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Lymph Node Stromal Cells Negatively Regulate
Antigen-Specific CD4" T Cell Responses

Jun Abe,*"* Shigeyuki Shichino,*'" Satoshi Ueha,*'" Shin-ichi Hashimoto,*" -
Michio Tomura,’ Yutaka Inagaki,”" Jens V. Stein,* and Kouji Matsushima*''

Lymph node (LN) stromal cells (LNSCs) form the functional structure of LNs and play an important role in lymphocyte survival and
the maintenance of immune tolerance. Despite their broad spectrum of function, little is known about LNSC responses during
microbial infection. In this study, we demonstrate that LNSC subsets display distinct kinetics following vaccinia virus infection.
In particular, compared with the expansion of other LNSC subsets and the total LN cell population, the expansion of fibroblastic
reticular cells (FRCs) was delayed and sustained by noncirculating progenitor cells. Notably, newly generated FRCs were pref-
erentially located in perivascular areas. Viral clearance in reactive LNs preceded the onset of FRC expansion, raising the possibility
that viral infection in LNs may have a negative impact on the differentiation of FRCs. We also found that MHC class II expression
was upregulated in all LNSC subsets until day 10 postinfection. Genetic ablation of radioresistant stromal cell-mediated Ag
presentation resulted in slower contraction of Ag-specific CD4" T cells. We propose that activated LNSCs acquire enhanced Ag-
presentation capacity, serving as an extrinsic brake system for CD4™ T cell responses. Disrupted function and homeostasis of
LNSCs may contribute to immune deregulation in the context of chronic viral infection, autoimmunity, and graft-versus-host

disease. The Journal of Immunology, 2014, 193: 1636-1644.

ymph nodes (LNs) are the primary site of Ag encounter

by lymphocytes. Circulating lymphocytes reside there for

up to 24 h (1) and undergo multiple rounds of cell-to-cell
contact with Ag-presenting dendritic cells (DCs) (2). The LN
structure and microenvironment are designed to concentrate Ags
transported from the periphery and to promote the migration and
survival of lymphocytes and DCs (3-5).

LN stromal cells (LNSCs) play a critical role in the functional
organization of the LNs (6). LNSCs consist of multiple types of
fibroblastic cells, lymphatic endothelial cells (LECs), and blood
vessel endothelial cells (BECs). One subset of fibroblastic LNSCs,
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fibroblastic reticular cells (FRCs) in the T cell region, produce IL.-
7 and exist in close contact with T cells and DCs (7, 8). FRCs also
express the homeostatic chemokines CCL19/CCL21 (9-11) and
ICAM-1, which together act as the guiding cue and driving force
for the intranodal migration of lymphocytes and DCs (4, 12).
Moreover, FRCs regulate vascular growth in reactive LNs during
inflammation (13), thereby ultimately controlling lymphocyte
trafficking. Therefore, FRCs represent one of the key cellular
components providing structural and microenvironmental support
for adaptive immune responses in LNs.

Recently, a newly described role for LNSCs as APCs in adaptive
immunity has attracted much attention. In the steady-state, LNSCs
differentially express peripheral tissue—specific Ags and present
them to CD8" T cells for the maintenance of self-tolerance (14—
16). In contrast, LNSCs stimulated with LPS for 12 h in vivo
upregulate MHC class II (17). Furthermore, Pdpn-Cre—driven
expression of a model Ag in LECs and FRCs leads to the ex-
pansion of adoptively transferred Ag-specific CD4™ T cells, even
under noninflammatory conditions (16). These observations sug-
gest that the outcome of Ag presentation to CD4™ T cells by
LNSCs could be either immunogenic or tolerogenic, depending on
the inflammatory environment. However, because previous studies
used sterile models of inflammation, it remains unclear how FRCs
and other LNSCs adapt functionally during replicative cytopathic
virus infections.

In the current study, we performed a detailed analysis of LNSC
responses during vaccinia virus (VV) infection. BECs and LECs
showed rapid expansion, peaking at day 14 postinfection (p.i.). In
contrast, we observed a delayed, but sustained, expansion of ter-
minally differentiated FRCs, which were replenished by noncir-
culating progenitor cells in a lymphotoxin-B—dependent manner.
Of note, FRCs and other LNSCs expressed MHC class II p.i.,
which contributed to the contraction of Ag-specific CD4™ T cells
at the later time points of the immune response. Taken together,
our data elucidate the dynamics of LNSC expansion and function
during antimicrobial immune responses.
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Materials and Methods

Mice, viral infection, and immunization

C57BL/6 (B6) mice were purchased from Japan SLC. Rag2™” OVAsas 330-
specific TCR-transgenic (OT-1I) mice were purchased from Taconic.
B6.C-H2-Ab1°™'? (bm12) and B6.SJL (CD45.1) mice were purchased
from The Jackson Laboratory. FucciG-#639 X FucciS/G./M-#474 double-
transgenic mice (#639/4#474 mice) on a B6 background (18) were provided
by Atsushi Miyawaki (RIKEN). Col/a2-GFP mice were generated as de-
scribed previously (19). Mice were 6-8 wk old at the commencement of
experiments. Mice were either infected s.c. with 1 X 10* PFU OVA-
expressing recombinant VV (VV-OVA) (20) or were hock immunized
(21) with 50 pg OVA protein emulsified in CFA. In some experiments,
mice were given an i.p. injection of 100 pg rlg Fc region—fused soluble
recombinant lymphotoxin-f3 receptor (LTBR) protein (LTBR-1g) I d before
immunization and on a weekly basis thereafter. All animal experiments
were conducted in accordance with the guidelines of the Animal Care and
Use Committee of the University of Tokyo.

Abs

mAbs against CD4 (RM4-5), CD8« (53-60.7), CD11b (M1/70), CDl1l¢
(HL3), CD19 (6D5), B1 integrin (Ha2/5), CD31 (390), CD44 (IM7), CD45
(30-F11), CD45.1 (A20), CD45.2 (104), B220 (RA3-6B2), CD80 (16-
10A1), CD86 (GL1), VCAM-1 (429), CDI38 (281-2), CDI157 (BP-3),
ICOS (7TE.17G9), PD-1 (RMP1-30), CXCRS (2G8), gp38 (8.1.1), Ly-6G/C
(RB6-8C5), NKI.1 (PK136). Ter-119 (TER-119), BrdU (Bu20a), MHC
class I (28-14-8), I-A/I-E (M5/114.15.2), TCR Va2 (B20.1), and TCRyS
(UC7-13D5) were purchased from BioLegend, BD Biosciences, or eBio-
science and used for flow cytometry. For the immunofluorescent staining
of tissue sections, purified anti-pan-endothelial Ag (MECA-32) and bio-
tinylated anti-gp38 (8.1.1) mAbs were purchased from Biolegend, anti-
type IV collagen rabbit antiserum was purchased from LSL, and Alexa
Fluor—labeled secondary Abs and streptavidin were purchased from Life
Technologies.

Flow cytometry

LNs were either minced by filtering through a cell strainer (BD Biosciences)
or digested in 0.1% crude collagenase (Wako; cat. #32-10534), 0.96 mg/ml
Dispase 11 (Roche), and 20 kU/ml DNase I (Calbiochem) in DMEM
supplemented with 2% FCS and 10 mM HEPES for 30 min at 37°C.
Throughout the digestion process, the suspension was stirred gently using
a small magnetic stirrer bar. Aliguots of the resulting single-cell suspen-
sion were stained with appropriate Ab mixtures. Data were collected on
a Gallios flow cytometer (Beckman Coulter) and analyzed using Flowlo
software (TreeStar).

Measurement of viral load in tissues

Viral load in reactive LNs and infected footpads was measured by copy
number assay. In brief, LNs and footpads were homogenized using a beads-
based cell disruptor, and total DNA was isolated using a Tissue Genomic
DNA Extraction Mini Kit (Favorgen). Copy numbers of Ova gene were
measured by subjecting 45 ng total DNA/reaction to quantitative PCR with
FastStart TagMan Probe Master (Roche), a TagMan Gene Expression
Assay kit Gg03366808_m1! (for Ova), and a TagMan Copy Number Ref-
erence Assay kit (Applied Biosystems). The limit of detection of the assay
was 10 copies.

In vivo BrdU labeling

For short-term pulse labeling, mice were injected i.p. with 1 mg/mouse
BrdU (Sigma-Aldrich) 16 h before sacrifice. For long-term continuous
labeling, mice were provided with drinking water containing 0.8 mg/ml
BrdU for the duration of the experiment, commencing immediately p.i.
BrdU water was replaced every 2-3 d.

Immunofluorescent staining of LN sections

Six-micron-thick cryosections of fresh LNs were prepared and fixed for
10 min in acetone. Fixed sections were rehydrated with PBS, blocked
with Blocking One reagent (Nacalai Tesque), and stained with Ab
mixtures (in PBS containing 2% BSA) for 1 h at room temperature.
Sections were incubated further with appropriate secondary Abs. For
BrdU staining, sections were fixed for 10 min with 4% paraformaldehyde
in PBS after the staining of the other Ags. Fixed sections were treated with
2 M HCI for 1 h at 37°C before incubation with anti-BrdU Ab. After
staining, sections were mounted with ProLong Gold reagent (Life
Technologies). Immunofluorescently stained sections were observed
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under a TCS SP5 confocal microscope (Leica Microsystems). The ac-
quired images were processed and quantified using Image] software
(National Institutes of Health).

Parabiosis

Parabiosis surgery was performed on body weight-matched partners. A
longitudinal incision was made through the skin and fascia of mice deeply
anesthetized with pentobarbital. The incised skins and fascia of partner
mice were joined by sutures. More than 6 wk after the surgery, mice were
infected s.c. with VV-OVA via the footpad distal to the conjoined side of
the body.

Generation of bone marrow chimeric mice and adoptive

transfer

CD45.17 CD45.2" bm12 and B6 recipient mice were exposed to 8.5 Gy
irradiation before transplantation with § X 10° CD45.1% CD45.2% whole
bone marrow (BM) cells the following day. More than 6 wk after trans-
plantation, 2 X 10 CD45.1" CD45.2" Rag2™™ OT-II T cells were
adoptively transferred into recipient mice via the tail vein I d before im-
munization. For OT-11 T cell preparation, CD4" T cells were enriched from
the spleen of OT-II mice by negative selection using streptavidin
MicroBeads and an AutoMACS cell separator (Miltenyi Biotec). Before
magnetic labeling with MicroBeads, cells were labeled with biotinylated
Abs against CD8«, CD11b, CDllc, CDI19, CDI38, Ly-6G/C, NK1.1, Ter-119,
and TCRyd. The purity of CD4" TCR V2" OT-I T cells was routinely >95%.

Statistical analysis

Data were analyzed for statistical significance by Student ¢ test (for com-
parison of two groups) or one-way ANOVA (for comparison of three of
more groups; post hoc tests were performed as described in the figure

legends). All statistical analyses were performed using GraphPad Prism
software. The p values < 0.05 were considered statistically significant.

Results
LNSCs expand in a subset-specific manner during viral
infection

In a recent study, immunization with protein Ag and CFA caused
the number of FRCs and endothelial cells in the LNs to increase in
parallel with the lymphocyte number (22). We confirmed this ob-
servation in a sterile OVA/CFA immunization model (Supplemental
Fig. 1A-C). However, the expansion of LNSC subsets during an-
timicrobial immune responses remained to be investigated. There-
fore, we developed a protocol for the flow cytometric analysis of
stromal cells in reactive popliteal LNs (popLNs) following s.c. VV-
OVA infection, using contralateral nonreactive popLNs as controls.

LNSCs were identified based on the differential expression of
gp38 and CD31 among CD45™ Ter-119™ nonhematopoietic cells in
the LNs (23) (Fig. 1A, Supplemental Fig. 1A). Using this approach,
we observed a >10-fold increase in total popLN cell numbers,
peaking on day 10 p.i. (Fig. 1B, 1C). LEC and BEC expansion
peaked on day 14 p.i, with a 5-fold increase in their numbers.
Strikingly, FRC expansion was significantly delayed (Fig. 1B,
shaded area) but was sustained until day 28 p.i., whereas expansion
of LECs and BECs began as early as day 4 p.i. (Fig. 1B, 1C). The
numbers of LNSCs in the contralateral nonreactive popLNs were
not affected by VV infection. The percentage of T cell region re-
ticular cells (9) among total FRCs, identified by CD157 expression,
remained essentially stable (data not shown). Of note, the onset of
FRC expansion coincided with the decline of VV-OVA copy
number in reactive popLNs (Fig. 1D). Viral gene was almost un-
detectable on day 10 p.. in reactive popLNs, whereas virus per-
sisted for longer at the infection site. Reactive popLNs harbored
considerably less virus than the infection site throughout the time
course of our analysis. Importantly, the delayed expansion of FRCs
relative to that of lymphocytes and other LNSC subsets clearly
demonstrates that reactive LN growth and increased FRC numbers
are not synchronized in the VV-OVA infection model, unlike in
sterile inflammation (22).

— 328 —



1638 IMPACT OF LN STROMAL CELL RESPONSE ON CD4* T CELL IMMUNITY
L A Gate on CD45- Ter-119-

FIGURE 1. Kinetics of the FRC response B6 o 4 7 10 14 21 28 non-hematopoietic cells

. . . . . FRC

following immune stimulation. (A) Experi- " ! % " ’ ¥ 3

mental model. On day 0, mice were injected s.c. | | | | | | |

with VV-OVA or OVA/CFA via the footpad or '\‘s.c. |

hock, respectively. LNSC subsets in the reactive 2;‘,:20‘\’;; or SOQI‘A?CFA PopLN Flow cytometry

and contralateral nonreactive popLNs were an-
alyzed by flow cytometry at various time points.
Number (B) and fold expansion (C) of total LN
cells, FRCs, BECs, and LECs in the reactive
LNs on days 0, 4, 7, 10, 14, 21, and 28 after
VV-OVA infection. Fold expansion for each
subset was calculated by normalizing against

Cell number (log,,)
~

Total LN cells

5 BEC

5

mean cell number in unstimulated (day 0)

U Ll i
0 10 20 30 O

popLNs. Shading in (B) indicates the time 0 10 20 30 Daye after W-OVA in;ee:tioso 30 0 10 20 30

points across which FRC expansion is delayed.

Graphs show the mean = SEM of n = 17/time C @ draining Onon-draining

point, pooled from five independent experi-

ments. (D) Kinetics of viral load in the infected 55 FRCs 26 BEC 20 LEC

footpads (O) and reactive popLNs (O), mea- §'§ 15 1

sured by copy number assay for the Ova gene. g_g_ wxx 10 10

Each symbol represents one mouse (n = 8 ﬁﬁ e 5 * ** # 5 gy -

pooled from two independent experiments), and s g 0 0 0

horizontal hne.s ¥nd1ca(e n?eansA Dashed line 0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30

represents the limit of detection. (E) Turnover of Days after VV-OVA infection

FRCs, BECs, and LECs was measured by long- D E

term BrdU-labeling assay. Mice were provided 5 7 100 FRCs BEC LEC

with drinking water containing BrdU from day 0 -g 36 @ & % 80 # ek ek ek ek | xk o -~

until the time of analysis. Data represent mean * 3Z5 ] [¢] % - 60 -

SEM (n = 12/time point) of the proportion of 354 o § 40

BrdU™" cells in reactive (filled) and contralateral é meS % a Ia) ';o:. 20

nonreactive (blank) popLNs. Data are pooled 2 22 QE - 5\5 0

from three independent experiments. *p < 0.05, > B = S = B i 1 0 10 20 300 10 20 300 10 20 30
e st # . . "

#kp < 0:()5, waky < 0.001, "p < 0.0001 versus Dayas P gv v A7in fect:oon Days after VV-OVA infection

nonreactive popLNs, Student ¢ test. @ reactive O non-reactive

Ofootpad

We next investigated the turnover of LNSC subsets by contin-
uous BrdU labeling throughout VV-OVA infection (up to day 28
p.i.). In this experimental setting, BrdU incorporation identifies
cells that have been replaced within the time frame of the experi-
ment. Turnover of endothelial cells commenced as early as day 4 p.i.,
whereas there was a marked increase in BrdU* FRCs from day 7 p.i.
(Fig. 1E, Supplemental Fig. 1D). The proportion of BrdU™ cells
across all LNSC subsets remained constant after day 14 p.i., sug-
gesting an accelerated turnover rate of these cells during the first
2 wk of acute viral infection. In nonreactive LNs, only minimal
turnover of LNSCs was observed across the 28-d duration of our
experiments (Fig. 1E).

Immunofluorescent staining of popLN sections revealed that
FRCs were present in the central and perivascular areas of the T
cell region and the medulla (Fig. 2A). FRC localization was not
affected by infection. BrdU* FRCs (cells that had been replaced
p.i.) were found throughout the T cell region after continuous
BrdU labeling for 14 d (Fig. 2B). However, the density of BrdU*
FRCs was substantially higher in the perivascular areas of both
the T cell region and the medulla (Fig. 2C), suggesting that FRC
precursors may be enriched in this subcompartment. Similar
results were observed in mice immunized with OVA protein
emulsified in CFA (data not shown).

FRCs are terminally differentiated cells that are replenished by
local precursors

LNSC turnover could result from two possible events: proliferation
of LNSCs themselves and/or differentiation from stromal precursor
cells. We evaluated the proliferation of LNSCs after viral infection

[reactive popLN

using short-term in vivo BrdU pulse-labeling experiments
(Fig. 3A). Although BrdU incorporation by BECs and LECs was
evident as early as day 3 p.. and was detectable until day 14,
minimal FRC proliferation was detected in reactive popLNs and
only on day 7 p.i. (Fig. 3B). The low proliferation of FRCs was
confirmed using #639/#474 mice, which were engineered to allow
visualization of cell cycle progression in a labeling-free manner
through the reciprocal expression of Cdtl-coupled Kusabira-
Orange and geminin-coupled Azami-Green during the G, and
S/G,/M phases of the cell cycle, respectively (18) (Fig. 3C). Taken
together, our data suggest that FRC expansion is initiated by the
generation of new FRCs by intranodal precursor cells, rather than
the proliferation of terminally differentiated mature FRCs. Of
note, the expansion and turnover of total CD45™ CD31~ gp38~
double negative (DN) cells progressed with similar kinetics to
those of FRCs (Supplemental Fig. 2A, 2B). Moreover, there was
a readily detectable proportion of proliferating cells within the
LTBR* CD31~ gp38~ DN LNSC population in reactive PLNs
(Supplemental Fig. 2C), which could contain FRC precursor cells
an.

We also addressed whether FRCs might be replenished by
circulating progenitors recruited to reactive LNs after viral in-
fection. However, parabiosis experiments suggested that newly
generated FRCs were likely derived from intranodal cells. Reactive
popLNs in wild-type (WT) parabionts conjoined with type I col-
lagen a2 (Colla2) GFP reporter mice (19) did not contain GFP-
expressing FRCs on day 14 p.i. (Supplemental Fig. 2D), when
FRC turnover reached a plateau (Fig. 1E). The presence of GFP™
FRCs in the reactive popLNs is consistent with a previous report
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FIGURE 2. Localization of FRCs following s.c. VV-OVA infection. (A) Localization of FRCs in the reactive popLNs on days 0 and 10 p.i. Red, type IV
collagen; green, pan-endothelial Ag; blue, gp38. Enlarged views of specific areas in the LN (right panels): (i) center of T cell region, (ii) perivascular area
in the T cell region, and (jii) medulla. (B) Localization of BrdU* FRCs in the reactive popLNs on day 14 p.i. BrdU labeling was performed as for Fig. 1E.
Enlarged views show specific areas as in (A), depicted as (i), (ii), and (iii). Red, BrdU; green, pan-endothelial Ag; blue, gp38. Arrowheads indicate BrdU™
FRCs. Scale bars, 200 wm (left panels) and 50 wm (right panels). Representative images from six LNs are shown. (C) Number of BrdU* gp38* cells/mm?
of different regions of the reactive popLNs on day 14 p.i. Three sections/LN that were =50 wm from each other were used for quantification. Graph shows
mean = SEM of n = 6 pooled from two independent experiments. *p < 0.05, **p < 0.001, one-way ANOVA with Bonferroni post hoc test. n.s., not
significant.

using these reporter mice that showed that phenotypic fibroblasts a limited fraction of FRCs in a manner independent of the
in the CCly-treated liver also contain a GFP™ population (19). promoter/enhancer used in this transgenic mouse strain or to oc-
This could be due either to transcription of Colla2 by only casional epigenetic inactivation of the transgene in some FRCs.
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Lymphotoxin signaling regulates sustained LNSC subset
expansion

Because LTBR plays an important role in the remodeling and main-
tenance of function of LNs (11, 24), we examined the involvement of
LTBR-mediated signaling in FRC turnover by using the inhibitor
LTBR-Ig. Unexpectedly, LTBR-Ig treatment from the time of infection
reduced the number of FRCs and total LN cells in reactive popLNs
only after day 14 p.i. (Fig. 4A), although FRC turnover was reduced to
~50% of that observed in control mice (Fig. 4B). Similarly, BEC, but
not LEC, expansion was severely attenuated by LTBR-Ig treatment
only after day 10 p.. (Fig. 4). Notably, turnover of both FRCs and
BECs ceased at earlier time points in LTBR-Ig-treated mice than in
control mice. These results suggest that LTBR-mediated signaling
contributes to sustained LNSC turnover but that alternative growth
pathways play a more important role in the early expansion of LNSCs.

Sustained upregulation of MHC class 1l on LNSCs

Next, we determined whether FRCs change their activation status
during viral infection. Based on flow cytometric analysis, FRCs
underwent a progressive increase in cell size (forward scatter) and
internal complexity (side scatter) after viral infection (Fig. 5A), in-
dicating that FRCs remained activated from at least day 4 to day 10.
1 integrin, VCAM, CD44, platelet-derived growth factor receptors,
CD80, and MHC class I were all expressed constitutively on FRCs
(Fig. 5B). MHC class II surface expression levels were elevated on
day 10 p.i. (Fig. 5C). Notably, the highest MHC class II expression
among LNSCs was detected on CD157* FRCs (Fig. 5D, 5E). This
increase was observed in both BrdU™ and BrdU* cells in long-term
BrdU-incorporation experiments (data not shown).

MHC class 1l on LNSCs induces CD4" T cell contraction after
peak expansion

Based on the increased MHC class II expression detected on
LNSCs, we examined the impact of stromal cell-mediated Ag

10* 1t o

Azami Green

10‘: 105106

presentation on CD4" T cell responses, with a particular focus on
the later time points of the immune response. For this purpose,
lethally irradiated CD45.17 CD45.2" WT B6 or mutant H2-Ab
allele-harboring bm12 mice received adoptive transfer of
CD45.1" CD45.2* B6 BM, giving rise to B6~B6 and B6—-bm12
chimera, respectively. Chimeric mice received 2 X 10* H2-AP—
restricted CD45.1% CD45.27 OT-II T cells, such that the responses
of monoclonal T cells with the same TCR and genetic background
could be used as a functional readout. Leukocytes from differ-
ent sources were discriminated using CD45 congenic markers
(Fig. 6A). Remnants of recipient leukocytes accounted for 16.1 =+
1.42% and 20.2 = 1.12% of total leukocytes in the LNs of
B6—B6 and B6—bm12 chimeras, respectively. More than 90% of
host-derived leukocytes were T cells (data not shown). Impor-
tantly, only 0.4 = 0.1% and 1.3 = 0.5% of MHC class II" B cells
and DCs, respectively, were of recipient origin in the LNs of
B6—bm12 mice. Thus, Ag presentation to OT-II T cells in the
LNs should occur under comparable conditions in both chimeras,
except that LNSCs cannot present cognate peptide to OT-II cells
in B6—bm12 mice because of the mutation in the H2-Ab gene.
Although OVA infection induced <50-fold expansion of
adoptively transferred OT-I1 CD4" T cells (data not shown), OVA/
CFA immunization promoted an ~1000-fold OT-II T cell expan-
sion in both chimeras that peaked by day 10 (Fig. 6B). Of note, we
detected a substantially higher number of OT-II T cells in the
reactive popLNs of B6—bml2 mice from day 21 onward
(Fig. 6B), suggesting that loss of stromal cell-mediated Ag pre-
sentation leads to slower contraction of OT-II cells. In line with
this observation, the number of OT-II-derived CXCRS* PD-1"
ICOS* T follicular helper (Tfh) cells (25) was increased in
B6—bm12 mice on day 21, but not day 10 (Fig. 6C), without any
skewing toward Tfh cells (percentage of Tfh cells in total OT-II
cells on day 21 was 18.0 = 5.1% in WT mice and 20.9 = 3.3% in
mutant chimera, p = 0.657, Student ¢ test). Our results demonstrate
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that Ag presentation by stromal cells negatively modulates the
later phase of the Ag-specific CD4" T cell response.

Discussion

Although LNSCs are now recognized to play an important role in
the adaptive immune response, the dynamic changes that occur in
the number and function of these cells during physiologically
relevant virus infection have not been investigated previously. In
the current study, we used a cytopathic virus to monitor the growth
and differentiation of LNSCs, with a focus on FRCs. We report
a delayed, but sustained, expansion of FRCs, which was not
synchronized with the expansion of other LNSC subsets or total
LN cell numbers. Our data support a model in which FRCs are
replenished in an LTPR-dependent manner by local precursors
accumulated in the perivascular areas. At the peak of the adaptive
immune response, LNSC subsets increase MHC class I expres-
sion, which contributes to CD4" T cell contraction.

Contrary to our expectation that all LNSCs would expand in
parallel with incoming leukocyte numbers following viral infection,
we observed substantially delayed growth of FRCs during the first
week of infection. In immunofluorescent sections of reactive LNs,
the FRC network on day 10 p.i. appeared more sparse compared
with FRCs in control LNs. This observation may indicate the for-
mation of a more widely spaced stromal network, either owing to
mechanical stretching to accommodate increased leukocyte num-
bers or as a result of the death of FRCs in infected LNs. In contrast,
Luther and colleagues (26) reported comparable spacing of the FRC
network after immunization with a protein Ag emulsified in an
adjuvant. This discrepancy may be the result of the different ki-
netics of FRC expansion between sterile inflammation and our viral
infection models. Two weeks after viral infection, ~60% of FRCs

Days post-infection

had been replaced without substantial cellular proliferation of
mature FRCs. BrdU-incorporating cells among the perivascular
DN LNSC population (11) may generate new FRCs during viral
infections, which is consistent with the dense accumulation of
BrdU* FRCs around blood vessels that was observed in our long-
term BrdU-labeling assay. The observation that increased FRC
generation depends on LTBR is in line with a recent report by
Ludewig and colleagues (11) showing that Ccl/9 promoter—driven
conditional ablation of LTPR eliminates mature FRCs but
increases the fraction of DN LNSCs. An attractive hypothesis
is that high levels of lymphotoxin expression by activated
lymphocytes (27) triggers the differentiation of FRCs through
direct interaction with intranodal FRC precursor cells. In addition,
lymphotoxin signaling may also indirectly affect FRC turnover,
because LTBR blockade severely attenuated BEC expansion in
LTBR-Ig~treated mice. It is noteworthy that LTBR plays an im-
portant role in remodeling (28-30) and in the functional mainte-
nance (24) of high endothelial venules (HEVs). Long-term LTRR-
Ig treatment causes a loss of HEV phenotype (24), resuiting in the
impaired recruitment of lymphocytes into reactive LNs during the
ongoing immune response. Because our experiments extended
until day 21 p.i., it is likely that HEV function was also impaired
in our experiments, which, together with the attenuated BEC re-
sponse, might result in the suboptimal functional adaptation of
LNSCs. A potential mechanism for the attenuated LNSC response
in LTRR-Ig treatment could involve, but is not limited to,
a decreased amount of unidentified factors provided from
recruited lymphocytes and/or BECs. In contrast, the FRC response
may facilitate the BEC response, as was suggested by recent
studies (13, 22), thus establishing a positive-feedback loop. Taken
together, our data support a model in which FRC precursors are
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FIGURE 5. Functional changes in FRCs during viral infection. Scatter profile (A) and the expression of cell surface markers and MHCs (B and C) on
FRCs in reactive popLNs after VV-OVA infection was analyzed by flow cytometry on days O (naive), 4, and 10 p.i. (D) Relative mean fluorescent intensity
(MFI) values for MHC class Il staining on day 10 p.i. Relative MFI was calculated by normalizing absolute MHC class II MFI values against MFI values
for isotype-matched control staining of the same sample, to account for variations in the background intensity of each subset. (E) Fold increase in relative
MFI of MHC class II on day 10 p.i. Representative plots (A-C) and the mean = SEM (D and E) of n = 9 pooled from three independent experiments are

shown.

dormant in perivascular niches. In reactive LNs, the increased
influx of T and B cells, as well as other leukocytes, triggers LTBR-
dependent proliferation and the gradual differentiation of the
precursors into mature, nondividing FRCs. Our data also illustrate
the flexibility of the adaptive immune response. Although LNSCs
undergo steady growth largely parallel to leukocyte influx during
sterile inflammation, cytopathic VV infections result in delayed
FRC growth. However, the lymphocyte influx that is important for
clonal selection is not impaired. In future studies, it will be in-
teresting to analyze how the migratory behavior of lymphocytes
changes in cytopathic VV infections.

The increased MHC class II expression by LNSCs that persisted
for a long time p.i. suggests that the timing and extent of Ag
presentation by LNSCs and the inflammatory microenvironment
that supports Ag presentation influence the outcome of stromal Ag
presentation. Possible outcomes are the maintenance of self-tolerance
(31, 32), the induction of proliferation (16), or the culling of late
T cell responses. In terms of the timing of Ag presentation, stromal
cells in nonlymphoid tissues could also contribute to late Ag pre-
sentation to activated/effector CD4* T cells in our BM chimera
model. Although we cannot exclude this possibility, it is noteworthy
that, in our experiments, total and Tfh OT-II cells were similarly

— 333 —



The Journal of Immunology

CD45.2 WT B6 [B6—B6]

A

— Rest for >6 weeks —>

/

CD45.1/45.2 B6

1643

Disclosures
The authors have no financial conflicts of interest.

Bone x10*
@ ~— marrow TRagz” vl References

\ \ I. Tomura, M., N. Yoshida, J. Tanaka, S. Karasawa, Y. Miwa, A. Miyawaki, and
OT-ii Donor  Rest for >6 Ks —> O. Kanagawa. 2008. Monitoring cellular movement in vivo with photo-
M est for >6 weeks convertible fluorescence protein “Kaede” transgenic mice. Proc. Nail. Acad. Sci.

2 CD45.2 bm12 [B6—bm12] USA 105: 10871-10876. N
© Host 2. Mempel, T. R., S. E. Henrickson, and U. H. Von Andrian. 2004. T-cell priming
by dendritic cells in Iymph nodes occurs in three distinct phases. Nature 427:

CD45.2 154-159.

B C 3. Bajénoff, M., J. G. Egen, L. Y. Koo, J. P. Laugier, F. Brau, N. Glaichenhaus, and
= —8 Day 10 Day 21 R. N. Germain, 2006. Stromal cell networks regulate lymphocyte entry, migra-
'6' 2 &€ = 1p=0.0910 p=0.0012 tion, and territoriality in lymph nodes. Inmunity 25: 989-1001.

e g5 FZ 5 - - 4, Schumann, K., T. Limmermann, M. Bruckner, D. F Legler, J. Polleux,
55 - g J. P. Spatz, G. Schuler, R. Forster, M. B. Lutz, L. Sorokin, and M. Sixt. 2010.
< 94 oL Immobilized chemokine fields and soluble chemokine gradients cooperatively
° 2 5 o4 .
5% ° 5’ shape migration patterns of dendritic cells. Immunity 32: 703-713.
-g T 3 0 B6--B6 2 - 3 5. Siegert, S., and S. A. Luther. 2012. Positive and negative regulation of T cell
3 : 2 ® B6--bm12 § § responses by fibroblastic reticular cells within paracortical regions of lymph
0 10 20 30 40 z ", nodes. Front. Immunol. 3: 285.
Days post-immunization [1B6—B6 M B6—bm12 6. Limmermann, T., and M. Sixt. 2008. The microanatomy of T-cell responses.

FIGURE 6. Direct Ag presentation by LNSCs curtails the CD4" T cell
response. (A) Experimental model. Lethally irradiated CD45.17 CD45.2*
WT B6 or bm12 recipient mice received 5 X 10° BM cells from CD45.1*
CD45.2" B6 mice. More than 6 wk later, chimeric mice received 2 X 107
CD45.17 CD45.2" Rag2™™ OT-II cells and were immunized with OVA/
CFA via the hind hock. Donor, recipient, and transgenic T cells were
identified by their expression of congenic markers. (B) Number of total
OT-1I T cells in B6 (O) and bm12 (@) recipients after immunization. *p =
0.0177, **p = 0.003. (C) Number of OT-II T cells differentiated into
CXCR5" [COS™ PD-1" Tth cells. Statistical significance was assessed by
unpaired Student ¢ test. Graphs show the mean = SEM of n = 7-9/time
point pooled from three independent experiments.

10.

affected by the loss of Ag presentation by stromal cells. Compared
with other effector CD4™ T cells, Tth cells are long-term LN residents
(33, 34) and, therefore, are less likely to encounter stromal cells in
nonlymphoid tissues. Accordingly, the decreased number of Tth cells
in the absence of Ag presentation by stromal cells is likely due to the
lack of Ag presentation by LNSCs. It would be worthwhile for future
studies to analyze the significance of Ag presentation by stromal cells
in nonlymphoid tissues, particularly in the context of tissue-resident
memory T cell generation.

In conclusion, we provide novel insights into the diverse nature of
LNSC responses during viral infection. We propose that LNSCs serve
as an extrinsic “brake system” for late CD4" T cell responses, pre-
venting overt responses after Ag clearance. This idea is supported, at
least in part, by recent findings that the potential loss of functional
FRCs in chronically SIV-infected macaques coincides with the ac-
cumulation of Tth cells (35-37). Altered FRC functionality is also
observed as decreased CCR7 ligand levels and smaller T cell regions
in lupus-prone mice, which may relate to impaired immunoregula-
tory function (38). Furthermore, disruption of functional LN struc-
ture in graft-versus-host disease patients (39) likely involves the loss
of LNSC function, which may contribute to the autoimmune-like
chronic symptoms observed in this disease (40). Further studies in
these different contexts will uncover the significance of this putative
LNSC-mediated brake system and may lead to improved vaccination
strategies or therapies for the induction of immunological tolerance.
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supplemental Table 1 Statistical analysis of Fig.4 cell counts as compared to day 0

Group Da?/s Reactive popLNs Non-reactive popLNs

p.i. Total FRC BEC LEC Total FRC BEC LEC

4 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

7 < 0.001 n.s. n.s. n.s. n.s. n.s. n.s. n.s.

Control 10 < 0.001 n.s. < (.001 < 0.001 n.s. n.s. n.s. n.s.
14 <0.001 <0.001 <0.001 ns. n.s. n.s. n.s. n.s.

21 n.s. < 0.005 n.s. n.s. n.s. n.s. n.s. n.s.

4 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.

7 <0.001 <0.05 n.s. n.s. n.s. 1n.s. n.s. n.s.

LTBR-Ig 10 < 0.001 <0.05 < 0.005 <0.001 n.s. <0.08 n.s. n.s.
14 <0.05 <0.005 n.s. n.s. <0.05 <0.05 <0.05 n.s.

21 n.s. n.s. 1.s. n.s. <0.05 < 0.05 < 0.001 n.s.

Cell numbers at each time point were compared with those on day 0 by one-way ANOVA with Dunnett's post-hoc test.
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1) Reversibility and treatment of liver fibrosis.
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