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Upon viral infection, stressed or damaged cells can release alarmins like IL-33 that act
as endogenous danger signals alerting innate and adaptive immune cells. IL-33 coming
from nonhematopoietic cells has been identified as important factor triggering the expan-
sion of antiviral CD8+ T cells. In LN the critical cellular source of IL-33 is unknown, as
is its potential cell-intrinsic function as a chromatin-associated factor. Using IL-33-GFP
reporter mice, we identify fibroblastic reticular cells (FRC) and lymphatic endothelial cells
(LEC) as the main IL-33 source. In homeostasis, IL-33 is dispensable as a transcriptional
regulator in FRC, indicating it functions mainly as released cytokine. Early during infection
with lymphocytic choriomeningitis virus (LCMV) clone 13, both FRC and LEC lose IL-33
protein expression suggesting cytokine release, correlating timewise with IL-33 receptor
expression by reactive CD8+ T cells and their greatly augmented expansion in WT versus
ll33−/− mice. Using mice lacking IL-33 selectively in FRC versus LEC, we identify FRC as
key IL-33 source driving acute and chronic antiviral T-cell responses. Collectively, these
findings show that LN T-zone FRC not only regulate the homeostasis of naı̈ve T cells but
also their expansion and differentiation several days into an antiviral response.
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Introduction

Our immune system has evolved sophisticated strategies to
defend our body against harmful infections produced by various
pathogens. The critical first step is the detection of infection, which
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is typically followed by the activation of various immune cells and
the elimination of the pathogen and infected cells. To sense micro-
bial agents at early stages of infection, innate immune cells express
receptors for pathogen-associated molecular patterns (PAMP) that
lead to an inflammatory response. A second class of innate immune
receptors recognize endogenous signals released during tissue
damage, also known as damage-associated molecular patterns
(DAMP), and these receptors are capable of alerting both innate
and adaptive immune cells. Among the DAMP, the IL-1 family
member IL-33 has emerged as central signaling molecule involved
in multiple infections and pathologies [1–3]. It is prestored as a
nuclear protein in epithelial cells of many mucosal body surfaces,
as well as in many endothelial cells, and it can be rapidly released
as an alarm signal ("alarmin") from these cells upon infection, cel-
lular stress, or necrosis. Various immune cells express the IL-33
receptor ST2, including granulocytes, innate lymphoid cells, regu-
latory T cells, and activated T cells, with IL-33 recognition leading
to their activation, expansion, and/or differentiation [1–3].

While IL-33 has been extensively studied as a driver of Th2-
driven allergic inflammation, recent evidence points to another
role for IL-33 in driving primary CD8+ T cell and CD4+ Th1
responses within secondary lymphoid organs. IL-33- and ST2-
deficient mice were shown to have a strongly reduced expansion
of antigen-specific T cells in response to infection with various
RNA and DNA viruses, suggesting a conserved IL-33-dependent
mechanism for enhancing antiviral immunity [4, 5]. Interestingly,
radiation-resistant cells within the splenic T zone were identified
as the relevant IL-33 source for antiviral CD8+ T-cell responses
[4] consistent with previous histological staining showing Il33
transcription and IL-33 protein staining mainly in alpha-smooth
muscle actin-(αSMA) and desmin-positive reticular cells of the T
zone of murine spleen and murine and human LN [6, 7]. How-
ever, gene array analysis of sorted stromal cells from naive murine
LN indicated additional complexity with podoplanin (Pdpn)+

CD31− fibroblastic reticular cells (FRC) and Pdpn+CD31+ lym-
phatic endothelial cells (LEC) being able to express Il33 [8]. There-
fore, it is possible that one or more distinct cell types function as
key source of IL-33 that critically impacts antiviral CD8+ T-cell
responses in LN. Currently, we lack a good understanding of the
IL-33-expressing LN stroma subsets, their precise localization, and
function during antiviral immunity.

IL-33 is being called a dual function cytokine as it can act not
only as an extracellular molecule on ST2 expressing cells but also
can regulate gene transcription due to its nuclear localization and
binding of DNA-associated histones [9, 10]. Previous studies on
the cell intrinsic and ST2-independent role of IL-33 have focused
on cell lines transfected with IL-33 siRNA which showed a down-
regulation of proinflammatory cytokine and protease expression in
epithelial, endothelial, and fibroblastic cells, with CHIP assays sug-
gesting the binding of IL-33 to the promoter sequences of IL-13 and
NF-kB p65 [10-12]. Other studies suggested the opposite, namely
the repression of transcription in epithelial cells [9, 13] which
was not confirmed at the proteome level [14]. Yet another study
described the overexpression of IL-33 in an epithelial cell line with
no transcriptional changes observed in a genome-wide analysis

[15]. So far, only one recent study compared ex vivo cells, namely
wt versus Il33−/− pro-B cells, and uncovered many transcriptional
changes in absence of IL-33 with mixed BM chimera experiments
indicating these effects are cell intrinsic [16]. Together, these data
suggest that IL-33 can regulate gene transcription but that this
property is cell-type and context-dependent. So far, no study has
reported on the transcriptional role of IL-33 in LN stroma.

LN are complex structures composed of both stromal and
hematopoietic cells that primarily function to retain pathogens
or pathogen-carrying cells from lymph fluid and present them to
naive or memory lymphocytes that recirculate via these structures,
entering from blood vessels and leaving via lymphatic vessels. The
inner core of secondary lymphoid tissues is organized by vari-
ous FRC subsets that have been recognized as important play-
ers in lymphoid organ development, homeostasis, and adaptive
immunity [17–19]. FRC along with CD35+ follicular dendritic cells
(FDC) constitutively express chemokines that segregate T cells, B
cells, and other immune cells into distinct compartments such as
the T zone, B zone, and medulla. Follicular FRC and FDC express
B-cell chemokines to attract naive B cells [20], while medullary
FRC (MedRC) selectively associate with plasma cells and innate
immune cells [21]. T-zone FRC (TRC) produce CCL19 and CCL21,
which attract DC and näıve T cells into that compartment [22, 23],
thereby facilitating the selection and activation of rare antigen-
specific T lymphocytes. It is within the T zone that these T cells
expand and differentiate into effector cells before leaving the
organ to home to peripheral sites of infection and inflammation.

In the current study, we performed a detailed characterization
of the cellular sources of IL-33 in LN, both in homeostasis and
during viral infection, and tested the role of these IL-33 sources
in augmenting antiviral T-cell responses in vivo. We also inves-
tigated the importance of IL-33 in regulating gene expression in
ex vivo isolated LN FRC using RNA sequencing. Our results show
that FRC subsets throughout the T zone and medullary cords as
well as LEC within the medulla are the main IL-33 sources in
murine and human LN under homeostatic conditions, with no
limiting role observed for gene regulation in murine fibroblasts of
näıve LN. Upon acute or chronic infection with two lymphocytic
choriomeningitis virus (LCMV) strains, stromal cells remained the
major IL-33 source. To identify the critical stromal IL-33 source in
LN, we generated and analyzed mice lacking IL-33 selectively in
stromal cell subsets and identified IL-33 expression by FRC but not
LEC as being critical for efficient anti-viral CD8+ T-cell responses,
both during the acute and chronic phase of the response, demon-
strating a novel role for FRC in complementing the functions of
DC during the clonal expansion of antiviral CD8 T-effector cells.

Results

FRC and endothelial cells are the main producers
of IL-33 in murine and human lymph nodes

Previous histological analysis of murine LN has indicated that
IL-33+ cells within T zones are αSMA-expressing fibroblasts,
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Figure 1. FRC and endothelial cells are the main IL-33 producers in murine and human LN. (A-B) Immunofluorescence labeling of naı̈ve peripheral
lymph node (pLN) sections from Il33gfp/+ mice. (A) Labeling of GFP (green) and of IL-33 protein (red) derived from the GFP knock-in and wt IL-33
alleles, respectively. GFP is a reporter for IL-33 promoter activity and Il33 transcription. Higher magnification of T zone (TZ), interfollicular region
(IFR) in between B zones (BZ), and medulla (M) revealing co-localization of GFP and IL-33 protein in yellow. Scale bar represents 200 μm in whole
LN images and 20 μm in magnified areas. (B) Higher magnification images showing IL-33 protein (red) expressing cells: Pdpn+ FRC (green) in T
zone, Lyve1+ LEC (green) within the medullary sinus, and nonendothelial cells adjacent to CD31+ HEV (green). The row below shows the same
region for GFP (green) and IL-33 protein (red) expression. Scale bar represents 20 μm. (C-G) Flow cytometric analysis of stromal cells from naı̈ve
LN of Il33gfp/+ mice. (C) Gating strategy for FRC (Pdpn+CD31−), LEC (Pdpn+ CD31+), and BEC (Pdpn− CD31+) among CD45− cells. (D) Representative
histograms showing the frequency of GFP+ cells within each stromal subset in LN of Il33gfp/+ (red line) compared to wt control mice (black line). (E)
Number of GFP+ cells within the indicated stroma subsets. (F) Frequency of GFP+ B cells, T cells, DCs, and macrophages (Mø) in Il33gfp/+ (red line)
compared to wt control mice (black line). (G) Levels of Il33 transcripts in the indicated cells sorted from naive LN were measured by RT-qPCR and
normalized against Hprt and Tbp1 . (H) Immunofluorescence staining of human hepatic LN sections for IL-33 protein expressing regions and cell
types including T zone FRC (Pdpn+), medullary sinus LEC (Lyve1+, CD31low), and T zone BEC (CD31high). Scale bar represents 50 μm in LN images
and 20 μm in magnifications. Data are representative examples of two to three independent experiments (A-F) (n = 2-3 mice per group) or one
experiment (G) (n = 4). Data are expressed as mean ± SEM. Unpaired t-test *P < 0.05.

[6, 7] partially contradicting gene array data of sorted stromal
cells where both FRC and LEC were identified as major IL-33
sources [8]. To better characterize the IL-33 expressing cell
types within naive murine LN [7], both by histology and flow
cytometry, we made use of the Il33gfp/+ mouse strain [24] where
GFP is knocked into the translational start site of that locus to
act as reporter of IL-33 promoter activity and transcription, while
also abolishing detectable IL-33 protein expression from that
allele [25]. In agreement with earlier findings in spleen [24],
immunostainings of peripheral LN sections for GFP and IL-33
protein demonstrated that virtually all IL-33 transcribing cells also
express IL-33 protein (Fig. 1A), with protein expression being lost

in Il33gfp/gfp (= Il33−/−) mice (Supporting Information Fig. S1A),
corroborating the faithfulness of this reporter strain also in LN.
GFP expression was observed throughout the T zone and interfol-
licular region (IFR), while being absent in B-cell follicles, again
consistent with our histological staining for IL-33 protein (Fig. 1A)
and with data reported for lacZ-reporter mice [7]. In addition, we
noted a marked signal for Il33 expression in medullary regions.
To identify the cellular source, we initially performed histological
costaining for IL-33, GFP, and cellular markers. Indeed, reticular
Pdpn+ FRC in the T zone and medullary cords made up most of
the IL-33+ cells, both for proteins and transcripts. We identified
the additional IL-33+ cells as Lyve1+ lymphatic vessels, which
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Figure 2. IL-33 is dispensable for LN FRC development, homeostasis, and gene expression. (A-B) Flow cytometric characterization of CD45−EPCAM−

stromal cells from naive LN of wt versus Il33−/− mice: FRC (Pdpn+CD31−PDGFRα+), BEC (Pdpn−CD31+), LEC (Pdpn+CD31+). Representative flow
cytometry dot plots with relative frequencies (A) and absolute cell numbers (B). (C) Histological analysis of naı̈ve LN from Il33+/− ( = Il33gfp/+) versus
Il33−/− ( = Il33gfp/gfp) mice showing normal B- (green) and T-lymphocyte (red) distribution (upper panel), Pdpn+ Lyve-1− (red) FRC networks in T
zone and Lyve-1+ (green) medullary lymphatic vessels (lower panel). Scale bar represents 100 μm. (D-E) Flow cytometry sorted wt and Il33−/− FRC
from naive LN analyzed by RNA-sequencing for differentially expressed genes (false discovery rate [FDR] � 0.05, Fold change (Log2) � 2) (D) and the
expression of canonical FRC genes (E). nRPKM: normalized read per kilobase of transcript per million mapped reads. All data are representative
examples of two to three independent experiments with 2 (C) or 3 (A-B, D-E) mice per group. Data are expressed as mean ± SEM. Unpaired t-test
(B, E), voom/limma test (D).

were enriched within medullary sinuses (Fig. 1B). In both
cell types, IL-33 protein localized to the nucleus (Supporting
Information Fig S1B, data not shown), similar to published
data on epithelial and endothelial cells [6]. As expected, CD31+

high endothelial venules (HEV) did not express IL-33 protein
in murine LN [6, 7]. However, reticular cells surrounding these
vessels and possibly representing pericytes often expressed IL-33
(Fig. 1B).

To characterize the IL-33 transcribing cells at the single-cell
level and in a quantitative manner, we performed flow cytomet-
ric analysis of CD45− stromal cells isolated enzymatically from
naive LN of Il33gfp/+ mice, using the combination of Pdpn and
CD31 to identify FRC, LEC, and blood endothelial cells (BEC)
(Fig. 1C, Supporting Information Fig. S2A). A large fraction of
all FRC were GFP+ (�67%; Fig. 1D, E), comparable to our previ-
ous findings for naive spleen FRC [24]. Endothelial expression of
IL-33 was less prominent with �27% of LEC exhibiting a GFP sig-
nal. Further, BEC were almost all negative for GFP expression as
were all hematopoietic cell subsets investigated (Fig. 1D-F), con-
firming our histological analysis. In absolute cell numbers, FRC
were the predominant IL-33 source with many fewer LEC being

positive (Fig. 1E). These data, which were based on GFP reporter
expression, were confirmed by RT-PCR analysis of Il33 transcripts
in sorted cell subsets (Fig. 1G) and are in line with the previously
published gene array data [8]. We observed abundant Il33 tran-
scripts and GFP in the two major FRC subsets, TRC and MedRC
(Fig. 1G and Supporting Information Fig. S1C-D, 2A), yet Il33
transcript levels measured in seven different cell types were high-
est in sorted TRC, which represent the FRC subtype colocalizing
with naive T cells.

Also in human LN, αSMA+ and desmin+ T-zone fibroblasts
have been proposed to be a major IL-33 source, in addition to
HEV [6, 7, 26]. We observed abundant IL-33 protein expression
in Pdpn+ FRC of human LN, both inside the T zone and IFR,
with B-cell follicles lacking IL-33 protein expression (Fig. 1H and
Supporting Information Fig. S1E). Lyve1+ lymphatic vessels of
the medulla and CD31+ blood vessels with HEV-like morphology
were also associated with strong IL-33 expression (Fig. 1H and
Supporting Information Fig. S1E). In summary, the pattern of
IL-33 distribution is fairly conserved in human and mouse LN
including the expression by FRC in T zones and IFR, and by LEC
in the medullary regions.
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IL-33 is dispensable for FRC homeostasis
and signature gene expression

Given the predominant IL-33 expression by FRC within resting LN
and its almost exclusive nuclear localization, we assessed whether
IL-33 regulates transcription in these cells, as well as FRC develop-
ment, homeostasis, and function. To this end, LN FRC from naive
wt and IL-33-deficient mice were compared. First, flow cytometric
analysis showed that the composition and number of FRC, LEC,
and BEC were similar between WT, Il33gfp/gfp, and independently
generated Il33−/− mice (Fig. 2A, B; data not shown) with the latter
two mouse strains missing the entire exon 2 sequence coding for
the N-terminal part of the IL-33 chromatin binding domain. More-
over, the organization and distribution of stromal cells as well as
T- and B-lymphocyte numbers and positioning were comparable
in wt, Il33gfp/+, Il33gfp/gfp, and Il33−/− mice (Fig. 2C, and data
not shown) suggesting IL-33 is dispensable for FRC development
and homeostasis. To test whether IL-33 exerts any transcriptional
function in FRC, RNA-sequencing was performed on sorted LN
FRC from WT and Il33−/− mice. We observed the expected loss
of transcripts covering the IL-33 exon 2 which was removed to
generate this Il33−/− mouse model (Supporting Information Fig.
S3A). Otherwise no significant differences were observed in gene
expression in wt versus Il33−/− mice (Fig. 2D) including FRC sig-
nature genes (Fig. 2E). Together these findings suggest that IL-33
exerts no FRC-intrinsic function in development or homeostasis in
two distinct IL-33-deficient mouse strains.

To clarify whether the lack of transcriptional changes in IL-33-
deficient mice was specific for LN fibroblasts, we analyzed omental
and epididymal adipose fibroblasts that express Il33 transcripts in
wt mice (Supporting Information Fig. S3B). For neither of the two
cell types did RNA sequencing reveal any differentially expressed
genes in cells isolated from Il33−/− compared to wt mice. Also,
the expression of FRC signature genes was unaltered (Supporting
Information Fig. S3C-H). Collectively, our findings argue against
an important role of IL-33 in regulating fibroblast development or
function in the three tissues studied under homeostatic conditions.

Transient loss of IL-33 in lymph node stromal cells
early after LCMV clone 13 infection

IL-33 has a prominent role as an extracellular alarmin by stimu-
lating immune cell activation and proliferation including during
antiviral CD8+ T-cell responses in the spleen [4, 24]. Currently,
we lack a good understanding of the IL-33 expressing cell types
during antiviral immune response inside reactive LN, and on how
their distribution and IL-33 expression levels change. To that end,
we infected mice intravenously with a high dose of LCMV clone
13 which establishes a nonresolving infection [27, 28], allowing
the investigation of the acute and chronic phase of infection, and
examined the LN response at several time points. Flow cytomet-
ric analysis indicated that FRC did not increase in numbers on
day 3, 7, and 14 after clone 13 infection (Fig. 3A), in contrast to
published reports on vaccination approaches and herpes simplex

virus infection where a roughly five- to tenfold FRC expansion
has been observed at the peak of the immune response [29–31].
LEC numbers increased two- or threefold on day 3 and 7 after
infection, respectively (Fig. 3A), similar to B- and T-cell numbers
(Supporting Information Fig. S4A-B), with BEC numbers increas-
ing approximately fourfold (Fig. 3A). Flow cytometric analysis
of GFP+ cells confirmed hematopoietic cells remain a poor IL-
33 source during infection (Supporting Information Fig. S2C and
S4C). Instead, GFP+ cells were mostly restricted to FRC and LEC
(Fig. 3B), similar to näıve LN, and consistent with the reported
dependence of the antiviral T-cell response on a nonhematopoietic
IL-33 source [4]. The FRC fraction expressing GFP in LN dropped
approximately twofold, most prominently between day 3 and day
7 after LCMV clone 13 infection (Fig. 3B) indicating a net loss
of IL-33gfp+ FRC 7 days after infection either due to cell death
or reduced GFP reporting. In contrast, the frequency of IL-33gfp+

LEC remained at �40% corresponding to a twofold increase in
absolute numbers of IL-33gfp+ LEC (Fig. 3A, B). Nevertheless, FRC
remained the major IL-33gfp+ cell population within LN during this
time period of LCMV clone 13 infection.

LCMV infection is known to be associated with the transient
downregulation of gene transcripts within stromal cells of lym-
phoid organs including FRC signature genes [32, 33]. Indeed,
the reduction of Il33 transcripts, as seen both at the level of the
GFP reporter and Il33 mRNA expression during clone 13 infec-
tion, was not unique, as other transcripts expressed by stromal
cells and FRC in particular were reduced on day 3 p.i. including
Ccl19, Ccl21, and Il7 (Supporting Information Fig. S4D). IL-33gfp

expression as determined by histology, was reduced on day 3 and
day 7 p.i. in all LN compartments typically expressing IL-33 in the
näıve steady state (Fig. 3C, D), which was in line with reduced
Il33 transcription on day 3 p.i. Importantly, this loss was similarly
evident at the level of histologically detectable IL-33 protein, in
the T zone, IFR, and medulla (Fig. 3C, E). The reduction in IL-33
protein levels was transient as day 14 LN sections showed again
a strong and abundant IL-33gfp expression in all LN areas, along
with a partial restoration of IL-33 protein levels (Fig. 3C-E and
Supporting Information Fig. S4E). We postulate that part of this
marked loss of nuclear IL-33 protein should be due to bioactive
IL-33 having been released from cells which experienced stress
signals or underwent necrosis. The time point of IL-33 depletion
from LN tissue coincides with ST2 expression on CD8+ T cells,
which occurs after day 3 and peaks around day 7 after infection
(Supporting Information Fig. S4F). This is consistent with previ-
ous reports showing ST2 expression peaking on primed CD4+ and
CD8+ T cells on days 4 to 8 after LCMV-WE infection [4, 5], and
thus, seems well timed to enable ST2-driven T-cell expansion and
differentiation by extracellular IL-33.

To test whether LCMV-infected stromal cells preferentially
release their stored IL-33 relative to uninfected cells, we inves-
tigated the cell tropism and kinetics of LCMV infection within LN.
In tissue sections on day 3 p.i., we observed many cells expressing
LCMV nucleoprotein (NP) within the IFR, T zone, and to a lesser
extent, in the medulla (Fig. 3F, G). Remarkably, these are the same
compartments harboring prestored IL-33 protein. On day 7 p.i.,
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Figure 3. Transient loss of IL-33 transcripts and protein in LN stromal cells early after LCMV clone 13 infection. Shown are analysis of pLN from
Il33gfp/+ mice at the indicated days (d) after infection. (A-B) Flow cytometric analysis of the three major stromal cell types: Kinetics of cell numbers
(A) and frequencies of GFP+ cells per subset (B). (C) Immunofluorescence staining of LN cross-sections for GFP and IL-33 protein expression.
Scale bars represent 200 μm. (D-E) Quantification of immunofluorescence staining, as shown in D, for GFP intensity and IL-33 protein density
per indicated area. T zones (TZ), interfollicular regions (IFR), and medullary regions (M) were distinguished using DAPI co-staining and all data
were normalized to TZ d0 data. (F-G) Representative examples of immunofluorescence staining showing viral nucleoprotein (NP) expression as
surrogate marker for LCMV infection (F) and the quantification for NP intensity per region (G). BZ: B zone. Scale bar represents 200 μm. (H-K) Flow
cytometric analysis of LCMV-infected stromal cell subsets. (I) Representative flow cytometry contour plots depicting the frequency of NP+ stromal
cells as based on intracellular NP labeling. Shown as control is the staining of FRC from an uninfected LN. (I-J) Frequencies (I) and cell numbers
(J) of NP+ stromal cells. (K-L) Frequencies (K) and cell numbers (L) of NP+ cells among the GFP+ versus GFP− stroma subsets measured by flow
cytometry. All data are pooled or are representative examples (C and F) from two independent experiments (n = 2-3 per group). Data are expressed
as mean ± SEM. ANOVA Bonferroni–Sidak test, *P < 0.05
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NP+ cells were observed throughout the LN, although at a lower
level than on day 3. High-resolution imaging revealed that NP sig-
nals were regularly found in proximity of the few remaining IL-33
protein expressing cells, but only occasionally a clear overlap was
observed between NP and IL-33 labeling in LN on day 3 with no
overlap seen on day 7 or 14 p.i. (Supporting Information Fig. S4E).

To define more precisely the potential infection of IL-33+ LN
stromal cells by LCMV clone 13, we performed flow cytometric
analysis. FRC were consistently the most frequently infected stro-
mal cell type on day 3 p.i., both in terms of frequency and absolute
numbers, closely followed by LEC (Fig. 3H to J), comparable to
previous findings in the spleen [34]. On average 12% of FRC
and 6% of LECs showed NP staining, with most GFP+ cells being
uninfected (Fig. 3H, I). On day 7 p.i., we noted a clear decrease in
infected FRC, both in frequencies and absolute numbers, consis-
tent with the histological findings, and possibly pointing to some
FRC dying due to necrosis or CTL-mediated killing. The number
of infected LEC and BEC increased between day 3 and day 7,
reaching levels comparable to FRC. Next, we used flow cytometry
to enumerate LCMV-infected IL-33+ stromal cells, and to look for
changes in their frequency of IL-33 expression. On day 3 p.i. only
8% of FRC were NP+GFP+ compared with 60% being NP−GFP+,
whereas on day 7 p.i. less than 2% of FRC were NP+GFP+ and 30%
were NP−GFP+. These data suggest that most GFP+ FRC were not
detectably infected but indirectly sensed the infection leading to
downregulation of Il33 mRNA (Fig. 3K). Interestingly, NP+GFP+

FRC were preferentially lost between day 3 and day 7 relative
to NP+GFP− or NP−GFP+ FRC, both in frequencies and numbers
(Fig. 3K, L) suggesting a correlation between LCMV infection and
Il33 loss. Similar to FRC, the majority of GFP+ LEC appear to stay
noninfected at these two time points investigated, while BEC rarely
showed IL-33 expression despite some being infected on day 7. To
look for a possible correlation between the infection kinetics and
Il33 expression, we performed a statistical mixed model analysis
on the histological quantification (Fig. 3D, E, and G). This model
revealed that the infection day significantly predicts II33 expres-
sion (P = 0.047) and thus suggests an inverse correlation between
these two parameters.

Collectively, Il33 transcripts are downregulated thereby con-
tributing to the decrease in IL-33 protein levels which show sim-
ilar kinetics. However, these results are also consistent with the
notion that at least part of the prestored nuclear IL-33 protein is
released into the extracellular space before day 3 after viral infec-
tion allowing to stimulate primed ST2+ T cells found within T
zones and/or medullary areas.

IL-33 derived from FRC but not LEC augments the
antiviral CD8+ T-cell response to LCMV clone 13

Previous evidence indicates that during viral infection IL-33
released by splenic stromal cells plays a key role in promoting
antiviral CD8+ T-cell responses by signaling via ST2 expressed by
these T cells [4, 24]. Therefore, we wished to establish whether
this process is similarly IL-33 dependent inside lymph nodes, and

to identify the key IL-33 source. First, we examined CD8+ T-cell
responses against LCMV clone 13 in peripheral LN of mice lacking
IL-33 (Il33gfp/gfp) by measuring T-cell frequencies directed against
the two immunodominant LCMV epitopes gp33 and gp276. On
day 7 p.i., the frequencies of gp33-tetramer specific T cells were
reduced fourfold in Il33gfp/gfp versus Il33gfp/+ littermate mice, with
absolute numbers showing a more than twofold decrease (Fig. 4A
and B; Supporting Information Fig. S2B). Frequencies of gp276-
tetramer specific T cells were also reduced more than twofold in
the absence of IL-33 (Supporting Information Fig. S5A). Testing
CTL effector functions on day 9 p.i. as a correlate of protective
capacity revealed that the number of polyfunctional CD8+ T cells
expressing both IFN-γ and TNF-α was strongly diminished in the
absence of IL-33 (Fig. 4C).

To identify the source of stromal IL-33 responsible for driv-
ing this antiviral CD8+ T-cell response, we generated two condi-
tional knockout mouse lines in which IL-33 is lacking in either LEC
(Il33�Prox1creERT2) or FRC (Il33�Ccl19cre). To achieve a deletion effi-
ciency of �90% in Prox1+ LEC within LN of Il33�Prox1creERT2 mice,
tamoxifen was administered for 2 weeks followed by flow cyto-
metric analysis 3 weeks later (Supporting Information Fig. S4G to
I). This deletion was LEC-specific as it did not affect intracellu-
lar IL-33 protein expression in FRC (Supporting Information Fig.
S4I). Analysis of LN in Il33�Prox1creERT2 mice showed that contrary
to global IL-33-deficient mice, the expansion of gp33- and gp276-
specific CD8+ T cells was normal when LEC-derived IL-33 was
lacking (Fig. 4D, E and Supporting Information Fig. S5B). Fur-
thermore, IFN-γ and TNF-α production by virus-specific CD8+ T
cells was unaltered in Il33�Prox1creERT2 mice (Fig. 4F). These results
indicate that LEC-derived IL-33 is dispensable for promoting the
antiviral CD8+ T-cell response in LN.

Next, we used Il33�Ccl19cre mice to determine the contribution
of FRC-derived IL-33 in antiviral T-cell responses. The Ccl19-cre
transgene is known to be highly active in TRC with only a par-
tial activity in MedRC [21, 35, 36]. Indeed, we confirmed this
finding by histological analysis of IL-33 expressing FRC with a
profound reduction of IL-33 protein signal within the T zone and
some remaining IL-33 protein in the medulla, localizing mostly
within Lyve-1+ lymphatic cells (Fig. 4G, H). Deletion of IL-33 in
Ccl19+ FRC did not affect the transcriptional expression of FRC
signature genes (Supporting Information Fig. S4J) consistent with
our previous conclusion of their IL-33 independent development
and homeostasis. LN analysis on day 7 p.i. revealed an approxi-
mately threefold reduction of Gp33- and Gp276-specific CD8+ T
cells in Il33�Ccl19cre mice relative to littermate controls (Fig. 4I,
J, and Supporting Information Fig. S5C), with the frequency of
polyfunctional CD8+ T cells expressing both IFN-γ and TNF-α also
being strongly reduced in Il33�Ccl19cre mice (Fig. 4K). During the
chronic phase of clone 13 infection on day 20 p.i., the difference in
frequencies and numbers of Gp33- and Gp276-specific T cells was
less marked compared to day 7 p.i., but the frequency of cytokine-
expressing CD8+ T cells was strongly reduced in Il33�Ccl19cre rel-
ative to wt mice (Fig. 4L and Supporting Information Fig. S5D)
pointing to long-term consequences of IL-33 deficiency in stroma
for T-cell function.
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Figure 4. IL-33 derived from FRC but not LEC strongly augments the CD8+ T-cell response against clone 13 infection. (A-C) Flow cytometric
analysis of CD8+ T cells from peripheral LN of Il33gfp/+ and Il33gfp/gfp (corresponding to Il33−/−) littermate mice on day 7 after LCMV clone 13
infection. Representative density plots showing LCMV-specific CD8+ T cells labeled with Gp33-Tetramers (Tet) (A), with bar graphs showing their
frequencies and absolute numbers (B). (C) Frequencies of CD8+ T cells producing intracellular IFN-γ and TNF-α protein, upon restimulation in vitro
with viral peptides followed. (D-F) Identical analysis as in (A-C) but for CD8+ T cells from mice lacking IL-33 specifically in LEC (Il33�Prox1creERT2)
versus their Cre-negative littermate controls on day 7 p.i. (G-H) Validation of successful IL-33 deletion in T-zone FRC of naı̈ve LN in Il33�Ccl19cre versus
control littermate mice. (G) Representative microscopic images of IL-33 protein (red) staining in medulla (M) and T zone (TZ) areas identified by
Lyve-1 (green) and DAPI staining, respectively (DAPI is not shown). Scale bar represent 100 μm in the upper panel and 20 μm in the magnifications.
(H) Histological quantification showing the ratio of IL33+ versus DAPI+ nuclei in T zones versus medullary areas. (I-K) Identical analysis as in (A-C)
but for CD8+ T cells from mice lacking IL-33 specifically in FRC (Il33�Ccl19cre) versus their Cre-negative littermate controls on day 7 and day 20 p.i. (L
and M). All data are representative of two independent experiments (n = 3-5 per group). Data are expressed as mean ± SEM. Unpaired t-test *P <0.05.
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Analysis of viremia and spleen virus load showed slightly higher
viral titers in Il33gfp/gfp mice on day 9-14 p.i but these differences
were not observed with Il33�Ccl19cre mice and their littermate con-
trols (Supporting Information Fig. S5G). In addition, Il33gfp/gfp,
Il33�Prox1creERT2, and also Il33�Ccl19cre mice eliminated clone 13
infection from blood and spleen by day 70 (Supporting Informa-
tion Fig. S5E-G). Thus, the decreased T-cell response generated
in absence of IL-33 was sufficient to eventually contain the virus
under the conditions tested here.

FRC-derived IL-33 amplifies also the antiviral CD8+

T-cell response to acute infection with LCMV WE

As inoculation with a high dose of LCMV clone 13 establishes an
infection which is not efficiently cleared by the immune system,
we wished to characterize the role of IL-33 in a second virus infec-
tion model where the virus is rapidly eliminated by an efficient
effector T-cell response [27, 28]. To that end, we infected mice
with a low dose of the LCMV WE strain which has been previously
used to show that in the spleen this infection triggers a transient
increase in Il33 transcript levels along with an IL-33-dependent
T-cell expansion characterized by ST2 expression by virus-specific
T cells on day 4 to 8 p.i. [4, 5]. Indeed, in peripheral LN on day
4 and 8 p.i. with LCMV WE, the expression of GFP and IL-33 pro-
tein did not decrease but remained virtually unchanged despite
the local presence of the virus (Fig. 5A, B; data not shown), very
much in contrast to the IL-33 protein loss observed after high
dose clone 13 infection. Nevertheless, specific CD8+ T cells in LN
of Il33gfp/gfp mice at day 8 p.i. with LCMV WE showed a signif-
icantly reduced expansion and capacity to co-express IFN-γ and
TNF-α compared to Il33gfp/+ littermates (Fig. 5C-E), comparable
to the situation with clone 13. While infection of Il33�Prox1creERT2

mice with WE virus showed no difference relative to wt mice
(Fig. 5F-H), Il33�Ccl19cre mice infected with LCMV WE showed
a pronounced reduction in frequencies and numbers of gp33-
tetramer specific cells as well as in the numbers of polyfunctional
CD8+ T cells expressing both IFN-γ and TNF-α (Fig. 5I-K), compa-
rable to the findings in the clone 13 infection model. In summary,
while the two LCMV strains differ in their effects on IL-33 expres-
sion in reactive LN the results demonstrate that they share the
need for IL-33 released by FRC but not LEC to generate a strong
CD8+ T-cell response.

Discussion

In the current study, we describe LN FRC as a prominent IL-
33 source critical in driving the expansion and differentiation of
CD8+ T cells in response to acute and chronic LCMV infection in
reactive LN. However, we have not obtained evidence for a nuclear
and cell-intrinsic role of IL-33 in FRC of resting LN and fibroblasts
at two other sites, despite the abundant expression and nuclear
localization of IL-33.

Evidence for a nuclear role for IL-33 has been put forward
mainly using cultures of epithelial and endothelial cell lines where

IL-33 knockdown strategies led to changes in the expression of
selected genes [10-12, 21], with other studies on similar cells
coming to the opposite conclusion, including in more global
transcriptomic and proteomic approaches highlighting the ST2
dependence of IL-33-mediated effects on transcription [14, 15].
More recently, the first ex vivo study with cells isolated from WT
and Il33−/− mice was reported [16]. It indicates a cell-intrinsic
role for IL-33 as negative regulator of pro-B-cell development
and fitness with distinct differences observed at the transcript
level. In contrast, our corresponding genome-wide transcriptional
comparison on FRC isolated from resting LN as well as two other
fibroblast subsets did not reveal any difference, although the same
exon 2 coding sequence had been removed by gene targeting as
in the pro-B cell study cited above. Our failure to detect tran-
scriptional differences corroborated with unaltered FRC numbers,
phenotype, and network organization in two different Il33−/−

mouse lines as well as in FRC-specific IL-33 knockout mice, sug-
gesting fibroblast development and homeostasis occurs normally
in absence of nuclear IL-33. This conclusion is supported by other
studies reporting grossly normal organization and homeostatic
function of tissues expressing high IL-33 levels [7, 25]. So far,
most deficiencies described for the various IL-33−/− mouse strains
available are thought to be due to the extracellular cytokine
signaling via ST2+ immune cells and become apparent only upon
immune stimulation and/or metabolic changes [1–3]. These
deficiencies observed seem to be independent of the IL-33−/−

mouse model used that either remove the N- or C-terminal part of
IL-33 protein. At present, we cannot fully rule out a role for a short
nuclear IL-33 form that is not recognized by the polyclonal anti-
body directed against the C-terminal half of the IL-33 protein and
used by several laboratories, both for western blot and histological
analysis (Fig. 1) [7, 25]. Also, we cannot exclude a transcriptional
role of IL-33 in FRC during the very early or late phase of
immune response when nuclear IL-33 protein is detectable in
FRC. However, the current data are in agreement with the inter-
pretation that IL-33 is localized in the nucleus of FRC and other
fibroblast types for storage purposes rather than transcriptional
regulation. Nuclear retention of IL-33 may be a safety measure
to prevent leakiness from cytoplasmic compartments given the
strong proinflammatory effects of this cytokine, while allowing
the rapid release upon cell damage or stress [3, 37]. In addition,
the chromatin association of IL-33 may help to delay release of the
cytokine thereby prolonging its proinflammatory effect [3, 15].

Here, we show that FRC and LEC are the main IL-33 source in
näıve and virus-activated LN with FRC, but not LEC or hematopoi-
etic cells, being critical in mounting the antiviral T-cell response.
At first glance, it may surprise that LN FRC have a prominent
role as IL-33 source in adaptive immunity. While distant from
epithelial barriers where pathogens typically enter, LN are directly
associated with sites of infection and inflammation by collecting
interstitial fluid generated in pathogen-invaded tissues. Afferent
lymphatic vessels transport interstitial fluid carrying pathogens,
inflammatory cytokines, and antigen-presenting cells to LN. As
such, LN are strategic sites for generating immune responses
against tissue-derived pathogens, most notably the T zone where
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Figure 5. The acute CD8+ T-cell response triggered by LCMV WE infection is also dependent on IL-33 provided by FRC but not LEC. (A) Flow
cytometric analysis of the three major stromal cell types showing the frequencies of GFP+ cells per subset at the indicated time points after
LCMV WE infection. (B) Immunofluorescence staining of LN cross-sections for GFP and IL-33 protein expression at the indicated time points after
LCMV WE infection. Scale bars represent 100 μm. (C-E) Flow cytometric analysis of CD8+ T cells from pLN of Il33gfp/+ and II33gfp/gfp (corresponding
to Il33−/−) mice at day 8 after LCMV WE infection. (C) Representative flow cytometry plots showing LCMV-specific CD8+ T cells labelled with
Gp33-Tetramers. (D) Gp33-Tetramer+ CD8+ T-cell frequencies and absolute numbers. (E) Frequency of CD8+ T cells producing IFNγ and TNF-α,
upon restimulation in vitro with viral peptides followed by intracellular cytokine staining. (F-H) Flow cytometric analysis of CD8+ T cells from mice
lacking IL-33 specifically in LEC (Il33�Prox1creERT2) versus their Cre-negative littermate controls at day 8 after LCMV WE infection. (F) Representative
flow cytometry plots showing LCMV-specific CD8+ T cells labelled with Gp33-Tetramers. (G) Frequencies and absolute cell numbers of Gp33-
Tetramer+ CD8+ T cells. (H) Frequencies of CD8+ T cells producing IFN-γ and TNF-α, upon restimulation in vitro with viral peptides followed by
intracellular cytokine staining. (I-K) Flow cytometric analysis of CD8+ T cells from mice lacking IL-33 specifically in FRC (Il33�Ccl19cre) versus their
Cre-negative littermate controls at day 8 after LCMV WE infection. (I) Representative dot plots showing LCMV-specific CD8+ T cells labelled with
Gp33-Tetramers. (J) Frequencies and absolute cell numbers of Gp33-Tetramer+ CD8+ T cells. (K). Frequencies of CD8+ T cells producing IFN-γ and
TNF-α upon peptide restimulation. All data are representative of two independent experiments (n = 2-4 mice per group). Data are expressed as
mean ± SEM. Unpaired t-test *P < 0.05.
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Figure 6. Model for CD8+ T-cell expansion and
differentiation driven by IL-33 released by FRC
in LN T zones during LCMV infection. Early after
infection, dendritic cells expressing viral pep-
tides in the context of MHC class I and costim-
ulatory signals prime CD8 T cells within the T
zone, leading to their rapid expansion and their
expression of the IL-33 receptor (ST2). Ccl19Cre+

FRC in the T zone have IL-33 protein prestored in
the nucleus and release this "alarmin" cytokine
into the extracellular space upon sensing of dan-
ger signals derived from the viral infection. The
secreted IL-33 drives the later expansion of the
neighboring ST2-expressing CD8 T cells around
day 4–8 after infection and thereby considerably
enhances the antiviral CTL response. While LEC
can express nuclear IL-33 no limiting role could
be identified in this viral infection model, possi-
bly because T cells show less frequent contacts
with medullary lymphatic vessels.

DC trigger clonal selection and amplification of antigen-specific
T cells. Here, we show that within the LN T zone there are
Pdpn+ FRC, which are known to form a specialized network for
attracting and retaining DC and T cells, and that constitutively
express high levels of preformed nuclear IL-33 protein prior to
pathogen arrival (Fig. 6) [6, 7]. Similar to CCL19 and CCL21 [22],
there is some heterogeneity among FRC for IL-33 expression,
with more than 70% being IL-33+, consistent with recent reports
highlighting the existence of several transcriptionally distinct LN
FRC subsets [18]. Importantly, DC that provide the antigenic
stimulation (signal 1) along with co-stimulation (signal 2) and
cytokines (signal 3) to Ag-specific T cells are not a relevant source
of IL-33 for T-cell responses but it is a stromal source as in other
immune reactions and diseases [1-3]. Consistent with this notion,
primed T cells upregulate ST2 expression only later, peaking
after day 3 [4], when they are only infrequently interacting with
DC but are in a vigorous proliferation phase [38]. Therefore, we
postulate the initial CD8+ T-cell expansion is likely to be IL-33
independent with IL-33 signals from FRC strongly enhancing
the later T-cell expansion occurring around day 3–8 (Fig. 6).
During this second phase, the expanding T cells still localize to
the T zone and are thought to be in continuous contact with TRC
that form a migration scaffold for naive and activated T cells
[39]. We propose therefore that T-zone FRC are proinflammatory
cells in this phase of the response and provide this key signal
to further expand selectively the activated T cells and enhance
their differentiation into effector cells. During the chronic phase
of the response, FRC-derived IL-33 allows CD8+ effector T
cells to augment their cytokine expression level, or to drive the
differentiation process from memory-like CD8+ T cells to effector
cells. This scenario is likely to be comparable in the spleen where

T-zone FRC are the prominent IL-33 source in LCMV infection [4,
24] with the presence of only rare lymphatic vessels. It remains
to be determined what the precise role of IL-33 is within LN
lymphatic vessels and why there is only a subset expressing IL-33.

Despite the marked difference in T-cell expansion and effector
function in wt versus Il33−/− mice, both in the early and later
phase of clone 13 infection, it did not impact virus control under
the conditions tested. This is consistent with observations of com-
parable viremia in wt versus ST2−/− mice in the first 10 or 40 days
after infection with LCMV-WE or clone 13, respectively [4]. How-
ever, in that study ST2−/− mice did not clear clone 13 after day
40, contrary to wt mice, while in the current study the virus was
eventually cleared in both wt and IL-33−/− mice. At present, we
can only speculate about the reasons for this variability that may
include differences in the virus stock or effective titer used, or in
the mouse model and colony studied. We conclude that the T-cell
mediated virus eradication is not in all settings IL-33-dependent,
either because there are alternative or compensatory mechanisms
at play, or because the reduced T-cell immunity is still sufficient
in controlling the virus. Similar conclusions have been reached for
Th2 responses to parasite infections [1, 2]. It should be kept in
mind, however, that in some responses to infections IL-33 makes
a critical difference in pathogen control by accelerating and aug-
menting innate and adaptive immunity [1, 2, 4].

The signals leading to IL-33 release by FRC are currently
unclear, as is the cellular process allowing this release. Several
studies on other IL-33 expressing cell types suggest a role for
DAMP, mechanical stress, or necrosis-inducing signals as initial
triggers, with cells typically undergoing necrosis or necroptosis
[1-3, 40]. We observed a marked loss of IL-33 protein from most
of the T zone on day 3–7 p.i. with clone 13, but FRC numbers and
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network organization remained largely preserved. While we can-
not exclude the possibility that stromal cells proliferate and com-
pensate for dying cells, our findings rather argue against extensive
stromal cell death. After infection with LCMV-WE, no major loss
of IL-33 expressing cells was detectable, suggesting again that the
FRC network remains largely intact during this early phase of viral
infection when IL-33 is released. We therefore postulate that FRC
stay alive when releasing IL-33, as shown previously for fibroblasts
and myocytes upon application of mechanical strain [41]. Possibly,
virus-induced inflammation leads to increased lymph drainage via
conduits that FRC are lining thereby leading to mechanical stress
induced IL-33 release from live cells thereby preserving the critical
LN architecture.

LCMV is a nonlytic virus and damage to the FRC network,
as described previously for the spleen, is mainly due to T-cell
mediated elimination of virus-infected FRC once effector cells
have been generated [32, 34], with apoptosis of IL-33 express-
ing cells leading to protease-mediated inactivation of this alarmin
[1-3]. Recently, viral infection of an epithelial cell line was sug-
gested to provoke IL-33 release, with indirect evidence also from
virus-infected lungs [42]. At present, we cannot exclude that a
small number of IL-33 expressing FRC undergo necroptosis [40],
possibly after having been infected. To test whether only LCMV-
infected cells lose IL-33 expression, we have measured the fraction
of infected FRC during the presumed IL-33 release phase around
day 3 after clone 13 infection. The FRC-infection frequency with
clone 13 we observed in LN was low with a small fraction of IL-33+

FRC being infected, despite the injection of a high virus dose. This
result is consistent with a previous study for low dose WE infection
in the spleen [24]. These findings support the notion that FRC do
not necessarily need to be infected to release or downregulate IL-
33. Rather, FRC are able to sense the infection also in neighboring
cells, possibly via recognition of DAMP released by infected cells
or due to signals exchanged between neighboring FRC via gap
junctions. FRC do not express St2 mRNA in the resting state [8]
suggesting IL-33 released from neighboring infected cells is not
acting upstream. Intriguingly, only replicating but not nonrepli-
cating viruses trigger the IL-33-dependent CD8+ T-cell expansion
process [4, 24]. The identification of the pathway induced by repli-
cating viruses will be an interesting avenue for future research
with high relevance for antiviral immunity as well as for vaccine
development. Our study here suggests that this process should be
studied within LN FRC that we have identified here as the key
drivers of the IL-33 driven process of antiviral CD8+ T-cell expan-
sion and effector differentiation.

Material and Methods

Mice

Il33gfp/gfp mice obtained through the RIKEN Center for Develop-
mental Biology (Acc. No. CDB0631K) [25] have a GFP replacing
the N-terminus of the Il33 coding sequence in exon 2; they were
crossed to the ZP3-cre germline deleter strain to remove the

neomycin cassette [24], before intercrossing them or crossing
them to C57BL/6JOlaHsd from Envigo (Netherlands) to obtain
Il33gfp/gfp and Il33gfp/+ mice, respectively. Il33flox/flox mice [43]
were crossed with Ccl19-Cre [35] or Prox1-CreERT2 [44] mice, all
on a C57BL/6J background, to delete in a cell-type-specific fashion
exons 5–7 of IL-33 which code for most of the cytokine domain.

All RNA sequencing experiments were performed on a second
Il33−/− mouse model: a conditional knock-out allele of the exon 2
of Il33 on the C57BL/6N background was generated by GenOway,
France. Mice with the Il33 knock-out allele were subsequently gen-
erated at Genentech by a cross to a ROSA26-Cre mouse line. The
1067 bp floxed region included the first translated exon (exon
2) and has the following genomic coordinates: chr19:29,948,795-
29,949,861 (GRCm38/mm10). The absence of exon 2 correlated
with no IL-33 protein detectable in lymphoid organs by ELISA
(data not shown) consistent with the previous demonstration that
deletion of exon 2 leads to lack of IL-33 protein detection in lung
by Western blot [25]. All mice were maintained in pathogen-free
conditions and were age and sex matched for experiments. All
mouse experiments were authorized by the Swiss Federal Veteri-
nary Office (for the Luther lab; VD 3196) or Genentech (for the
Turley lab).

RNA sequencing and bioinformatics analysis

Male Il33−/− or littermate control mice 7–19 weeks old
were used for RNA-Seq experiments. Each fibroblast sample
(n = 3 littermate control and 3 Il33−/− per tissue) was derived
by pooling cells from four to five mice and FACS-sorting
CD45−EpCAM−CD31−Pdpn+PDGFRα+ cells. For each sample,
19,000-100,000 cells were sorted at >94% purity directly into
Trizol (Thermo Fisher Scientific). RNA was isolated at Expression
Analysis, Inc.. All samples had RIN scores of greater than 7, as
determined with a BioAnalyzer (Agilent).

Paired-end RNA-Seq libraries were constructed from 2 ng of
RNA using the SMARTer Ultra Low Input kit (Clontech). Libraries
were sequenced on an Illumina HiSeq yielding, on average,
33.9 million read pairs (2 × 50 bp) per sample. Transcript-
level quantification was performed with Salmon version 0.6 [45]
against the GENCODE M9 mouse transcript models with param-
eters set to “-l IU” for library type and “–biasCorrect.” Gene-level
expression was estimated using the tximport R package [46]. Dif-
ferential expression tests were performed with voom/limma [47].

LCMV infection and tamoxifen treatment

LCMV clone 13 and WE virus stocks were generated according to
an established protocol [48]. LCMV clone 13 was administered
at a dose of 2 × 106 PFU and WE at a dose of 200 PFU, both
intravenously. Tamoxifen (Sigma) was diluted in sunflower seed
oil (Sigma) and administrated intraperitoneally at 0.05 mg/g of
weight per day, for 3 days per week, during 2 weeks (as shown in
Supporting Information Fig. S4G).
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Stromal and hematopoietic cell isolation

LN stroma isolation was performed as previously described [21].
Briefly, axillary, brachial, and inguinal LN were cut into small
pieces and digested for 30 min at 37°C with gentle stirring
in 1.5 mL DMEM medium (Gibco) containing collagenase IV
(3 mg/mL; Worthington), DNAse I (40 μg/mL; Roche), CaCl2
(3 mM), and 2% (vol/vol) FCS. Cells were passed through a
40-μm strainer (Becton Dickinson), washed twice, and resus-
pended in DMEM/2% FCS. When stromal cells were not required,
single-cell suspensions of hematopoietic cells were prepared by
meshing LN through a 70 μm cell strainer. Red blood cells were
lysed with a Tris-Ammonium chloride-based buffer.

Peptide restimulation

Lymphocytes from LN of LCMV-infected animals were isolated and
2 × 106 cells were seeded per 96-well. Cells were stimulated in
vitro with 1 μM of gp33, gp276, and np396 peptides (EMC Micro-
collections) for 4 h at 37°C. Thirty minutes after peptide restimula-
tion Brefeldin A (10 μg/mL, AppliChem) was added to the culture
medium. After 4 h of incubation at 37°C, cells were harvested,
washed, and stained for surface or intracellular epitopes followed
by analysis using flow cytometry. Endogenous CD8+ T-cells spe-
cific for LCMV were labelled with APC or PE conjugated peptide-
MHC tetramers (Db /gp33-41; TC Metrix) for 90 min at 4°C.

Flow cytometry

Cells were blocked with anti-CD16/32 antibody (2.4G2) and then
stained for 30 min at 4°C using the following fluorochrome-
coupled antibodies to CD45pan (30-F11), CD45R/B220 (RA3-
6B2), CD8α (53-6.7), CD4 (H129.19.6), and Pdpn (8.1.1), all
generated in house. Or with the following commercial antibodies
to: CD31 (390) from Biolegend; IFN-γ (XMG1.2), TNF-α (MP6-
XT22), TCR-β (H57-597) from eBioscience; CD19 (ID3) from BD
Biosciences; IL-33 (AF3626) from R&D Systems. For intracellular
staining of IFN-γ and TNF-α, cells were fixed and permeabilized
using the Cytofix/Cytoperm kit (Becton Dickinson). For intracellu-
lar staining of IL-33, the True-Nuclear Transcription Factor Stain-
ing buffer and protocol (BioLegend) was used. For surface ST2
antibody staining (DJ8, MD Bioproducts), two rounds of amplifi-
cation were carried out with PE-Faser Kit (Miltenyi Biotec) accord-
ing to the manufacturer’s instructions. Dead cells were excluded
by marking them with the Fixable Aqua Dead Cell Staining Kit
(Invitrogen). Data were acquired on a LSRII (BD Biosystems) and
analyzed with FlowJo 2 (TreeStar). Full gating strategy is shown
in Supporting Information Fig. S2.

Quantitative realtime PCR

Whole LN (pool of axillary, brachial and inguinal LN) samples
were homogenized in TRIzol (Ambion, Life Technologies) by bead
beating for subsequent RNA extraction. First-strand cDNA synthe-

sis, quantitative real-time PCR, and normalization are as described
previously [23]. RNA of sorted cells was isolated using RNeasy
Micro Kit (Qiagen). Sequences of primer pairs used are as follows:

Hprt: Fwd: 5’- GTTGGATATGCCCTTGAC-3’ and Rev: 5’-
AGGACTAGAACACCTGCT-3’; Tbp: Fwd: 5’- CCTTCACCA ATGA
CTCCTATGAC-3’ and Rev:5’-CAAGTTTACAGCCAAGATTCAC-
3’; Il7:Fwd:5’ GTGCCACATTAAAGACAAAGAAG-3’ and Rev: 5’GT
TCATTATTCGGGCAATTACTATC-3’; Il33: Fwd: 5’- TCCAACT
CCAAGATTTCCCCG -3’ and Rev: 5’- CATGCAGTAGACATGGCA
GAA-3; Ccl19: Fwd: 5’- CTGCCTCAGATTATCTGCCA -3’ and Rev:
5’-AGGTAGCGGAAGGCTTTCAC-3’; Ccl21: Fwd: 5’- ATCCCGG
CAATCCTGTTCTC -3’ and Rev: 5’-GGTTCTGCACCCAGCCTTC-3’;
Cxcl12: Fwd: 5’- TGCATCAGGGTAAACCA -3’; Rev: 5’- TTCTT
CAGCCGTGCAACAATC -3’Tnfsf13b: Fwd: 5’ AGACGCGCTTTCCA
GGGACC -3’ and Rev: 5’ TAGTCGGCGTGTCGCTGTCTG-3’ and
Col1a1: Fwd: 5’ GTAACTTCGTGCCTAGCAACA -3’ and Rev: 5’
CCTTTGTCAGAATACTGAGCAGC -3’

Immunofluorescence and image acquisition

Murine tissues were fixed in 2% PFA for 4 h and subse-
quently incubated overnight in 30% sucrose before embed-
ding in Tissue-tek OCT. Cryosections were cut at 8 μm and
immunostaining was performed using antibodies. Primary anti-
bodies against murine proteins were specific for CD3 (145-2c11),
CD31 (GC-51), B220 (RA3-6B2), Podoplanin (8.1.1), and have
been generated in house; antibodies to Lyve-1 (103-PA50, RELI-
ATech), IL-33 (AF3626, R&D Systems), BP3/CD157 (140-206),
and GFP (A11122; both from Life technologies), NP-LCMV (VL-
4) hybridoma supernatant provided by D. Pinschewer. Addi-
tional secondary labeling reagents were donkey-anti-rabbit IgG
-Alexa488 and -Alexa647 (both Life technologies) -Cy3 (Jackson
ImmunoResearch), donkey-anti-rat IgG -Cy3 (Jackson ImmunoRe-
search), goat-anti-Syrian hamster IgG -Cy3 (Jackson ImmunoRe-
search), and donkey-anti-goat IgG -Alexa647 (ThermoFisher).

Human tissues were obtained from patients with their informed
consent and with permission granted by the Ethical committee
of the Erasmus Medical Center (number: MEC-2014-060). OCT-
embedded tissues were sectioned and fixed in acetone. Antibodies
against human proteins were specific for IL33 (MAB36252, R&D
systems), Lyve-1 (ab36993, Abcam), Podoplanin (D2-40, BioLe-
gend), MadCAM (314G8, Hycult Biotech), CD31 (WM-59, eBio-
science), and CD35 (UJ11, Immunotools).

Images were acquired with an upright Zeiss Axiovision micro-
scope. Images were treated using Fiji (NIH) or Adobe Photoshop.
Exposure and image processing were identical for mouse groups
which were directly compared.

Statistics

For statistical analysis, GraphPad Prism software (Version 7.0)
was used. Unpaired two-tailed student’s test was performed to
compare two groups while single values of multiple groups were
compared by ANOVA. Linear regression mixed effects analysis
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with time as a random effect, combined with ANOVA was per-
formed on LCMV kinetic assays. P values were considered signifi-
cant if P � 0.05 (*) or if P � 0.01 (**) and highly significant if P
� 0.001 (***).
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