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CD4+ follicular helper T cells (Tfh) are essential for germinal center
(GCQ) reactions in the lymph node that generate high-affinity, long-
lived plasma cells (LLPCs). Temporal GC analysis suggests B mem-
ory cells (Bmem) are generated early, while LLPCs are generated
late in the GC reaction. Distinct roles for Tfh at these temporally
different stages are not yet clear. Tfh entry into the GC is highly
dynamic and the signals that maintain Tfh within the GC for sup-
port of late LLPC production are poorly understood. The GC is
marked by inflammation-induced presentation of specific ECM
components. To determine if T cell recognition of these ECM com-
ponents played a role in Tfh support of the GC, we immunized
mice with a T cell-restricted deletion of the ECM-binding integrin
ay (oy-CD4 cKO). T cell integrin oy deletion led to a striking defect
in the number and size of the GCs following immunization with
OVA protein in complete Freund’s adjuvant. The GC defect was not
due to integrin ay deficiency impeding Tfh generation or follicle
entry or the ability of ay-CD4 cKO Tfh to contact and support B cell
activation. Instead, integrin ay was essential for T cell-intrinsic
accumulation within the GC. Altered Tfh positioning resulted in
lower-affinity antibodies and a dramatic loss of LLPCs. Influenza
A infection revealed that ay integrin was not required for Tfh
support of Bmem but was essential for Tfh support of LLPCs. We
highlight an ay, integrin-ECM-guided mechanism of Tfh GC accumu-
lation that selectively impacts GC output of LLPCs but not Bmem.
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he development of long-term, high-affinity humoral immu-

nity is a key feature of protective immunity and the ultimate
goal of effective vaccine strategies (1). The germinal center (GC)
reaction is initiated following infection or immunization and
supports the development of high-affinity antibody responses (2—
4). Within GCs, B cells undergo repeated cycling between the
dark zone (DZ), where somatic hypermutation (SHM) and
proliferation occur, and the light zone (LZ), where they acquire
antigen from follicular dendritic cells (FDCs) and compete for
T cell help (5-8). Follicular helper T cells (Tfh) provide T cell
help in the LZ that licenses B cells for further rounds of affinity
maturation, resulting in high-affinity antibodies and the estab-
lishment of long-lived immunity (9, 10). Competition for Tfh
help is required for continued B cell proliferation and SHM in
the DZ (11, 12), while excess Tth lead to aberrant autoantibody
production and autoimmunity (13). Thus, regulation of Ttfh
numbers is critical for selective pressure on GC B cell affinity
maturation.

The GC is a dynamic microanatomical structure under tight
spatiotemporal control (7, 12). Both B and T cells utilize G
protein-coupled receptor signals to locate at the T:B cell border
for cognate T:B cell interactions. Down-regulation of CCR7 and
up-regulation of CXCRS facilitate Tfh recruitment to the
CXCL13-enriched follicle (14, 15). Continued cognate T:B cell
interactions are critical for GC development, as highlighted by
the failed GC response when T cells lack SAP (16, 17), and in
GC maintenance, as demonstrated on CD40/CD40L blockade
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(18-20). Restriction of Tfh and B cells to GCs is controlled in
part by SIPR2 expression (21, 22), which inhibits responsiveness
to the sphingosine-1-phosphate (S1P) gradient that draws Tth
out of GCs. Contact-dependent mechanisms involving EPH/
ephrin Bl interactions (23) and the plexin B2-semaphorin 4C
axis (24) have also been implicated in Tfth GC positioning.
However, the overall impact of these individual molecular Tfh
positional cues on GC function was modest and the impact on
long-lived plasma cells (LLPCs) GC output not fully addressed.
Therefore, despite recent advances, critical mechanisms that
regulate Tth retention in the GC LZ for provision of GC B cell
help remain unclear.

Inflammation can drive marked changes in composition and
organization of the ECM (25). The lymph node (LN) ECM in the
T cell zone is thought to primarily reside as reticular fibers
ensheathed in a layer of fibroblastic reticular cells (FRCs) (26),
although some ECM may be accessible to lymphocytes (27). Dis-
tinct ECM patterning in GCs has been observed, with a number of
Arg-Gly-Asp (RGD)-containing ECM ligands colocalizing with
FDCs (28-31). However, the GC response remained largely intact
when B cells lacked integrin receptors for these ligands (29).
RGD-containing ECM components are known to be strong li-
gands for the oy integrin family. These oy integrins are func-
tionally important for macrophages, dendritic cells, B cells, and
T cells, where they regulate processes such as apoptotic clearance
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(32, 33), TGF-p activation (34-36), Toll-like receptor signal
strength (37-39), and cell migration (40, 41).

Here we describe a critical, nonredundant role for integrin oy
in Tfh support of the GC response. Conditional deletion of
integrin ay in T cells (CD4-Cre) led to a striking defect in GCs
and the absence of LLPCs. This ay-CD4 cKO phenotype was not
due to a failure to differentiate into Tfh. Moreover, in contrast to
the failure to sustain T:B interactions with SAP deficiency (16),
integrin ay-deficient Tth were capable of forming T:B conjugates
and providing B cell help. Instead, the inability of Tth cells to
bind RGD-containing ligands in the GC led to a failure of oy~
deficient Tth cells to localize within GCs. Tth mislocalization to
the B cell follicle did not impact early B cell activation or initial
memory B cell (Bmem) formation, but did result in the marked
absence of LLPC in the bone marrow (BM). Our studies reveal that
T cell integrin ay plays a pivotal role in prolonged Tth support of
GC formation for the generation of high-affinity LLPCs.

Results

RGD-Containing ECM Components Mark the GC. Previous reports of
spatially restricted ECM in GCs (42) promoted further analysis
of ECM distribution in inflamed LNs. Mice were immunized
with OVA protein in complete Freund’s adjuvant (OVA/CFA)
to induce a robust T-dependent B cell response and the draining
LNs (dLN) were isolated and evaluated for ECM display by
immunohistochemistry (IHC). Fibronectin (FN), the canonical
integrin oy RGD-containing ligand, was distributed throughout
the LN medulla coincident with the podoplanin® reticular cells
(43) and was underrepresented in the B cell follicle (Fig. 1.4 and
D) (see SI Appendix, Fig. S1 for B220 counterstain). FN distri-
bution and expression level did not change following in-
flammation (Fig. 1B). In contrast, a number of RGD-containing
ligands [vitonectin (VN), MFG-ES8, and osteopontin (OPN)]
were enriched in the GC upon immunization (Fig. 1 A-D). VN
colocalized with a subset of the CD35+ FDCs (Fig. 1E), co-
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incident with GL7* GC structures (SI Appendix, Fig. S1), as pre-
viously described (28, 29). VN increased with inflammation and
remained high 30 d postimmunization (Fig. 1B). RGD-containing
ligands MFG-E8 and OPN were also strongly associated with the
FDC network (Fig. 1 C and D) and in proximity to follicular CD4
T cells (Fig. 1D). Confocal imaging confirmed close association
between T cells, FDC, and VN in GL7" areas (Fig. 1E; see SI
Appendix, Fig. S1 for LN position). Three-dimensional surface re-
construction enabled unbiased assessment of surface overlap be-
tween interacting cells (white, Fig. 1E): ~76% of T cells were in
contact with FDC and of them 80% were coincident with VN.

Impaired GC Development in Mice Lacking T Cell Expression of
Integrin ay. To determine whether T cell binding to GC-enriched
RGD-containing ECM components is important for the GC reaction,
we conditionally deleted integrin aw in T cells with CD4-Cre, itgav™?
CD4-Cre* (designated oy-CD4 cKO). Deletion of integrin ay in
T cells did not alter the number of T and B cells in the steady state (SI
Appendix, Fig. S2). WT and a~-CD4 cKO mice were immunized with
OVA/CFA and GC morphology in the dLN assessed histologically
days 14, 21, and 28-30 after immunization (Fig. 2). GCs were defined
based on GL7" staining within the B220™ follicle. For WT controls,
ay ™" CD4-Cre* littermates and C57BL/6 (JAX) were used in-
terchangeably (see the summary of results for both control groups
in SI Appendix, Fig. S11). In the absence of T cell ay integrin, GCs
were formed by day 14 (Fig. 2), but by day 28 GCs were significantly
reduced in number and size compared with WT (Fig. 2 A-C) and
were also less dense (as measured by the integrated density of
GL7 staining in GL7* areas; Fig. 2D). These results support a
nonredundant role for ay integrin expression by CD4+ T cells in
the maintenance of the GC reaction following immunization.

Tfh Development Occurs Independently of ay Integrin Expression. Tth
differentiation is initiated with T cell-zone dendritic cells and
completed by subsequent interactions with activated B cells. The
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GC-enriched RGD-containing ECM components. (A-D) IHC of dLN 30 d after OVA/CFA immunization of WT C57BL/6 mice. (A) FN and VN relative to

CD4™ T cells. Dotted line, T:B cell boarder [based on CD4 and B220 (S/ Appendix, Fig. S1) staining]. (B) Quantitation of FN and VN in the B220" follicles
following OVA/CFA immunization; total integrated density for the entire follicle area. (C) Serially sectioned dLN for CD4 T cells and GL7 and ECM proteins in
the same follicle; VN, milk fat globulin E8 (MFG-E8), and OPN. (D) Ratio of ECM staining in the B220™ follicle compared with that in an adjacent T cell zone
area of similar size; symbols represent individual follicles. Representative data from one of at least three independent experiments: three to four mice per
group per experiment. Statistics by two-tailed t test; *P < 0.05, **P < 0.01. (E) Confocal images of GL7* GC area of the dLN day 14 postimmunization of WT
C57BL/6 mice (see S/ Appendix, Fig. S1 for LN position), analyzed by creating 3D surfaces for each channel in Imaris (Bitplane); overlap displayed as an in-
dependent surface in white.
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Fig. 2. T cell deficiency in ay integrins results in impaired GC formation. (A-D) IHC of the dLN day 14 and days 28-30 after OVA/CFA immunization of WT
(C57BL/6 and o'+ CD4-Cre*) or ay-CD4 cKO mice. (A) GL7 staining to mark the GGC; 4x colors reflect intensity of GL7 staining on a scale of blue (low) to red
(high). (B) Number of GL7* GC per LN section from WT or a,-CD4 cKO mice, day 14 and days 28-30 postimmunization. GL7" GC numbers per LN section (each
symbol an individual mouse) shown as number of GL7* objects above 100 pm?. (C) Size of GC day 14 and days 28-30 postimmunization; maximum diameter
of all detected GL7* objects above 100 um? (each symbol an individual GC). (D) Integrated density of GL7 staining for GL7* objects/areas above 100 pm?2. Two
to five independent experiments, three to four mice per group/experiment. Statistics by Mann-Whitney U test; *P < 0.05, **P < 0.01. ns, not statistically

significant.

integrin LFA-1 contributes to Tth generation (44), but the role
of integrin ay in Tth generation is unknown. Tth cells express
relatively low levels of integrin oy compared with other CD44%igh
CD4™" T cells (SI Appendix, Fig. S4), which may indicate that its
function on these cells is highly sensitive to ligand density. To
determine if integrin ay is required for Tfh development, WT
and oy-CD4 ¢cKO mice were immunized with OVA/CFA and
dLN were analyzed by flow cytometry on day 10 for Tfh cells:
PD1"€"CXCR5"e"CD44"e" CD4* (Fig. 34). Inducible cos-
timulator (ICOS) expression, critical for Tth differentiation and
GC function (45, 46), and the Tth transcriptional regulator
Bcl6 were expressed similarly on Tth cells from WT and oy-
CD4 cKO mice (SI Appendix, Fig. S5). Tth from WT and ay-
CD4 cKO had also both down-regulated CCR7. Kinetically, the
Tth response peaked at day 14, with WT and ay-CD4 ¢cKO mice
having similar numbers and frequencies of Tth throughout the
response (Fig. 3B). Similarly, the number of non-Tfh CD44"¢"
CD4* cells expanded and contracted in response to immuniza-
tion comparably (SI Appendix, Fig. S5). Analysis of Foxp3™
regulatory Tth (Tfr) (47, 48) from WT or ay-CD4 cKO mice
showed no difference in the size of this subset (51 Appendix, Fig.
S5), suggesting aberrant Tfr generation cannot explain the di-
minished GC response. In addition, the generation of effector
cytokines IFN-y, IL-4, IL-17, and IL-21 from CD4" T cells was
not altered in the ay-CD4 cKO mice (SI Appendix, Fig. S6).
Thus, T cell activation and Tfh/Th differentiation does not re-
quire T cell expression of integrin ay.

Integrin ay Is Dispensable for Tfh Help to B Cells. Initial T cell in-
teractions with B cells are heavily dependent on SAP (16) and on
the integrins LFA-1 and VLA-1 (17). In addition to their role in
binding to the ECM, oy integrins can function in adhesion and
signaling during cell:cell interactions via cell-surface expression
of RGD-containing molecules. Therefore, ay integrins could
play a role in initial T:B cell interactions and/or provision of help
to B cells. To test this, we used both in vitro and in vivo assays of
T:B conjugation and B cell activation. In contrast to published
roles for LFA-1/VLA-1 in T:B interactions (17, 49), integrin o -
deficient T cells readily formed conjugates with B cells in an
antigen dose-dependent fashion in vitro (Fig. 4 A and B); thus,
T cell integrin ay is not required for initial cell:cell contact with
B cells. We next asked if the in vivo-generated Tth from o -
CD4 cKO mice could provide help for B cell activation and IgG
production. Naive B cells were cocultured with FACS-purified
Tth from WT and ay-CD4 cKO mice and analyzed for B cell
maturation through induction of GL7 and production of IgG
(Fig. 4 C and D). To determine if support of early B cell acti-
vation occurred in vivo, we set up an adoptive transfer system
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whereby the transferred T cells were the predominant source of
antigen-specific T cell help. MOG-specific 2D2 TCR Tg" mice
(unable to provide OVA-specific T cell help) were used as re-
cipients of HEL-specific MD4 Tg* B cells with/without co-
transfer of WT or ay-CD4 ¢cKO OVA-specific OT-II TCR Tg*
cells. Recipient mice were immunized with HEL-OVA protein
emulsified in CFA and the extent of early B cell expansion and
maturation (loss of IgD and Bcl-6 induction) was measured day
5 postimmunization (see gating strategy in SI Appendix, Fig. S3).
In the absence of T cell transfer, the 2D2 recipients failed to
support B cell activation to OVA-HEL (Fig. 4 E-G). In contrast,
both WT and ay-CD4 ¢cKO OT-II transfers provided robust help

A ay-CD4 cKO
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g 4 t 80000
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= 0 A avckO = O“
X0 7 14 21 28 0 7 14 21 28
Days Days

Fig. 3. Tfh cells develop independently of ay integrin expression. Kinetic
analysis of Tfh after OVA/CFA immunization. (A) CXCR5* PD1* Tfh cells,
gated on CD4*CD44M9" cells (numbers, percentage of CD4*CD44* cells that
are PD1*CXCR5™Y). (B) Frequency (Left) and number per dLN (Right) gated as
in A for WT (C57BL/6) and ay,-CD4 cKO mice. One representative experiment
of three to six independent experiments, four to five mice per group/ex-
periment. No significant differences between WT and ay CD4 cKO by two-
way ANOVA.
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Fig. 4. Provision of B cell help by ay-deficient Tfh. (A and B) Antigen-dependent T:B conjugation of WT OVA-loaded LPS-stimulated B cells with IL-2 cultured
WT (o, "+ CD4-Cre*) or a-CD4 cKO OTII CD4* T cells. (A) Representative FACS plots (numbers, percent of CD4 cells in conjugate with CD19 B cells). (B) Antigen-
dose response. (C) B cell activation by Tfh. Resting B cells from naive animals cultured with in vivo Tfh from day-10 OVA/CFA-immunized WT and oy,-CD4 cKO
mice + anti-CD3 and anti-IgM Abs. Percent CD19* CD4~ GL7" B cells after 6 d of coculture. (D) IgG in supernatant of day-11 Tfh and B cell cocultures. (A and B)
One of three independent experiments. (C and D) Mean of two to four individual experiments. Statistics by two-tailed t test; *P < 0.05. (E-G) In vivo B cell help
assay: MDA transfer + OT-Il (C57BL/6) or OT-ll a,-CD4 cKO into 2D2-recipient mice followed by immunization with HEL-OVA/CFA. Analysis of MD4 expansion
(F) and Bcl6 induction (E and G) day 5 postimmunization. (E) Representative FACS plots (numbers, percentage of MD4 cells IgD'®%, Bcl6*). Two independent
experiments, five mice per group. Statistics by Mann-Whitney U test; **P < 0.01, ***P < 0.001. ns, not statistically significant.

to B cells for expansion and Bcl-6 up-regulation (Fig. 4 E-G).
Therefore, integrin o -deficient Tth were comparable to WT Tth
in their help for B cells in vitro and in vivo, suggesting the loss of
integrin ay does not lead to inherent defects in initial T cell
support of B cell activation.

Integrin ay Is Required for Tfh Accumulation in the GC. Integrin o -
CD4 cKO mice appear to generate Tfh and provide B cell help but
nonetheless have defects in the maintenance of GC structures (Fig.
2). Given the spatially restricted presentation of av, ligands by FDC,
we asked whether the loss of integrin oy, changed the ability of Tth
to positioning correctly in the ECM-rich GC. IHC of LNs from WT
animals 30 d after immunization showed significant infiltration of
the GL7" GC by CD4" T cells (Fig. 54). Where GCs did form in
the ay-CD4 cKO mice, CD4" T cell GC accumulation was dra-
matically reduced (Fig. 54) (see additional images in SI Appendix,
Fig. S7). Enumeration of CD4" T cells in B cell follicles and GCs
indicated a selective defect in CD4* T cell accumulation in GCs in
the absence of integrin o (Fig. 5B). Therefore, ay-deficient CD4™
T cells remain responsive to cues to enter the B cell follicle but their
localization to GCs is selectively impaired. To further understand
the temporal impact on Tfh accumulation in the GC, we also
measured T cell GC accumulation in WT and o-CD4 ¢KO mice at
an earlier time point, day 14 postimmunization. At this time, o-
deficient Tth were able to accumulate in the GC similarly to WT
(Fig. 5C), which is consistent with the earlier findings that GC are
present on day 14 but have collapsed by days 28-30 in a,~-CD4 cKO
mice (Fig. 2). To directly test a T cell-intrinsic requirement for oy
integrin in Tth localization to GCs we adoptively transferred either
naive OT-II WT or ay-deficient CD4" T cells to WT mice followed
by OVA/CFA immunization. Integrin ow-deficient OT-II CD4*
T cells homed to the LN, expanded following OVA/CFA immu-
nization, and generated similar frequencies of Tth in comparison

Schrock et al.

with their WT counterparts (SI Appendix, Fig. S8). However, far
fewer OT-II a-CD4 cKO CD4* T cells were found in the WT GC
compared with WT OT-II cells (Fig. 5 D and E). Thus, there is
a T cell-intrinsic requirement for ay integrin in GC accumulation.
We speculate that impaired Tth retention in the GC in the absence
of ay integrin occurs throughout the course of the GC reaction, as
highlighted by the adoptive transfer of a synchronized cohort of o -
deficient OT-II T cells. At the polyclonal level, defects in GC re-
tention are likely asynchronous and iterative, becoming functionally
impactful late in the GC response, suggesting that defects in GC
positioning are compounded with time, resulting in the observed
late defect in Tth GC association.

To independently assess the role of ay integrin in Tth GC
accumulation we immunized WT mice, allowed the GCs to form,
and then acutely blocked oy integrins using the a3 inhibitor
cilengitide (41, 50, 51). WT mice were immunized with OVA/
CFA and treated with cilengitide daily (100 pg i.p.) from days
17-20 postimmunization (Fig. 5F). LNs were examined by IHC
for T cell localization within the GL7" GCs on day 21 post-
immunization (Fig. 5G). Acute blockade of ayp3 led to a sig-
nificant decrease in T cell localization within the GC (Fig. 5 G
and H). Therefore, both genetic deletion of oy integrin and
acute blockade of oy integrin in WT mice results in a selective
defect in T cell GC accumulation.

Late Defect in the GC B Cell Response in Absence of Tth oy Integrin
Expression. Since oy -deficient Tfh poorly accumulate in the GC,
we examined the development of the associated GC B cell re-
sponse. Consistent with our structural GC analysis (Fig. 2), GCB
cell numbers and frequency in the ay-CD4 cKO mice were com-
parable to WT on days 7 and 14 but declined by days 28-30 (Fig.
6 A-C) (see gating strategies in SI Appendix, Fig. S3). We also
tested B cell function by analysis of OV A-specific antibody secreting
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ns, not statistically significant.

cells (ASCs) in the dLN and serum antibody levels. Early OVA-
specific IgG ASCs (Fig. 6D) and serum IgM (Fig. 6E) responses
were intact in the absence of T cell ay integrin. However, over
time the number of dLN OVA-IgG ASCs declined (days 21-28)
(Fig. 6D) in immunized ay-CD4 cKO mice and was accompanied
by significant reductions in OVA-specific serum IgG concen-
trations (Fig. 6F) and a decrease in IgG affinity (Fig. 6G) (52).
Thus, the premature decline in the GC response of ay-deficient
Tth cells correlates with a late reduction in GC B cells and less
effective selection of high-affinity GC B cells.

T Cell Integrin ay Is Essential for LLPCs but Not Bmem Cells. An ef-
fective GC response results in the generation of LLPCs and
Bmem cells (53) and has been suggested to be temporally reg-
ulated with early production of Bmem cells that transitions into a
late generation of LLPCs (54). Given the attenuated kinetics of
the GC response in ay-CD4 cKO mice we postulated that the
maintenance of Tth GC location may regulate these temporally
controlled events. To correlate Tfh GC accumulation with GC
output of lasting memory and plasma cells in ay-CD4 cKO mice
we assessed OVA-specific B cell responses at late time points
following immunization, well past the contraction of the GC
reaction itself (day 64). As a measure of LLPCs we analyzed ex
vivo OVA-specific ASCs in the BM (Fig. 7 4 and B), and for
Bmem cells splenocytes were restimulated in vitro before an
OVA-specific IgG enzyme-linked immunospot (ELISPOT) assay
(Fig. 7C). Kinetic analysis of the BM revealed a striking decrease
in LLPCs when T cell support of the GC is ay integrin-deficient
(Fig. 7 A and B). In stark contrast, Bmem responses in ow-
CD4 cKO mice remained intact (Fig. 7C).
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To extend our analysis of GC output in response to infection, we
infected mice with X31 Influenza A virus and looked at LLPCs and
Bmem cells on days 72-75 postinfection. There was a robust loss of
HA-specific LLPCs in flu-infected a~-CD4 cKO mice (Fig. 7D)
similar in magnitude to that observed following OVA immunization.
Moreover, the defects in LLPCs correlated with a functionally sig-
nificant decrease in the ability of serum Abs to neutralize viral in-
fectivity (SI Appendix, Fig. S9). Despite the dramatic defect in
LLPCs in the absence of T cell ay integrins, the generation of flu-
specific Bmem cells remained intact, phenotypically (day 40) (Fig.
7E) (see gating strategies in SI Appendix, Fig. S3) and functionally
(days 72-75) (Fig. 7F). Our results of a differential dependency for
Tth integrin oy on Bmem versus LLPC output is consistent with a
critical, and highly specific, role for integrin oy, in maintaining long-
term GC positioning of Tth in support of the mature GC reaction.

Our results support a role for the recognition of FDC-displayed
ECM components in the continued maintenance of Tth in the GC
(81 Appendix, Fig. S10). The changes in Tth availability in the GC
in the absence of a integrin and concomitant loss of LLPCs are
consistent with the temporal model of GC output put forth for B
cells (54), suggesting sustained o integrin-dependent Tth posi-
tioning in the GC is required for the late emergence of LLPCs.

Discussion

The regulation of Tth dwell time in the GC for selection of high-
affinity B cells is pivotal for robust protective immunity. We
reveal a role for the matrix-binding integrin oy in Tth GC posi-
tioning and have connected that to the long-term support of the GC
reaction. Our studies were prompted by the restricted GC expres-
sion of a number of RGD-containing ligands for integrin oy, raising
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the possibility that these ligands provided spatial positioning or
retention cues for effector cells in the GC. T cell integrin ay de-
ficiency led to failure to sustain GC size and numbers. Loss of
integrin oy did not impede Tth generation or initial GC develop-
ment but did impair Tth GC accumulation and sustained GC re-
actions. Deficient Tfh GC accumulation led to a marked defect in
high-affinity antibodies and in LLPCs. Conversely, the generation
of Bmem cells was not dependent on Tfh ay integrins and may
instead reflect GC-independent help for Bmem development (55)
or reflect a dependency for Tth help only in the early GC response
(54) when av-deficient Tth are present in the GC. Thus, our results
highlight a critical ECM:ay integrin axis specifically regulating
prolonged Tfh positioning within the GC and support of GC mat-
uration for LLPC generation.

The GC is a highly dynamic structure with T and B cell move-
ment within and between GCs. While Tth can leave one GC and
enter another (56), most Tth remain in a single GC for days.
The signals that control Tth GC residency remain incompletely
understood. Initial Tfh GC positioning requires SAP-dependent
stable T:B cell contacts (16, 17) and responsiveness to LZ-
produced CXCL13 (14, 15). Expression of plexin B2 by GC B
cells appears to facilitate semaphorin 4C-expressing Tfh ad-
hesion to further promote Tth migration toward the GC center
(24). In addition, restricting responsiveness to T cell zone sig-
nals CCL21 and S1P provides further control of Tth spatial
restriction to the GC (22). However, the impact of these Tth
positioning cues often has surprisingly modest effects on GC
output: GC B cell responses were not reduced by SIPR2 de-
ficiency despite a 50% reduction in Tth GC positioning. In-
deed, whether sustained recruitment or retention of Tfh is
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required weeks into the GC reaction is unclear. The near ab-
sence of LLPCs when T cell ay integrins are deleted is there-
fore a finding that appears to suggest that sustained Tfh
presence in the GC is critical for LLPC generation. Alpha V
integrins play roles in cell signaling for survival and activation,
adhesion, and interstitial migration and a number of these
functions may be at play in regulating oy, integrin-dependent Tth
accumulation in the GC. For B cells, enriched expression of lam-
inin o5 in the marginal zone of the spleen appears to be critical for
marginal zone B cell development and/or survival (57). Whether
ECM-o, integrin interactions also provide signals for Tth func-
tional maturation or survival within the GC will be critical to assess
in future studies. We favor a model where FDC presentation of oy
integrin ligands provides a physical adhesion-based retention cue
for Tth in the LZ, lengthening GC dwell time (SI Appendix, Fig.
S10). Interestingly, while o integrin-dependent GC positioning
appears to be T cell-intrinsic, based on the GC mislocation of
transferred o -deficient OT-II T cells on day 10, the iterative de-
fects in GC accumulation in a polyclonal response appear to be
spatially and functionally compounded with time, evident late (but
not early) in the GC response. This could mean that temporal
changes in the number of Tth cells in the GC may differentially
impact GC output or that there is a temporally regulated Tth
functional switch that is required to support the late GC genera-
tion of LLPCs.

The FDCs in the GC are part of the stromal network in the LN
and are closely related to the FRC network in the T cell zone
(58). GC B cells move along antigen-loaded FDC processes (5,
59, 60) and oy integrin-mediated adhesion/migration of Tth to
the same FDC network may optimize GC T:B cell encounter,
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akin to promotion of T:DC contacts along the FRC (61-63).
Indeed, physical Tth:FDC interactions have been evoked to ex-
plain the proposed “hand-off” of HIV from FDC to Tfh (58, 64).
ECM-ay integrin interactions between Tth and FDC may also
facilitate the active motility seen in the GC LZ (46, 65), similar
to the ay-dependent contact guidance of T cells along matrix
fibers in the inflamed skin (40).

The disconnect between Bmem and LLPC production that we
observe with ay integrin deficiency in T cells raises interesting
questions of temporal requirements for Tfh help. Bmem cells ap-
pear to arise early in the GC response and can also develop in a T-
dependent manner that is independent of the GC (54, 55). The
presence of Bmem and the specific absence of LLPC that is asso-
ciated with Tth o deficiency points to a niche-specific role for oy
integrins in the GC itself, rather than a defect in the ability to
provide B cell help per se. These studies also raise fundamental
questions surrounding the temporal requirements for Tfh over the
many weeks that constitute a GC reaction. This ay:ECM Tfh
checkpoint could have broad therapeutic application for enhancing
or diminishing plasma cell responses and Tth-related pathologies.

Materials and Methods

Mice and Immunizations. All mice were bred and maintained in the pathogen-
free animal facility at the University of Rochester. itgav™f mice were gen-
erated in a 129/0Ola background and back-crossed 10 generations to C57BL/6J
(66). C57BL/6J itgav™™ mice were crossed to C57BL/6) CD4-Cre mice (JAX) (34)
and itgav""‘/""t CD4-Cre™ littermates used as WT controls, unless otherwise
specified. All animal procedures were approved by the Institutional Animal
Care and Use Committee of the University of Rochester. Mice were immu-
nized i.d. in the ear with 1 pg OVA protein in CFA.

IHC. Eight-micrometer frozen sections were stained for the indicated
markers (S/ Appendix) and images processed in Imagel. Three to four sec-
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tions across the center of each LN were collected and analyzed. Confocal
images were acquired using a FluoView FV1000 Laser Scanning Confocal
Microscope (Olympus). Fifteen-micrometer z-stacks with 1.64-pm spacing
between slices were taken with a 20x oil immersion objective lens. Con-
focal image analysis was done using Imaris (Bitplane). Three-dimensional
surfaces were generated from individual channels in the Imaris surface tool
(1.25-pm smoothing tool and a minimum cutoff of 10 voxels). Overlap was
determined by masking corresponding channels and removing non-
overlapping voxels. Remaining overlapping voxels are displayed as an in-
dependent surface (white).

Antibodies and Flow Cytometry. All Abs were from BD, Biolegend, or eBio-
science: Live/Dead (Invitrogen), CD16/CD32 antibody (2.4G2), CD4 (RM4-5),
CD44 (IM7), CXCR5 (2G8), PD1 (J43), 1COS (C398.4A), Bcl6 (K112-91), CD138
(281-2), CD19 (1D3), B220 (RA3 6B2), GL7 (GL7), CD95 (Jo2), Thy1.2 (30-H12),
alpha V (Hma5-1), CD73 (TY/11.8), CD80 (16-10A1), CD38 (90/CD38), CD90.2
(53-2.1), CD90.1(0OX-7), IgMa(DS-1), and 1gD(11-26c.2a). All flow cytometric
analysis was performed on BD LSR-Il or BD LSR-Fortessa machines.

CD4+ T Cell Transfer. Purified naive OT-II T cells (5 x 10°) were transferred i.v.
to Thy1.1" C57BL/6 recipients and recipient mice immunized with OVA/CFA
12 h after cell transfer. For LN homing studies in nonimmunized mice, 1 x
106 naive OT-II T cells were transferred.

In Vivo-Generated Tfh. LN cells were FACS-sorted for Tfh (CD19-CD4* CD44"9"
CXCR5* PD-1%) and non-Tfh (CD19~ CD4* CD44M9" CXCR5~ PD-17).

Serum Antibody ELISA. ELISA plates were coated with OVA protein and in-
cubated overnight with serum samples. Antibody affinity was measured
using a published technique (52).

T:B Cell Adhesion. LPS-stimulated B cells were loaded with OVA peptide (323-
339) (0.2 to 20 pM); 500,000 B cells and 165,000 T cells were pelleted and
incubated at 37 °C for 30 min before fixation. Frequency of T cells in con-
jugates represents fraction of CD4+CD19+ events of the total CD4s by FACS.
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B Cell Maturation and IgG Production. Thirty thousand ex vivo Tfh were
cocultured with 50,000 resting B cells +2 pg/mL anti-CD3 (2C11) and anti-
mouse-IgM. On day 6, cells were stained for GL7 for flow cytometry. Tfh
were cultured at a 1:1 ratio with resting B cells. On day 11 supernatants were
assayed for IgG by ELISA.

In Vivo B Cell Help. Resting MD4 B cells (1 x 10°) were adoptively transferred
with/without 1 x 10° naive OT-Il CD4™ T cells to MOG-specific 2D2 TCR Tg+
mice (JAX). Mice were immunized with 3.3 pg HEL-OVA in CFA and dLN
harvested for flow cytometric analysis on day 5 postimmunization.

Acute ayfs; Blockade. WT C57BL/6 mice were immunized with OVA/CFA and
given 100 pg cilengitide trifluoroacetate (Sigma Life Science) i.p. daily on days
17-20 and mice were killed on day 21 for IHC of dLN. The vehicle was 1% DMSO.
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Influenza A Infection. H3N2 A/Hong Kong/X31 (X31) influenza virus was grown
and titered in embryonated chicken eggs. Allantoic fluid was diluted in PBS
and used to infect mice intranasally (10° 50% egg infective dose in 30 pL).

B Cell ELISPOT. BM, SPN, or dLN cells, directly ex vivo, were incubated
for 3 to 4 h on OVA protein-, X-31 HA-, or BSA-coated plates. ASC spots
were detected with anti-IgG biotin. For Bmem, SPN cells were stimulated
with 5 pg/mL LPS and 10 U/mL rhiL-2 for 6 d before the OVA- or
HA-specific ELISPOT.
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