tfh phenotype
by day 7, as revealed by the high levels of expression of CXCR5 and PD-1 (Fig. 1A; see
also Fig. STA in the supplemental material). As expected, the transferred cell population
(CD4* CD45.1™) contracted after day 7. Notably, the proportion of Tfh-like cells among
the remaining donor cells (CD4* CD45.1") gradually waned by day 14, and a majority
of the donor T cells (CD4* CD45.17) lost this phenotype by day 21 (Fig. 1A). A small
proportion of the donor cells retained Tfh lineage markers at day 21, suggesting that
they potentially remained committed long-term Tfh cells rather than further differen-
tiating into other lineages (Fig. TA). We sorted the expanded OT-Il T cells from the
recipient mice and examined the transcriptional expression of Bcl6, B lymphocyte-
induced maturation protein 1 (Blimp-1), and T-box transcription factor 21 (Tbx21;
encoding T-bet) at various time points. Bcl6 expression was the highest at day 7
following immunization and gradually decreased over time, thereby mirroring the
surface expression of Tfh lineage markers (Fig. 1B). Conversely, expression of transcrip-
tion factors Blimp-1 and Tbx21 was the lowest at day 7 and gradually increased until
day 21 (Fig. 1B). The kinetics of mRNA expression were reflected in the intracellular
expression of these transcription factors. The majority of the cells expressed intracell-
ular BCL6 at day 7 following immunization (Fig. S1B). Surprisingly, a small proportion of
BCL6-expressing OT-II T cells also expressed the Th1-specific transcription factor T-bet
(Fig. 1C and D) and the Th17-specific transcription factor retinoic acid-related orphan
receptor yt (RORyt) (Fig. 1E and F). This suggests the existence of a partially differen-
tiated state of CD4 T cells with the concomitant expression of Tfh and Th1/Th17 lineage
transcription factors before terminal differentiation into effector T cells. Furthermore,
the numbers of BCL6-expressing CD4 T cells were reduced by day 14 with a simulta-
neous increase in T-bet-expressing (T-bet™) BCL6-negative (BCL6™) cells (Fig. 1C and D)
or RORyt* BCL6™ cells (Fig. 1E and F). Taken together, these results point to the
possibility that activated CD4 T cells pass through a transient Tfh-like stage before
effector differentiation into Th1 and Th17 lineage cells.

Blocking the IL-1 family of cytokines leads to enhancement of Tfh lineage
development. Use of the OT-Il TCR transgenic T cells restricted our analysis to CD4 T
cells of single epitope specificity, so we adopted a system that would allow us to study
polyclonal antigen-specific T cell responses. We utilized an in vitro priming system
where dendritic cells (DCs) are first fed with pathogen extract and then used to prime
naive CD4 T cells. This approach has been successfully used previously to investigate
pathogen-specific human CD4 T cell differentiation (30). We decided to use Staphylo-
coccus aureus and Listeria monocytogenes, since these pathogens are known to induce
an effective CD4 T cell response in vitro and in vivo (30, 31). We also used Borrelia
burgdorferi, as it has recently been shown to be effective in inducing Tfh lineage
commitment (32). Temporal analysis of the clonally expanded pathogen-specific CD4 T
cells showed that the majority of activated CD4 T cells acquired a Tfh phenotype during
the early stage (day 3) of priming (Fig. 2A). This was characterized by the surface
expression of CXCR5 and PD-1 (Fig. 2A). Consistent with the in vivo data, this transient
Tfh phenotype gradually diminished by day 5 (Fig. 2B). Analysis of Bcl6 and Blimp-1
expression in sorted carboxyfluorescein succinimidyl ester (CFSE)-negative cells corrob-
orated the in vivo findings of higher levels of Bcl6 expression at early stages of
differentiation, followed by the higher levels of Blimp-1 expression at later stages of
differentiation (Fig. 2C). These in vitro results further support the hypothesis that,
following priming, the majority of the clonally expanded CD4 T cells acquire Tfh-like
characteristics before differentiating into other effector CD4 T cell lineages.
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FIG 1 The majority of primed CD4 T cells acquire Tfh lineage markers following clonal expansion. Sorted naive WT OT-Il cells (CD45.1)
were transferred into congenic (CD45.1) immunocompetent mice (1 X 10° cells/mouse). On the next day, the mice were immunized
with OVA-LPS emulsified in IFA subcutaneously in the hind footpads. (A) The kinetics of OT-II T cell expansion and CXCR5" PD-1+ OT-II
cells at given time points (left) and the mean = SEM percentage of expanded cells from three independent mice (right) are shown.
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Our in vitro priming system allowed us to stimulate DCs with a complex mixture of
microbial ligands and to test the role of specific innate cytokines via targeted neutral-
ization. First, we individually neutralized innate cytokines, such as IL-12, IL-4, and IL-6,
all of which are known to direct specific T effector lineage development. Surprisingly,
we found that neutralization of IL-6, which has previously been implicated in Tfh cell
differentiation, had no effect on early Tfth cell differentiation (Fig. S2). Additionally,
neutralization of neither IL-12 nor IL-4 during priming impaired Tfh lineage develop-
ment (data not shown). We then used a cocktail of antibodies that neutralized all three
major priming cytokines (the N1 cocktail consisted ofanti-IL-6, anti-IL-12, and anti-IL-4)
and observed only a marginal reduction in the proportion of T cells that acquired Tfh
lineage markers (Fig. 2D and E). Next, we decided to abrogate IL-18 and IL-18 signaling
since these cytokines are known to promote CD4 T cell responses but their role in Tfh
cell fate determination remains elusive. Interestingly, simultaneous blocking of
IL-1 receptor (IL-1R) and IL-1 receptor (IL-18R) signaling (with the N2 cocktail, which
consists of an IL-1Ra antibody and anti-IL-18R) measurably enhanced the early propor-
tion of Tfh lineage cells (Fig. 2D and E). There was also a decrease in the clonal
expansion of primed CD4 T cells, confirming the findings of earlier studies on the role
of IL-1 in CD4 T cell proliferation (Fig. 2D) (33). These data suggest that the IL-1
family of cytokines could be critical for the successful transition of Tfh-like cells into
effector lineages.

T cell-intrinsic MyD88 plays a critical role in regulating the proportion of Tfh
lineage cells. We have previously shown that IL-1R signaling in CD4 T cells is critical for
the Th17 cell responses (27), and the role of IL-18 in Th1 cell biology is well-known (34).
Since MyD88 is required for signal transduction downstream of both IL-1R and IL-18R
(35), we explored the role of T cell-intrinsic MyD88 in early fate determination during
CD4 T cell differentiation. We cocultured WT or MyD88-deficient naive CD4 T cells with
WT splenic DCs in the presence of B. burgdorferi or L. monocytogenes extracts as
described above. At 3 days after priming initiation, most CD4 T cells acquired the
transient Tfh phenotype. However, we observed that a higher proportion of MyD88-
deficient CD4 T cells acquired the Tfh phenotype (Fig. 3A), in agreement with the results
of experiments where IL-1R and IL-18R signaling was simultaneously blocked. MyD88-
deficient CD4 T cells continued to express enhanced Tfh lineage markers even on day
5 following priming (Fig. 3B). CFSE-negative CD4 T cells that lacked MyD88 expressed
higher levels of Bcl6 and Cxcr5 than WT CD4 T cells (Fig. 3C). At the same time, Tbx21
was expressed at higher levels in WT T cells than MyD88-deficient T cells (Fig. 3C). While
the levels of MyD88 expression did not change during the course of differentiation (Fig.
S3), this set of results suggests that MyD88-mediated cues regulate the fate of Tth cells
and their transition into non-Tfh effector lineages. To test the role of T cell-intrinsic
MyD88 in regulating Tfh lineage commitment in vivo, we transferred WT OT-II T cells or
MyD88-deficient OT-II T cells into congenic mice. On the next day, recipient mice were
immunized subcutaneously (in the footpad [fp]) with OVA and LPS emulsified in
incomplete Freund adjuvant (IFA). The expansion and differentiation of donor cells
were analyzed on day 7. MyD88-deficient OT-II T cells expanded less than the WT T cells
at days 7 following priming, and their survival was affected at days 14 and 21, in
agreement with the previous findings of the role of MyD88 in both clonal expansion
and memory generation (Fig. 3D) (28). However, consistent with the in vitro findings, a
higher proportion of MyD88-deficient OT-II T cells than WT OT-II T cells expressed Tfh
cell markers at early stages following priming (Fig. 3D).

FIG 1 Legend (Continued)

(B) The relative expression of mRNA for transcription factors from sorted OT-Il cells was evaluated by qPCR. (C and E) Flow plots of
expanded OT-Il T cells expressing lineage-specific transcription factors BCL6 and/or T-bet (C) or RORyt (E) on day 7 and day 14
postimmunization. (D and F) The mean = SEM percentages of expanded OT-II cells expressing BCL6 and/or T-bet (D) and RORyt (F)
on day 7 and day 14 postimmunization. Data are representative of those from three independent experiments with three mice for each
group. (A, B, D, and F) P values were determined by an unpaired t test. *, P > 0.05; **, P > 0.01, ***, P > 0.001. TF, transcription factor;

Ab, antibody.
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FIG 2 Naive CD4 T cells acquire Tfh cell markers following in vitro pathogen priming. (A and B) CFSE-labeled CD4 T cells were
cocultured with splenic CD11c* DCs in the presence of 10 ug/ml of L. monocytogenes (Lm), B. burgdorferi (Bb), and S. aureus (Sa)
bacterial extracts. Representative FACS plots show the proportion of primed and proliferating CFSE'e, CXCR5*, and PD-1+ Tfh cells on
day 3 (A) and day 5 (B) of coculture. (C) The relative expression of Bcl6é and Blimp-1 by sorted CFSE'> CD4 T cells was quantified by
gPCR. (D and E) CFSE-labeled CD4 T cells were cocultured with splenic DCs in the presence of 10 ng/ml of bacterial extract with
different neutralizing antibodies (10 wg/ml). FACS plots of CFSE' cells (D) and CXCR5* PD-1+ cells (gated on CFSE') (E) on day 5. N1,
neutralizing antibodies against IL-6, IL-12, IL-4, and IFN-y; N2, conditions that used a recombinant antagonist for IL-1R (100 ng/ml) and
anti-IL-18R (0.5 wg/ml) antibody. Data are representative of those from two independent experiments. (C) P values were determined
by an unpaired t test. *, P > 0.05.

May 2018 Volume 86 Issue 5 e00791-17 iaiasm.org 6


http://iai.asm.org

T Cell-Intrinsic MyD88 Regulates Tfh Cell Fate

Infection and Immunity

0 ' 8 . L
MyD88fl/fl MyD8&T MyD88flfl MyD88AT MyD88fl/fl MyD88AT

04 .
MyD88fl/fl MyD88AT

A Day 3 B Day 5 C Bcl6 Cxerb Tbx21
& 3 . .
MyD88KO WT MyD88KO 8 4 w 15
892 g2 8 7 10
£ % )
i [
g 1 : 05
3 |*| [
) pIy * * 12 5
) o = 20 25 —I—
215 20
g 15 g
@ 310 1'0
2 4 0.8
3% 05 I_:-I
[v'4
WT MyD88KO WT  MyD88KO WT MyD88KO
D E
MyD881If MyD8SAT o
WT MyD88KO yoee Lo B0, =
= 404
10.7 3} {—
= 304
N 2 Sal
2 o & 20
g Bl £ 1ol
2 80 % 0 dee————
2 = MyD88fl/fl MyDSSAT
=
2 70 20 =
84.9 =) 2.
£ 3" +
2 60 5 810
S 3 2
= =5
T T 0 deepe———
—— CXCR5 WT  MyD8sKO MyD88flifl MyD8BAT
Bcl6 1121 Blimp-1 Thx21
25 = 14 w 15 N 15 "
§20 g = g g oo
< g12 - 810 104~
g £ < <
2104 apa ° 2 - o
2 . £104 3@ 205 - 205
205 & <4 & &
0.0

FIG 3 T cell-intrinsic MyD88 plays a critical role in regulating the development of Tfh lineage cells. Naive CD4 T cells from WT and MyD88 KO mice were sorted
and cocultured with CD11c* splenic DCs in the presence of 10 ug/ml of L. monocytogenes or B. burgdorferi extract for 3 to 5 days. (A and B) FACS plots show
the proportions of the CXCR5* PD1+ Tfh cell populations on day 3 (A) and day 5 (B). (C) The relative expression of Bcl6, Cxcr5, and Tbx21 by sorted CFSE' CD4
T cells on day 5 upon stimulation with L. monocytogenes (top) and B. burgdorferi (bottom) extracts was quantified by qPCR. (D) Sorted naive WT OT-Il cells
(CD45.1) were transferred into congenic (CD45.1) immunocompetent mice (1 X 10° cells/mouse). On the next day, the mice were immunized with OVA-LPS
emulsified in IFA subcutaneously in the hind footpads. A flow plot of the expanded OT-II cell population (left) and the proportion of CD4+ PD1+ CXCR5™* cells
among the transferred cells (right) are shown. (E) Peyer's patches from MyD88%M (control) and MyD88AT littermate mice were harvested, processed, and
analyzed. (Left) Flow plots show the proportion of CXCR5" PD-1* Tfh cells (top) and CD19+ GL7* CD95* GC B cells (bottom) in control and MyD88AT mice.
(Right) Quantification of flow data from five independent mice. (F) Relative expression of the respective genes in sorted CD4+ CD44h CD62L' T cells as
quantified by gPCR. Data are representative of those from two independent experiments with three mice in each group. P values were determined by an

unpaired t test. *, P > 0.05; **, P > 0.01.

T cell-intrinsic deletion of MyD88 results in enhanced polyclonal Tfh and GC
responses in vivo. One of the caveats of the OT-II T cell transfer model is the single TCR
specificity, which may lead to confounding results. In order to examine a polyclonal
CD4 T cell population, we generated mice that lacked MyD88 specifically in T cells. We
crossed MyD88fl mice (36) with transgenic mice expressing Cre under the control of
the Lck promoter to generate MyD88%f Lck-Cre Tg mice (here denoted MyD88AT
mice). The mucosal immune system is constantly exposed to commensal microbes, and
thus, there is continual antigen sampling by DCs and priming of CD4 T cells in Peyer’s
patches, leading to active Tfh cell and GC responses (37). We therefore analyzed the Tfh
cell population in Peyer's patches and the mesenteric lymph nodes of MyD88AT mice
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and their control littermates. These experiments revealed that MyD88AT mice had a
significantly higher proportion of Tfh lineage cells in Peyer’s patches (Fig. 3E) than the
MyD88"/f! littermate controls. To test if the cells in Peyer’s patches were bona fide Tfh
cells that could support a robust GC reaction, we examined the status of the GCs in
both MyD88AT mice and their littermate controls. The proportion of GC B cells
correlated with exaggerated Tfh responses in MyD88AT mice (Fig. 3E). To quantify the
proportions of different T cell lineages within the GCs, we sorted CD44" CD62L'> CD4
T cells from the Peyer’s patches and performed a quantitative PCR (qPCR) for Bcl6, 1121,
Blimp1, and Thx21. Consistent with the data obtained with OT-II cells, we found that
MyD88-deficient CD4 T cells express more Bcl6 than WT CD4 T cells and that Blimp-1
and Tbx21 expression was inversely correlated with Bcl6 expression (Fig. 3F).

T cell-intrinsic MyD88 deletion leads to exaggerated Tfh and GC responses
upon B. burgdorferi infection yet less efficient clearance of the pathogen. B.
burgdorferi-induced Lyme disease is a chronic inflammatory infection characterized by
arthritis and myocarditis in humans (38). There is strong evidence for antibody-
mediated control of B. burgdorferi infection and a role for both T cell-dependent and T
cell-independent B cell responses in protective immunity (39-41). More recent work has
demonstrated that the induction of robust Tfh cell and GC responses is necessary
for the early clearance of B. burgdorferi (32). However, those Tfh responses were not
sustained over time, unlike typical T cell-dependent antibody responses (32, 42, 43).
Together, CD4 T cell help is critical for controlling the B. burgdorferi burden during the
early phase of infection. This prompted us to characterize Tfh cell responses in vivo in
response to B. burgdorferi infection. We infected WT mice with B. burgdorferi (strain 297,
105 CFU/mouse) intradermally and analyzed the Tfh cell and GC responses on days 14
and 21 postinfection in the spleen. Although naive mice did not show measurable Tfh
cell and GC responses in the spleen (Fig. S4A and B), we found that intradermal
infection with B. burgdorferi induced robust Tfh cell and GC responses by day 14 and
that these responses persisted until day 21 of infection (Fig. S4C).

Since B. burgdorferi induces a robust Tfh cell and GC response in the spleens, we
decided to test the role of T cell-intrinsic MyD88 in dictating the size of the Tfh cell and
GC responses during an active infection. We infected MyD88%f and MyD88AT mice
with B. burgdorferi as described above. Of note, the proportion of Tfh cells and GC B
cells in the spleen at steady state was comparable between MyD88%f and MyD88AT
mice (Fig. S4A and B). By day 14, MyD88AT mice had a significantly larger Tfh cell
response in the spleen than the MyD88™"f littermate controls, as measured by the
proportion of PD-1-expressing (PD-1%) CXCR5-expressing (CXCR5") CD4 T cells
(Fig. 4A). The proportion of ICOS-expressing CXCR5* cells was also increased in
MyD88AT mice, suggesting the greater localization of T cells in the B cell zone (Fig. 4A
and S4D). Consequently, MyD88AT mice harbored a higher proportion of GC B cells
than the controls, implying an exaggerated GC response (Fig. 4B). The elevated Tfh cell
and GC responses were persistent and higher in MyD88AT mice, even at day 21
following B. burgdorferi infection (Fig. 4C). We sorted CD44" CD62L'> CD4 T cells
from the spleens of infected mice on day 14. Analysis of gene expression in the
sorted cells revealed higher levels of Bcl6 and 1121 expression in the CD4 T cells from
MyD88AT mice, while the expression of Blimp-1 and Tbx21 was higher in MyD88f/f
mouse CD4 T cells (Fig. 4D).

The ability of the mice to overcome B. burgdorferi infection is dependent on multiple
innate and adaptive immunological responses (39). Previous studies have shown that
B. burgdorferi-infected MyD88-deficient mice harbor a higher bacterial burden than WT
mice, which was attributed to the defect in MyD88-dependent TLR signaling (44).
However, IL-17-mediated antibody class switching has also been shown to be critical
for the protection against B. burgdorferi (45). Gamma interferon (IFN-vy)-secreting CD4
T cells have been shown to be protective against B. burgdorferi infection. In light of
our data pointing to a critical role of T cell-intrinsic MyD88 in early CD4 T cell fate
determination, we decided to test the role of T cell-intrinsic MyD88 in the protection
against B. burgdorferi infection. We quantified the bacterial burden in multiple tissues
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FIG 4 T cell-intrinsic MyD88 deletion leads to more robust Tfh cell and GC responses upon B. burgdorferi infection but defective Th1 and Th17 responses.
MyD881 and MyD88AT mice were infected with B. burgdorferi strain 297 (10> CFU/mouse) intradermally. (A) Proportion of CD4* T cells in the spleen that
express Tfh cell markers on day 14 postinfection and quantification of CD4* Tfh cells from three independent mice. (B) CD19+ GL7+ CD95* GC B cells in the
spleens of infected mice on day 14 postinfection and quantification of GC B cells from three independent mice. (C) Proportion of Tfh cells and GCs as well as
their quantification in the spleens of infected mice on day 21 postinfection. (D) Relative expression of the indicated genes in sorted CD4+ CD44" CD62L' cells
on day 14 postinfection as quantified by gPCR. (E) Enzyme-linked immunosorbent assay quantification of B. burgdorferi-specific immunoglobulins in the serum
of B. burgdorferi-infected MyD88%f and MyD88AT mice on day 21 postinfection. (F) CD4* CD44" cells from the spleens of B. burgdorferi-infected mice were
sorted on day 14 and cocultured with splenic DCs in the presence of 50 ug/ml B. burgdorferi extract. After 48 h of coculture, the supernatants were collected
to measure IL-17A and IFN-y. Data are representative of those from two to three independent experiments with three mice in each group. P values were
determined by an unpaired t test. *, P > 0.05; **, P > 0.01; n.s., not significant.

of MyD88%f and MyD88AT mice at days 14 and 21 postinfection by qPCR using
flaB-specific TagMan probes. We observed a higher bacterial burden in the ears and
skin of MyD88AT mice on days 14 and 21 than in those of the control mice (Fig. S4E).
Analysis of the antibody responses from B. burgdorferi-infected mice showed that
MyD88AT mice had significantly less IgG2c as well as IgG1 class-switched antibody than
MyD88™"fl mice (Fig. 4E). We did not observe defects in B. burgdorferi-specific IgM
responses (Fig. 4E), presumably because B. burgdorferi-specific IgM has been reported
to be largely T cell independent (32). Overall, these data argue that despite the higher
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initial Tfh cell and GC responses, the absence of MyD88 in T cells hampers CD4 T cell
differentiation into non-Tfh lineage cells, resulting in reduced humoral responses. In
particular, the defect in IgG2c could be due to the defect in suboptimal Th1 cell
differentiation, as our previous results suggested.

We tested this idea by analyzing the functional status of CD4 T cells isolated from
B. burgdorferi-infected mice on day 14. CD4 T cells were restimulated for 48 h with
splenic DCs that had been fed B. burgdorferi extract. Supernatants were then analyzed
for IFN-y and IL-17A production. Consistent with our previous findings, MyD88-
deficient CD4 T cells showed compromised IFN-y and IL-17A production during B.
burgdorferi-specific reactivation (Fig. 4F). These data establish that although T cell-
intrinsic MyD88 deletion leads to higher Tfh responses, it also results in diminished
effector differentiation and reduced titers of appropriate class-switched antibodies,
thereby rendering mice inefficient in pathogen clearance.

Reexpression of MyD88 specifically in T cells is sufficient to reduce exagger-
ated Tfh responses. All our data presented above point to the fact that the absence
of MyD88 in T cells leads to exaggerated Tfh responses. We therefore asked if reex-
pression of MyD88 specifically in T cells would reverse the Tfh lineage outcome. For
this, we generated transgenic mice expressing MyD88 under the control of the human
CD2 promoter and bred them to whole-body MyD88-deficient mice, here referred to as
CD2-MyD88 Tg mice. We have successfully used this approach before to express MyD88
in DCs, in order to test the importance of DC-specific MyD88 in adaptive immunity (46).
The CD2-MyD88 transgenic mice express MyD88 in T cells, but all other cellular
compartments are still MyD88 deficient. Functional expression of the transgene was
tested by analyzing T cell proliferation in response to IL-18 (Fig. S5A). Furthermore, B
cells did not respond to TLR ligands that use MyD88-dependent signaling, confirming
that MyD88 expression was limited to the T cell compartment (Fig. S5B). We cohoused
these mice with MyD88/f and MyD88AT mice for 3 weeks and examined the status of
Tfh cells and GCs in the Peyer’s patches. Isolated expression of MyD88 in T cells was
sufficient to reverse the enhanced Tfh phenotype in CD4 T cells, and the proportion of
Tfh cells in Peyer’s patches of CD2-MyD88 Tg mice was comparable to that in MyD88f/f
mice (Fig. 5A). Consequently, we also found a reduction in the steady-state GC
responses in CD2-MyD88 Tg mice (Fig. 5B) compared to the responses in MyD88AT
mice. Notably, expression of MyD88 only in dendritic cells did not reduce the propor-
tion of Tfh lineage cells in Peyer’s patches, suggesting a unique role for MyD88 in the
T cell compartment in determining the transitional Tfh cell fate. Overall, the results from
these genetic models show that T cell-intrinsic MyD88 is a critical regulator of effector
T cell differentiation and the absence of MyD88-dependent signaling leads to exag-
gerated but dysfunctional Tfh lineage cells and germinal center reactions.

DISCUSSION

Complex innate cytokine cues dictate the transition of naive T cells into lineage-
committed effector T cells (3). Characterizing early stages of differentiation can provide
clues into how T cells integrate diverse cytokines and generate a protective response.
Here we have examined the early phenotypic and transcriptional kinetics of antigen-
specific T cell differentiation in vivo and in vitro. Surprisingly, we found that early stages
of clonally expanded antigen-specific CD4 T cells primarily acquired a Tfh-like pheno-
type (Fig. 5D). As the immune response progressed, Tth cell characteristics waned with
the emergence of effector T cell lineages (Fig. 5D). Our data point to an early plasticity
during T cell differentiation, with Tfh-like cells acting as a transition stage but not the
ultimate differentiation program. This is consistent with an earlier study reporting that
T cells transiently go through the Tfh stage before differentiation into Th1 cells (20). The
presence of Tfh cells during diverse immune challenges suggests that the Tfh stage is
a central node of differentiation before the priming cytokines skew T cell differentiation
into a particular lineage. This idea was further strengthened when we observed no
defects in transitional Tfh cell differentiation when priming cytokines were neutralized.

Our finding that naive CD4 T cells transit through a Tfh-like state is consistent
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with several other reports showing that Tfh cell loci need to be actively suppressed
in order to generate functional effector T cells (11). This implies that the Tfh-like
transcriptional program is a default state adopted by CD4 T cells during clonal
expansion. While several cell-intrinsic chromatin modulators have been identified to
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suppress the Tfh phenotype (47), no microenvironmental cue has been reported to
restrain Tfh cell differentiation. Here, we found that T cell-intrinsic MyD88 signaling
promotes the progression of Tfh-like CD4 T cells into effector T cell lineages.
Specific deletion of T cell-intrinsic MyD88 led to exaggerated Tfh-like CD4 T cells
and, consequently, enhanced GC responses in the Peyer's patches at steady state.
Enhanced Tfh cell responses were observed in the spleens of MyD88AT mice following
B. burgdorferi infection. This was directly correlated with inhibited expression of Tbx21,
suggesting a fine balance between the Tfh and T effector cells regulated by MyD88-
dependent signaling in T cells. It has been shown that specific members of the
microRNA (miRNA) family, miR155 and miR17-92, enhance Tfh differentiation (48-50).
miR155 expression directly correlated with the size of the Tfh cell population during
inflammation (49). An independent study showed MyD88 to be a target of miR155 (51).
The miR17-92 cluster also promotes Tfh cell and GC responses after protein immuni-
zation (46). Moreover, IL-1R expression was found to be downregulated by the
miR17-92 cluster (46). We postulate that the aforementioned miRNAs might pro-
mote Tfh lineage commitment by inhibiting T cell-intrinsic MyD88/IL-1R signaling,
thereby providing a novel link between the miRNA regulation of MyD88/IL-1R and Tfh
cell differentiation.

It is well established that IL-6, IL-12, and IL-4 drive the effector T cell program by
inducing or stabilizing lineage-specific transcription factors (4, 5). Here we show that
the members of the IL-1 family of cytokines, especially IL-1 and IL-18, suppress the Tfh
program for productive transcriptional conversion into appropriate effector lineages.
The blocking of IL-1R or IL-18R signaling during naive T cell differentiation prevents the
downregulation of Bcl6 and other Tfh cell-related factors, resulting in the concomitant
expression of a transcription factor associated with effector T cell lineages, such as
T-bet. It has been proposed earlier that there are distinct waves of Bcl6 expression
during Tfh lineage development, and the first wave is induced in all activated T cells
following their interaction with DCs (52). Our data suggest that it is important for these
activated BCL6-expressing T cells to transition out of the Tfh lineage for effector
differentiation, although a second wave of BCL6 is likely to be important for the
development of long-lived Tfh cells. The unsuccessful transition into protective CD4 T
cell lineages during infection resulted in defective protection against B. burgdorferi
infection, as determined by a higher pathogen burden. It is important to note here that,
even though Tfh-like cells were dominant in the absence of MyD88, the IgG1 and IgG2c
levels were impaired. It has previously been reported that antibody responses against
B. burgdorferi are not affected in the absence of MyD88 (53-55) but myeloid cell
expression of MyD88 could still be critical for protection against B. burgdorferi (53, 54).
Experiments performed using the whole-body MyD88-deficient mice do not account
for the specific roles of MyD88 in myeloid cells, B cells, and T cells. Macrophages that
lack MyD88 are defective in the phagocytosis and clearance of B. burgdorferi (53, 54),
and consequently, a higher pathogen burden could result in higher IgM antibody
responses in MyD88-deficient mice (55). Higher IgM antibody levels against B. burg-
dorferi in whole-body MyD88-deficient mice do not result in better protection (54),
suggesting that the MyD88 in T cells and myeloid cells could be critical for protection
against Borrelia. In our studies, MyD88 was intact in both myeloid cells and B cells,
enabling us to specifically study its function in T cells. Here we show that despite an
intact innate immune compartment, T cell-intrinsic deletion of MyD88 leads to defec-
tive Th1 and Th17 differentiation, thereby leading to compromised B. burgdorferi
clearance. These data highlight the role of T cell-intrinsic MyD88 in generating optimal
effector T cell response to mediate protection. Our findings are all the more relevant
since loss-of-function mutations in MyD88 have been described in humans (56). Chil-
dren with MyD88 deficiency succumb to several bacterial infections, which is often
attributed to the impairment of the innate immune responses (56). Our data point
toward the possibility that, in addition to defective innate immunity, these children
might have suboptimal Th1 and Th17 lineage cells and protective antibodies that
contribute to persistent invasive infections.
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Collectively, our data identify a previously unknown role for T cell-intrinsic MyD88 as
a critical sensor of microenvironmental cues during CD4 T cell priming which promotes
effector T cell differentiation by suppressing Tfh cell programming.

MATERIALS AND METHODS

Mice. MyD88"f Lck-Cre Tg, MyD88"f, MyD88 knockout (KO), CD11c-MyD88 Tg, and CD2-MyD88 Tg
mice were bred and maintained at the animal facility of the University of Texas (UT) Southwestern
Medical Center. Control C57BL/6 mice were obtained from the UT Southwestern Medical Center mouse
breeding core facility. All mouse experiments were done per the protocols approved by the Institutional
Animal Care and Use Committee (IACUC) at the UT Southwestern Medical Center.

Generation of CD2-MyD88 Tg mice. The Mus musculus MyD88-coding region was cloned into a
modified human CD2 (hCD2) minigene-based vector, VA hCD2 (57), within EcoRIl and Smal sites. After
removal of prokaryotic regions, the hCD2/MyD88 fragment was injected into C57BL/6 mouse blastocysts
by the UT Southwestern Medical Center transgenic core facility. Seven founder lines were obtained and
were then bred to MyD88 KO mice. F2 mice were tested for the expression of the transgene.

OT-ll cell transfer and immunization. CD45.2 WT OT-Il or MyD88 KO OT-Il T cells (1 X 10°
cells/mouse) were transferred into congenic CD45.1 mice intravenously. On the next day, the mice were
immunized with OVA (50 ng) and LPS (5 ng) emulsified in IFA in both footpads. The expansion of OT-II
T cells was followed up to day 21.

Staining and flow cytometry. Single-cell suspensions were prepared from Peyer’s patches, lymph
nodes, and spleen. Cells were stained with peridinin chlorophyll protein (PerCP)-conjugated anti-
CD4, phycoerythrin (PE)-conjugated anti-CD44, PE-Cy7-conjugated anti-PD-1, allophycocyanin (APC)-
conjugated anti-ICOS, PE-conjugated anti-CD95, APC-conjugated anti-GL7, and Pacific Blue-conjugated
anti-CD19 (all from BioLegend) and with PerCP-conjugated anti-B220 and biotin-conjugated anti-CXCR5
(both from BD Biosciences) for 30 min on ice and were washed with fluorescence-activated cell sorting
(FACS) buffer. For biotin-conjugated CXCR5, cells were incubated with streptavidin-conjugated BV421 for
30 min on ice, followed by 3 washes. The stained cells were then analyzed using a FACSCalibur or LSR-II
(BD Biosciences) flow cytometer. Data were analyzed with FlowJo (version 10) software.

In vitro priming. WT or MyD88 KO mouse naive CD4 T cells were isolated using a naive CD4 isolation
kit (BioLegend) and were then labeled with CFSE (BioLegend). CFSE-labeled naive CD4 T cells were
cocultured with splenic DCs fed with 10 pg/ml of bacterial extracts as described previously (30).
Proliferating CFSE'® CD4 T cells were analyzed for the Tfh phenotype on day 3 and day 5 of priming. For
neutralization conditions, CFSE-labeled naive CD4 T cells and DCs were cocultured as mentioned above
in the presence or absence of 10 ug/ml of neutralizing antibodies against specific cytokines.

B. burgdorferi infection. B. burgdorferi infection experiments were conducted according to UT
Southwestern Medical Center's IACUC-approved protocols. Low-passage-number cloned B. burgdorferi
strain 297, which has proven infectivity and pathogenicity in mice, was used throughout the studies.
Spirochetes were grown in Barbour-Stoenner-Kelly (BSK) complete medium (Sigma Chemical Co., St.
Louis, MO) at 34°C to mid-log phase and then counted by dark-field microscopy using a Petroff-Hausser
bacterial counting chamber. Spirochetes (105/mice) in BSK medium were inoculated intradermally at the
middle posterior section of the neck. Control mice received BSK medium only. Mice were euthanized
after 2 to 3 weeks of infection.

B. burgdorferi-specific antibody determination. Ninety-six-well microtiter plates (Nunc) were
coated with 20 pg/ml B. burgdorferi extract in bicarbonate buffer (pH 9.6) at 37°C overnight and blocked
with phosphate-buffered saline (PBS) plus 10% fetal calf serum at room temperature for 3 h. After two
washes with PBS-0.05% Tween 20, serially diluted sera (from 1:100 to 1:128,000) were applied and
incubated at 4°C overnight. The wells were washed six times, biotinylated anti-lgM, anti-lgG2c, and
anti-lgG1 were applied individually, and the plates were incubated at room temperature for 2 h. After six
washes, the plates were incubated with streptavidin-peroxidase-conjugated anti-mouse immunoglobulin
antibody at room temperature for 30 min. o-Phenylenediamine chromogenic substrate was added to all
wells after six additional washes, and the absorbance of the plates was read at 490 nm.

Real-time PCR. CD4* CD44" T cells from the Peyer's patches of cohoused mice or adoptively
transferred OT-II T cells were sorted using a FACSAria cell sorter (BD Biosciences). CD4+ CD44" T cells
from the spleens of B. burgdorferi-infected mice were similarly sorted. Cells were lysed in the Trizol
reagent, and RNA was extracted and reverse transcribed into cDNA. The relative expression of Bcl6,
Blimp-1, Tbx21, CXCR5, and IL-21 was quantified using qPCR (AB QuantStudio 7 Flex). Values were
normalized to those for B-actin, and relative expression changes were plotted.

Real-time PCR to determine B. burgdorferi burden in skin and ear. The gene targeted for
quantification of the B. burgdorferi burden was the flaB single-copy gene. The upstream primer was
5'-GTG CAT TTG GTT ATA TTG AG-3’, the downstream primer was 5'-CAG ACA GAG GTT CTA TAC A-3/,
and the probe was 6-carboxyfluorescein (FAM)-5'-AAT AGA GCA ACT TAC AGA-3'-MGB. For quantitation
of the host gene, the mouse B-actin gene was chosen. The upstream primer was 5’-AGA GGG AAA TCG
TGC GTG AC-3’, the downstream primer was 5’-CAA TAG TGA TGA CCT GGC CGT-3’, and the TagMan
probe was FAM-5'CAC GGC CGC ATC CTC TTC TTC C-3'-black hole quencher 1. Plasmids containing the
flaB gene of B. burgdorferi and the mouse B-actin gene served as standards. A plasmid containing the
1,100-bp flaB gene was obtained by PCR amplification using the flaB-specific upstream primer 5'-ATG
ATT ATC AAT CAT AAT ACA TCA-3’ and downstream primer 5'-TTA TCT AAG CAA TGA CAA-3'. The PCR
fragment was cloned into the pGEM-T vector (Promega, Madison, WI) and then propagated in competent
Escherichia coli JM109 cells. The plasmid containing the 129-bp B-actin gene was obtained by PCR
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amplification using the upstream primer 5'-AGA GGG AAA TCG TGC GTG AC-3’ and the downstream
primer 5'-CAA TAG TGA TGA CCT GGC CGT-3’ and cloned as described above. Plasmid DNA was
quantified using a model 2000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). The
plasmid control in the real-time PCR was used to ensure the efficacy of the assay and to allow
compilation of standard curves for determination of the flaB copy number in mouse tissue. Tenfold serial
plasmid dilutions ranging from 10° to 107 copies were prepared. The PCR mixture (total volume, 25 ul)
consisted of 300 nM primer, 200 nM probe, 200 nM deoxynucleoside triphosphates, 3.5 mM MgCl,, 2 ul
DNA, 1 U AmpliTag Gold DNA polymerase, and 1X PCR buffer. Amplification and detection were
performed using 40 cycles of 95°C for 10 s, 57°C for 30 s (for flaB), and 95°C for 10 s and 60°C for 30 s
(for the B-actin gene). The B-actin gene and flaB PCRs used separate reaction mixtures. Individual

Infection and Immunity

samples were run in triplicate.
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