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Lymph nodes are uniquely organised to form specialised niches
for immune interactions. Fibroblastic reticular cells (FRCs) are
an essential stromal component of lymph nodes – forming in-
tricate 3-dimensional networks to facilitate communication be-
tween immune cells and depositing and ensheathing extracel-
lular matrix on the conduit network. However, beyond these
structural roles, FRCs regulate immune function through the
production of growth factors, chemokines and inflammatory
cues. Here we sought to determine how the immunoregula-
tory properties of FRCs are determined. Since PDPN has been
implicated in lymph node development, we directly tested how
the PDPN/CLEC-2 signalling axis impacted the immunoregu-
latory properties of FRCs in vitro and in vivo. We find that
FRCs use the PDPN/CLEC-2 signalling axis to switch transcrip-
tional states and alter the expression of immune related genes.
In vivo, genetic deletion of PDPN from fibroblastic stroma in
PDGFRαmGFP∆PDPN mice downregulated key immunoregula-
tory molecules CCL21, VCAM-1 and ICAM-1 and attenuated
the activation, proliferation and differentiation of lymphocyte
populations. Further, PDGFRαmGFP∆PDPN mice exhibited se-
vere disruption of the FRC network structure, leading to a fail-
ure to separate B and T lymphocytes and misdistribution of
myeloid cells through the tissue. We conclude that PDPN ex-
pression controls signalling pathways beyond cytoskeletal regu-
lation and cell mechanics and that PDPN expression is required
for FRC phenotype and function in lymph nodes.
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Introduction
Lymph nodes are key organs for immunity, providing the
ideal meeting points for immune cells and coordinating the
response to tissue damage and infection (1–3). Lymph nodes
begin to develop at E12.5-E13.5 and are initially composed
of both haematopoietic lymphoid tissue inducer (LTi) and
stromal lymphoid tissue organiser cells (LTo) cells (2, 4, 5).
The lymph node tissue supports the recruitment of immune
cells but can also support their expansion during inflamma-
tion (1, 6, 7). Importantly, in order to accommodate rapidly
rising cell numbers, lymph nodes need to reversibly expand

(6). Lymph nodes achieve this by maintaining a highly or-
ganised compartmentalisation which is characterised by the
cells in each area (8, 9). The most abundant cells in the
lymph node are B and T lymphocytes. They are recruited
to distinct areas of the follicular and parenchymal regions
of the lymph node. B and T lymphocytes interact closely
with their microenvironment which is composed of other im-
mune as well as stromal cells (5). Stromal cells constitute a
small fraction of the total cells in the lymph node however
they are critical for supporting immune cells both during the
steady state and disease. Much is now known about the con-
struction of lymphoid tissues through development, and the
signals required for commitment and differentiation of spe-
cialised lymphoid tissue stroma (10–12). However, we do
not know how mature, adult lymphoid tissues maintain im-
munoregulatory properties through steady state and inflam-
matory contexts.

Fibroblastic reticular cells (FRCs) are the most abundant stro-
mal cells of the lymph node forming an interconnected net-
work which supports both the structural integrity of lymph
nodes (13) and the various immune niches. Recent ad-
vances in scRNA-seq have shown high levels of heterogene-
ity of FRCs and their ability to specifically support dis-
tinct niches of immune cells (10, 14). FRCs express the
chemokines CCL19 and CCL21 to facilitate the meeting of
antigen-presenting dendritic cells and naïve T cells (14–16).
FRCs proximal to high endothelial venules express high lev-
els ICAM-1 and VCAM-1, important adhesion molecules,
supporting the recruitment of both T and B lymphocytes from
the circulation (17). FRCs proximal to B cell follicles are
characterised by their high expression of CCL21 and BAFF-
1 to support B cell survival (18–20). FRCs of lymph nodes
are the archetype ‘immunofibroblast’ with the power to co-
ordinate adaptive immune responses. As lymph nodes form
in embryonic development, mesenchymal precursor cells ex-
pand and acquire specialized immunological features to at-
tract and retain immune cells. It is not understood how such
a ubiquitous cell type such as a fibroblast adapts to support
immune functions. Here we aim to test how the immune reg-
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ulatory capacity of FRCs is determined.
A common feature of all FRC subsets in the lymph node
is their expression of podoplanin (PDPN). PDPN is a small
transmembrane glycoprotein whose functions have been de-
scribed in different contexts in both health and disease and
is important in platelet aggregation, the separation of the
lymphatic and endothelial vasculature, and in cell matura-
tion and migration during development (21, 22). Podoplanin
is expressed on several cell types including platelets, kid-
ney podocytes (23), osteocytes (24), alveolar epithelial cells
(25), keratinocytes (26), lymphatic endothelial cells (LECs)
(2, 27, 28) and constitutively expressed in FRCs (29).
Moreover, PDPN levels are upregulated in inflamed tissues
(30), rheumatoid arthritis (31), in cancer cells and cancer-
associated fibroblasts (32, 33) and during infection (34).
PDPN was first described as a ligand for dendritic cell (DC)
migration through the interaction with C-type lectin-like re-
ceptor CLEC-2 (6). Later it was shown that this same in-
teraction promotes lymph node expansion through the reg-
ulation of FRC contractility and regulates the unilateral de-
position of extracellular matrix into the conduit network (5–
7, 35). Podoplanin maintains actomyosin contractility via ac-
tivation of the cytoskeletal regulators ezrin and moesin (36),
two members of the ERM (ezrin, radixin and moesin) family,
which tether the cortical actin cytoskeleton to integral pro-
teins in the plasma membrane (37). Most recently, we have
described PDPN as a mechanical sensor in FRCs required
to trigger FRC proliferation in response to increasing tissue
tension through lymph node expansion (38). Mice with full
knockout of PDPN fail to develop lymph nodes (39) and die
shortly after birth due to circulatory defects (40, 41), however
the function of PDPN has not been fully explored specifically
in FRCs, or in adult lymphoid tissues. These findings suggest
a more extensive role for PDPN in lymph node tissue func-
tion, beyond control of actomyosin contractility. We there-
fore undertook a detailed analysis of how the PDPN/CLEC-2
signalling axis determines transcriptional states in FRCs and
tested these findings in vivo.
We utilised a combination of immortalised FRC lines and
a mouse model (PDGFRα-mGFP-CreERT2) for conditional
genetic manipulation of fibroblasts. Platelet derived growth
factor alpha (PDGFRα) was chosen for its broad expres-
sion in mesenchymal cells and their progenitors. Further,
PDGFRα has been identified as a universal fibroblast marker
through extensive single cell transcriptomic analysis of fi-
broblasts across a range on tissues and inflammatory states
(10). This model allows us to visualise the fibroblastic reticu-
lar network structure and to conditionally delete PDPN at de-
sired timepoints in steady state or through an ongoing adap-
tive immune response. In this way we can now assess the
function of podoplanin in adult lymphoid tissue function.

Results
PDPN/CLEC-2 signalling induces genome-wide
changes in transcription by two independent modes
of regulation. We first asked whether the PDPN/CLEC-2
axis regulates gene expression in FRCs. To test this, we

silenced PDPN expression in FRC cell lines (PDPN KD),
added recombinant CLEC-2 and subjected the cells to bulk
RNA-sequencing (Fig. 1a). Bulk RNAseq provides a robust,
reproducible readout of the average cell state which is the
optimal approach for understanding the broad effects of
PDPN/CLEC-2 signalling axis. We studied the effect of
CLEC-2 after 0, 6 and 24 hours, to compare immediate,
direct transcriptional changes and long-term indirect changes
to the FRC transcriptome. We used a stringent limit for
differentially expressed genes, setting cut-off values at fold
change ± 1.6 and adjusted p-values at <0.05. We observed
that PDPN KD had significant effects on gene expression
resulting in downregulation of 1033 genes (categorised as
PDPN-driven) and upregulation of 593 genes (categorised
as PDPN-downregulated) (Fig. 1b) (Supplementary table 1).
When we studied the genes transcriptionally regulated after
treatment with CLEC-2 for 6 hours, we found 794 CLEC-2
upregulated genes and 1119 CLEC-2 downregulated genes
(Fig. 1c). Interestingly, we observed fewer differentially
expressed genes after treating the cells with CLEC-2 for
24 hours than for 6 hours (351 downregulated genes and
187 upregulated) (Fig. 1d). This finding supports previous
knowledge that CLEC-2 signalling is transient in FRCs
(35) and points to a transient transcriptional regulation of
CLEC-2, with the majority of CLEC-2 regulated genes
returning to basal levels in vitro after 24 hours.

It has been previously reported that signalling of PDPN to
cytoskeletal modulators is dampened by binding of CLEC-2
and exposing FRCs to CLEC-2 phenocopies a loss of PDPN
in the context of actomyosin contractility (6). Therefore,
we asked whether CLEC-2 upregulated genes correlated with
PDPN KD. We expected significant overlap in the gene sig-
natures since CLEC-2 is the only known binding partner
of PDPN in the context of FRC biology. We found some
overlap between the genes regulated by PDPN or CLEC-
2 (Fig. S1). However, we found that this was only the
case for a small fraction of genes (85 and 236 genes), and
several genes displayed the opposite behaviour (109 and 92
genes). We next sought to identify the genes regulated by
PDPN in the steady-state independently of CLEC-2 (Fig.
1e). We found 84 PDPN-dependent genes whose expres-
sion did not change in the presence of CLEC-2 at either 6
or 24 hours (Fig. 1e) indicating that PDPN drives a tran-
scriptional programme in FRCs independent of ligand bind-
ing. The PDPN-dependent upregulated genes included fi-
broblast markers (Thy1), vesicular transport and autophagy
(Atg3, Atg12, Pink1, Lamp2, Dnm1, Tapb2), cell signalling
(Jak2, Gatsl3, Dusp16), actin dynamics (Rnd1, Ssh3), and
cell communication genes (Cxcl12, Ptgs1, Efnb2, Efna2,
Olfml3, Fzd7, Bdnf ) and transcription factors (Sox11, Ahr,
Hoxd9, Cxxc5) (Fig. 1e).

We next asked which genes were regulated by CLEC-2
specifically through binding PDPN (Fig. 1f). Hierarchi-
cal clustering revealed four PDPN and CLEC-2 dependent
groups. The two largest clusters were downregulated by
CLEC-2 at 6 hours (including the Wnt ligands Wnt4 and
Wnt7b, and the extracellular matrix components Tnn and
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Fig. 1. The PDPN/CLEC-2 signalling axis con-
trols the transcriptional landscape of cultured fi-
broblastic reticular cells a, Schematic of the ex-
perimental setup. FRC cell lines expressing basal
levels of PDPN (Control) or expressing a silenc-
ing RNA for podoplanin (PDPN KD) were cultured
for 0, 6 or 24 hours with CLEC-2 and subjected
to RNA-sequencing (4 replicates per condition). b,
Volcano plot showing changes in gene expression
after PDPN-KD (compared to Control, no CLEC-
2). Differentially expressed genes were categorised
into PDPN-driven and PDPN-downregulated genes
based on fold change and adjusted p-values. c,d,
Volcano plot showing changes in gene expression
after culture with CLEC-2 c, 6 hours or d, 24
hours (compared to Control, no CLEC-2). Differen-
tially expressed genes were categorised into CLEC-
upregulated and CLEC-downregulated genes based
on fold change and adjusted p-values. e, Heatmap of
the genes regulated by PDPN expression irrespec-
tive of CLEC-2 signalling. f, Heatmap of the genes
regulated by CLEC-2 only when PDPN is expressed.
g, Diagram of the modes of transcriptional regula-
tion, one maintained by podoplanin expression only
(PDPN dependent) and an alternative maintained by
PDPN and CLEC-2 (PDPN and CLEC-2 dependent).

Prg4). Moreover, most genes in this group suggested that
CLEC-2 stimulation drives an independent transcriptional
profile distinct from PDPN alone. Indeed, only a small frac-
tion of these genes followed the previously reported pattern
phenocopying PDPN KD. We therefore propose that there are
two distinct modes of transcriptional regulation, one which is
PDPN-dependent in steady state and one which is PDPN and
CLEC-2 dependent (Fig. 1g). We next sought to investigate
which cellular functions are regulated by the PDPN/CLEC-2
axis.

Gene ontology analysis of the genes regulated by
PDPN/CLEC-2 transcriptional targets. We asked which
cellular processes are regulated by PDPN expression in
steady state versus CLEC-2 stimulation of PDPN in FRCs.
We performed gene-enrichment analysis using the GO Bio-
logical Process (http://genontology.org) database to infer the
cellular functions regulated by the differentially expressed

genes. We found that PDPN-driven pathways included re-
sponse to mechanical stimuli and extracellular matrix organ-
isation as have been previously reported (35, 38) (Fig. 2a).
Additionally, many terms were related to immune-related
processes, including response to interferon (IFN)-β and IFN-
γ, response to viral replication and inflammation. This sug-
gests that PDPN drives gene expression relevant to immune-
regulatory FRC functions in the absence of CLEC-2 (Fig.
2a). The most over-represented pathways downregulated by
PDPN included non-lymphoid tissue functions such as ep-
ithelium morphogenesis, lung development, odontogenesis
or axon guidance (Fig. 2b). Signalling pathways, JNK cas-
cade ERK1/2 and steroid hormone signalling were also sup-
pressed by PDPN expression in steady state (Fig. 2b).
The processes regulated by CLEC-2 included positive regu-
lation of collagen biosynthesis as have been previously re-
ported (35). In addition, CLEC-2 drove a positive regulation
of cell differentiation and cell division (Fig. 2c). CLEC-
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Fig. 2. Functional annotation of the PDPN/CLEC-
2 differentially expressed genes Gene enrichment
analysis using the Biological Process GO Terms
database on DAVID. The top 15 GO terms ranked by
fold enrichment (observed/ expected genes per term)
and filtered by adjusted p-value (p.adj < 0.05) are
shown for a, PDPN driven b, PDPN downregulated
c, CLEC-2 upregulated d, and CLEC-2 downregu-
lated genes. Dot colour represents statistical signif-
icance (log2 FDR) and size is proportional to gene
count (number of genes annotated in each GO term).

2 downregulated genes mapped to signalling processes, in-
cluding the insulin growth factor receptor (Igfr), smoothened,
semaphoring-plexin, Wnt, Notch and steroid signalling path-
ways, (Fig. 2d). Strikingly, the most overrepresented GO
terms for CLEC-2 upregulated genes were related to transla-
tion, ribosome biogenesis and ribosomal RNA transcription
and processing, suggesting an extensive change in cell state
and function.

PDPN–CLEC-2 signalling transcriptionally regulates
extensive functional networks. The wide range of cellu-
lar functions identified by GO mapping prompted us to study
how these differentially expressed genes could act in a co-
ordinated manner in FRCs. We used the STRING func-
tional annotation platform to study functional networks, in-
cluding physical interactions as well as functional connec-
tions. We then clustered the genes based on their interac-
tions. PDPN-driven genes formed a large cluster of immune-
related genes (Fig. 3a and Supplementary table 2). This
cluster included membrane receptors (Cd47, Itgb2), cytokine
signalling (Stat1, Stat2, Irf7, Fit1, Ifit1, Ifit3, Cxcl1, Cxcl10,
Cxcl5, Ccl2, Ccl9), several collagen genes, ECM components
(Ecm1, Timp3) consistent with early microarray analysis of
lymph node stromal cells (42), complement genes (C2, C3,

C1ra, C1s1, C1s2), and genes related to antigen presentation
(Anpep, H2-T23, H2-K1). While the well-described function
of PDPN is actomyosin contractility, our data suggests that
signalling through the PDPN/CLEC-2 axis is also relevant
for maintaining an immune-specific fibroblast phenotype.

PDPN downregulated genes (Fig. 3b and Supplementary ta-
ble 2) formed dispersed clusters with functions that were un-
related to fibroblasts or lymph node biology, including neu-
ronal receptors and signalling proteins (Adora2, Mc4r, Pt-
ger4, Gria2, Gria4, Shank2, Efna2, Efnb2, Epha3), and axon
guidance (Adamts6, Adamts14, Spon1, Sema5a). The re-
maining clusters were associated with signalling modules,
extracellular matrix components (Tnc, Itga6, Itga6, Lama2,
Lama5, Col11a1, Col19a1, Tll1, Play, Cd33) and secreted
factors (Bdnf, Bmp4, Fgf10, Fgf22). These data suggest that
PDPN may act to control specificity of the extracellular ma-
trix that is secreted by FRCs.

CLEC-2 upregulated genes formed a large cluster of hits re-
lated to ribosome biogenesis and regulation of translation
(Fig. 3c and Supplementary table 2). Moreover, in line
with the PDPN-driven genes, we found a wealth of clusters
related to immune-related functions and signalling, includ-
ing different families of growth factors (Tgfb, Vegf, Pdgf ),
genes involved in inflammation, wound healing, and an-
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Fig. 3. PDPN/CLEC-2 transcriptional targets form
extensive functional networks Functional annota-
tion of PDPN/CLEC-2 differentially expressed genes
showing a, PDPN-driven, b, PDPN-downregulated,
c, CLEC-2 upregulated and d, CLEC-2 downregu-
lated genes. The differentially expressed gene lists
were analysed in the STRING functional annotation
platform. Nodes not forming part of a larger network
were hidden (fewer than 3 neighbours at level 3) and
the remaining genes were clustered using MCODE.
Clusters were manually annotated based on gene de-
scription. Expression values (log2 Fold change) of
the transcription factors regulated by e, PDPN-KD or
treatment with f, CLEC-2 for 6 hours.

giogenesis. Interestingly, other clusters included transla-
tion initiation factors, trafficking, protein folding, synthe-
sis of amino acids and mitochondrial intermembrane chap-
erones. CLEC-2 downregulated genes were related to sig-
nalling, metabolism, apolipoproteins, regulation of gene ex-
pression, cell cycle and cell division (centrosome compo-
nents) as well as metalloproteases (including several mem-
bers of the Adamts family) (Fig. 3d Supplementary table 2).

Our data now shows that the PDPN/CLEC-2 signalling axis
can drive extensive transcriptional programmes. We next
asked which transcription factors were themselves transcrip-
tionally regulated by the PDPN/CLEC-2 axis (Fig. 3e,f). Of

note, the PDPN/CLEC-2 axis regulated expression levels of
Tead4 and Lef1, transcription factors that interact with the
Hippo pathway effectors YAP and TAZ (Fig. 3e,f). YAP/TAZ
signalling has been reported to direct the commitment of
FRCs in lymph nodes (11). In our RNAseq data we find
that PDPN and CLEC-2 transcriptionally regulate the Hippo
pathways at many levels, ligand expression, effector proteins,
transcription factors and target genes (Fig. S2). Therefore,
we hypothesised that PDPN/CLEC-2 signalling could also
determine FRC phenotype and function through regulation of
the Hippo pathways in homeostatic adult tissues. The large
number of genes transcriptionally regulated by PDPN/CLEC-
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Fig. 4. Podoplanin is important for the
functional identity of FRCs in vivo a,
Lymph nodes from PDGFRαmGFP mice were
analysed via flow cytometry and tSNE anal-
ysis was performed on CD31- (non-epithelial
cells; Fig. S4a) using the markers PDPN,
CD31, MAdCAM-1, CD9, CD44, ICAM-1,
VCAM-1 and CCL21. b, Eight fibroblast
populations were defined by the expression
of the markers used in the analysis. c,
The expression of each marker was com-
pared for each fibroblast population. d,
The density of cells was compared between
tSNE plots of control (PDGFRαmGFP) and
PDGFRαmGFP∆PDPN 14-days after tamox-
ifen treatment and e, change in percentage
for each population was defined. N>3 mice
per condition representative of 3 indepen-
dent experiments. Mann-Whitney test (two
tailed), *p<0.5, ns=no significance.

2 could amplify signalling and act as positive feedback loops
to determine and reinforce specific programmes that dictate
FRC identity.

Podoplanin drives the functional profile of FRCs in
vivo. To test our hypothesis that PDPN signalling impacted
FRC phenotype and function we developed a knock-in mouse
model (PDGFRα-mGFP-CreERT2) to track and condition-
ally genetically manipulate FRCs (Fig. S3a). We gener-
ated PDGFRα-mGFP-CreERT2 x PDPNfl/fl mice to delete
PDPN specifically in PDGFRα fibroblastic stroma upon ta-
moxifen treatment (PDGFRαmGFP∆PDPN). We performed
in-depth analysis of the FRC phenotypes using known sur-
face markers driving key FRC functions in lymph nodes.
We gated non-endothelial stromal cells (CD45-CD31-) (Fig-

ure S4a) and performed t-distributed stochastic neighbour
embedding (tSNE) analysis using the functional markers
(PDPN, CD31, MAdCAM-1, CD9, CD44, ICAM-1, VCAM-
1 and CCL21). We could clearly identify a population of
non-endothelial/non-epithelial stroma which were also neg-
ative for GFP (PDGFRα) (Fig. 4a). These ‘double nega-
tive cells’ (DNC) have been identified previously as a per-
icyte population, but their phenotype and function remain
unclear (Fig. 4a) (42, 43). We defined 8 fibroblastic stro-
mal populations within the tSNE analysis and identified high
expression of MAdCAM-1 on FRC7 suggesting these might
be the marginal zone reticular subset (MRC) (Fig 4a-c). We
could not isolate enough follicular dendritic cells (FDC) in
this analysis, so we focus on FRC populations. The FRC
populations had varied expression of PDPN, where FRC1-3
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Fig. 5. Lymph node expansion following immuni-
sation is attenuated in PDGFRαmGFP∆PDPN mice.
PDGFRαmGFP (open circle) or PDGFRαmGFP∆PDPN

(green circle) mice were immunised subcutaneously
with Incomplete Freund’s Adjuvant (IFA) or Com-
plete Freund’s Adjuvant (CFA) and ovalbumin 7 days
after tamoxifen treatment. a, Total cell number,
b, mass, c, leukocytes and d, stromal cells were
analysed for each lymph node. e, Gating strat-
egy used to quantify the subsets of f, T lympho-
cytes and g, B lymphocytes. T lymphocytes fur-
ther gated to examine the activation of h,i, CD4+ or
CD8+ cells and j, Naïve (CD62L+CD44-), k, effec-
tor memory (CD62L-CD44+), l, central memory cells
(CD62L+CD44+) and m, CD25+ T lymphocytes were
quantified. N>6 mice, representative of 2 indepen-
dent experiments. Two-way ANOVA, ****p<0.0001,
**p<0.01, *p<0.05, ns=no significance.

were PDPNhi and FRC4-6 were PDPNint (Fig. 4c). ICAM-
1, VCAM-1 and CCL21, are key molecules controlling the
migration of T cells within lymph nodes (14, 15, 44) and
were highest expressed in the PDPNhi populations (FRC1-
3) (Fig. 4c). The PDPN binding partner CD9, a tetraspanin
which regulates FRC-FRC interactions in vitro was highest
expressed in FRC5 (45). We could now examine which FRC
populations are most affected by PDPN deletion in vivo. The
density plot analysis showed a significant reduction specif-
ically in the PDPNhi populations FRC1-3 (Fig. 4d,e). The
percentage of DNCs was unaffected suggesting that PDPNdel

FRCs are still phenotypically distinct from DNCs (Fig. 4e).
These data support that expression of PDPN does indeed af-
fect the phenotype and identity of FRCs in fully developed
adult lymph nodes.

T cell activation is attenuated in vivo in
PDGFRαmGFP∆PDPN mice. Our in vivo data suggest
deletion of PDPN from FRCs may affect immune cell
recruitment, migration, or activation due to the consequent
reduction of ICAM-1, VCAM-1 and CCL21 expression on
FRCs. We next examined if the deletion of PDPN alters
adaptive immune responses in vivo after immunisation.
The lymph node cellularity, mass, leukocyte (CD45+) and
stromal cell populations (CD45-) were similar in steady
state between control and PDGFRαmGFP∆PDPN mice but
attenuated after immunisation (Fig. 5a-d; gating on Fig.
S4b and Fig. S5). LEC and blood endothelial cell (BEC)
populations expanded independently of PDPN deletion
in FRCs however the number of FRCs was specifically
reduced in the PDGFRαmGFP∆PDPN lymph nodes at day 9
post-immunisation (Fig. S6a). We have shown previously
that PDPN is a mechanical sensor in FRCs and is required to
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trigger FRC proliferation in response to increased mechan-
ical strain as the lymph node begins to expand (38) which
can explain the reduction in FRC numbers. The number of B
and T lymphocytes was unchanged in PDGFRαmGFP∆PDPN

mice in steady state, but all subsets were reduced in number
post immunisation (Fig. 5e-g; Fig. S6b). We compared
activation (CD25+) and differentiation of CD4+ and CD8+ T
cells and found reduced numbers of both central and effector
memory T cell subsets (Fig. 5h-m; Fig. S5). There was also
a significant reduction in the number of CD4+CD25+ T cells
at day 9 (Fig. 5m; Fig. S5). These data suggest that the
initial trapping of naïve lymphocytes is unaffected by PDPN
deletion, but T cell activation and proliferation is constrained
in PDGFRαmGFP∆PDPN mice. Overall, these data show
that PDPN deletion in FRCs does not affect recruitment of
immune cells into the lymph node. However, lymphocyte
activation is attenuated, leading us to hypothesise that
antigen-presentation to T lymphocytes is impacted by PDPN
deletion in FRCs.

Podoplanin regulates CCL21 availability and position-
ing of antigen-presenting cells. Podoplanin is known to
be a ligand for CLEC-2 and to promote DC migration (6, 7).
Our data now also show that PDPN deletion in FRCs re-
duces the expression of CCL21 by these stromal cells in vivo
(Fig. 4). Both of these PDPN functions could disrupt DC
migration and could explain reduced T cell activation and at-
tenuated lymph node expansion following immune challenge
(6). We therefore quantified and compared the number of
both resident and migratory DCs in lymph nodes from con-
trol and PDGFRαmGFP∆PDPN mice. We observed a clear re-
duction in the number of resident (40% reduction) and mi-
gratory DCs (30% reduction) present in the lymph node of
PDGFRαmGFP∆PDPN mice post-immunisation (Fig. 6a), sug-
gesting that recruitment of migratory antigen-presenting cells
to lymph nodes is inhibited in PDGFRαmGFP∆PDPN mice.
Further, tissue analysis of steady state lymph nodes showed
that the location of MHC class IIhi cells, which we assume
to be antigen-presenting leukocytes, in PDGFRαmGFP∆PDPN

mice was altered compared to controls (Fig. 6b). We ob-
served areas of lymph node tissue almost devoid of MHC
class IIhi cells, and other areas where MHC class IIhi cells
were clustered in PDGFRαmGFP∆PDPN mice, whereas in con-
trols MHC class IIhi cells were evenly dispersed through
the tissue. We quantified and correlated the expression of
mGFP, PDPN and CCL21 in tissue sections to ask if spa-
tial disruption of MHC class IIhi cells could be due to alter-
ations to CCL21 availability in the FRC network (Fig. 6c-
g). Quantifications of PDPN fluorescence intensity in tissue
sections showed an approximate 35% reduction across the
tissue regions analysed (Fig. 6c). In the same matched tis-
sue regions, we also observed a reduction in CCL21 inten-
sity (Fig. 6d). CCL21 expression correlated with the expres-
sion of mGFP indicating fibroblastic stroma are the source
of CCL21 in the lymph node (Fig. 6e). Further we found
that CCL21 correlated with PDPN expression, and there-
fore in PDGFRαmGFP∆PDPN mice CCL21 was expressed at
lower levels (Fig. 6f). We correlated PDPN and mGFP

in control and PDGFRαmGFP∆PDPN tissues (Fig. 6g) and
found that lowest PDPN correlated with lower mGFP sug-
gesting areas of the paracortex devoid of FRCs. We ob-
serve CCL21 is expressed on the mGFP+ FRC network in
PDGFRαmGFP mice and is colocalised with PDPN (Fig. 6h).
In PDGFRαmGFP∆PDPN mice CCL21 is still observed on
some mGFP cells but now we observe many mGFP+ FRCs
lacking both CCL21 and PDPN expression (Fig. 6h). These
data suggest that deletion of PDPN in FRCs changes the stro-
mal microenvironment and impacts recruitment and traffick-
ing of antigen-presenting cells.

Podoplanin deletion disrupts FRC network integrity
and stromal cell density. In additional to the misposition-
ing of antigen-presenting cells previously described, we also
found that the FRC network was absent in many areas of
lymph nodes from PDGFRαmGFP∆PDPN mice (Fig. 6b,h).
We therefore investigated the requirement for PDPN expres-
sion in FRCs for reticular network structure and lymph node
tissue organisation in steady state. Tamoxifen treatment of
PDGFRαmGFP∆PDPN led to the reduced expression of PDPN
specifically in FRCs but not LECs (Fig. 7a,b; Extended Data
Fig. 4b-d).
We observed disrupted areas of the FRC network in var-
ious regions of the lymph nodes in PDGFRαmGFP∆PDPN

mice while the lymphatic vessels in the subcapsular sinus
retained their structure and PDPN expression (Fig. 7c,d).
The distribution of blood vessels (observed by perlecan
staining) appeared altered and we observed more promi-
nent basement membrane structures around vessels in in
PDGFRαmGFP∆PDPN mice (Fig. 7c,d). We observed areas of
the paracortex tightly packed with leukocytes (nuclei stained
with DAPI) but devoid of FRCs (identified by mGFP) (Fig.
7c,d). These tissue areas also lacked the extracellular matrix
components of the conduit network suggesting that the reticu-
lar network had lost integrity (Fig. 7c,d). To quantify the dis-
ruption of the FRC network in the paracortex we used an Im-
ageJ tool (Mitochondrial Network Analysis - MiNA) based
on skeletisation to quantify mathematical properties of the
network (Fig. 7e) (46). We find in PDGFRαmGFP∆PDPN mice
there is a 60% decrease in the number of branches, shortened
branch length and a 25% decrease in the network footprint,
confirming a severe disruption to the FRC network (Fig. 7f).
Strikingly, we also observed that the B cell follicles were
severely disrupted after PDPN deletion (Fig. 7g). The B cell
areas were easily distinguished in control (PDGFRαmGFP)
mice by the expression of B220 and lack of CD3 (Fig. 7g).
However, lymph nodes of PDGFRαmGFP∆PDPN mice had lost
the boundaries between the B cell follicles and the T cell
areas. B cells were no longer clustered into distinct fol-
licles in PDGFRαmGFP∆PDPN mice but were now diffusely
located deeper into the paracortex. We also observed that
the disorganised B cell areas at the lymph node periph-
ery in PDGFRαmGFP∆PDPN mice have increased fibroblast
(mGFP+) density compared to controls (Fig. 7g(i-ii)). In
control lymph nodes, B cell follicles are supported by a stro-
mal network of FDCs which are a distinct form of FRCs
and specifically support B cells through the production of
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Fig. 6. Conditional deletion of podoplanin in
FRCs disrupts tissue architecture a, Mice were ta-
moxifen treated and 7 days later immunisation with
Complete Freund’s Adjuvant before being harvested
at days 5 and 9 post-immunisation or b-h, harvested
14 days after tamoxifen treatment alone. a, Flow cy-
tometry plot gating on resident (Res DCs) and migra-
tory (Mig DCs) dendritic cells 9 days following immu-
nisation and number of resident and migratory DCs
calculated by flow cytometry showing PDGFRαmGFP

(open circle) and PDGFRαmGFP∆PDPN (green circle)
cells. N=3-4 mice for each condition representa-
tive of 2 independent experiments. Mann-Whitney
test (two tailed), ****p<0.0001, ns=no significance.
Representative images of sections stained for: b,
Nuclei (DAPI), mGFP and MHC class II staining
and merged mGFP (green) and MHC class II (ma-
genta) with (i-ii) representative zoom images compar-
ing PDGFRαmGFP and PDGFRαmGFP∆PDPN lymph
nodes. Scale bars 50 mum. N>3 mice per con-
dition representative of 2 independent experiments.
Expression of c, PDPN and d, CCL21 and correla-
tion of e, mGFP vs CCL21, f, PDPN vs CCL21 and
g, mGFP vs. PDPN. c-g, Quantified from 10 ran-
domised selection from 5 images of the lymph node
parenchyma. c-g, Comparison of PDGFRαmGFP and
PDGFRαmGFP∆PDPN (∆PDPN) using Mann-Whitney
test (two tailed), ****p<0.0001, **p<0.01. e-g, lin-
ear regression analysis of each condition showing
slope equation and R2. h, Representative images of
FRC network stained for CCL21 (magenta), mGFP
(green) or PDPN (yellow); and single channels stain-
ing for nuclei (DAPI), mGFP, PDPN and CCL21 in
PDGFRαmGFP and PDGFRαmGFP∆PDPN parenchy-
mal regions. (i-ii) Images of merged mGFP and
CCL21; (iii-iv) or PDPN and CCL21. Scale bars 50
mum. N>3 mice per condition representative of 2
independent experiments.

CXCL13 for their recruitment, and growth factors such as
BAFF (14, 18). FDCs also form the stromal scaffolds for
germinal centre formation and retain and present antigen to
B cells to support B cell selection (47). Since FDCs are
also of mesenchymal origin and express PDGFRα (14) they
are also conditionally targeted in our PDGFRαmGFP∆PDPN

mice. FDCs also express PDPN, although at lower levels than
FRCs, but the function of PDPN in FDCs has not previously
been investigated. Our data now suggest that PDPN could
also play a critical role in FDC specification and function.

Overall, these in vivo data show a novel role of PDPN be-
yond the control of actomyosin contractility during immune
responses as predicted by our in vitro transcriptional analysis.
We show that PDPN can direct the immunoregulatory pheno-
type of fibroblastic stroma in lymph nodes and that genetic
deletion of PDPN in adult tissues severely disrupts lymph
node stromal architecture.

Discussion

We set out to investigate key signalling pathways required
for the maintenance of lymph node function. Lymph node
tissue architecture can lose integrity and function due to dis-
ease, ageing or pollution (48, 49). Understanding mainte-
nance of lymphoid tissue function is therefore important for
interpreting variability in immune responses throughout hu-
man lifetime (5). We focused on a key stromal structure, the
fibroblastic reticular network, and since PDPN has been im-
plicated in lymph node development, we directly tested how
the PDPN/CLEC-2 signalling axis impacted the immunoreg-
ulatory properties of FRCs in vitro and in vivo. Our inves-
tigations have revealed that PDPN expression in fibroblas-
tic stroma impacts adaptive immune function and regulates
lymph node architecture and compartmentalization, dramat-
ically disrupting antigen presenting cell, T cell and B cell
localization in lymph nodes. We determine that PDPN drives
two distinct transcriptional programmes which drive exten-
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Fig. 7. PDPN+ FRCs deter-
mine tissue architecture and
lymphocyte compartmentalisa-
tion PDGFRαmGFP (control) or
PDGFRαmGFP∆PDPN (∆PDPN)
mice were sacrificed 14-days
after tamoxifen treatment. a,
Flow cytometry gating of (i) GFP+

PDGFRαmGFP and lymphatic en-
dothelial cells with (ii) representative
histograms of the PDPN expression
for each population. b, Geometric
mean fluorescence intensity (gMFI)
of PDPN expression comparing
PDGFRmGFP (open circle) and
PDGFRαmGFP∆PDPN (green circle)
previously gated on mGFP+
cells or lymphatic endothelial
cells (LEC). N>8 mice for each
condition representative of at
least 3 independent experiments.
Mann-Whitney test (two tailed),
****p<0.0001, ns=no significance.
c,d, Representative image of lymph
node tilescans of PDGFRαmGFP

or PDGFRαmGFP∆PDPN mice 14
days after tamoxifen treatment
c,d, Staining for podoplanin (red),
GFP (PDGFRαmGFP, green) and
perlecan (blue); zoomed images
of c,d,(i) paracortex (T cell area)
and merged mGFP/PDPN or
mGFP/Perlecan; c,d,(ii) capsid
and merged mGFP/PDPN or
mGFP/Perlecan; each show-
ing single channels for DAPI,
PDPN, mGFP and Perlecan. e,
Representative images of FRC
network and network skeletisation
for PDGFRαmGFP (control) or
PDGFRαmGFP∆PDPN (∆PDPN)
mice. f, Network analysis quan-
tifying the number of network
branches, length of branches
and network footprint. Network
quantification N=10-15 areas
of lymph node parenchyma;
Mann-Whitney test (two tailed),
****p<0.0001, ***p<0.001, *p<0.05.
g, Representative image of lymph
node tilescans of PDGFRαmGFP

or PDGFRαmGFP∆PDPN mice
14-days post-tamoxifen treatment
staining for mGFP (PDGFRαmGFP;
green), CD3 (blue), B220 (red).
(i-ii) Selected zooms show the
expression of mGFP. Scale bars
50 mum. N>8 mice per condition
representative of 3 independent
experiments.
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sive alterations in gene expression in FRCs. Our findings pro-
vide a mechanism for how FRCs can transiently adapt their
function through cycles of lymph node expansion to support
adaptive immune responses.
PDPN has complex functions which until now have only been
partially described. PDPN was first described as a ligand for
DC trafficking (28) but has since been shown to also maintain
HEV integrity through crosstalk with platelets (50), regulate
extracellular matrix deposition (35) and to control the con-
tractility (6, 7) and tissue tension of the FRC network (38).
PDPN acts as a mechanical sensor in FRCs to trigger prolifer-
ation and lack of PDPN in FRCs attenuates the acute phase of
lymph node expansion (38). Now we show that over longer
timescales, in steady state, lack of PDPN led to the disruption
of the reticular network over time. This phenotype might be
partly due to PDPN function as a mechanical sensor on FRCs
(38). However, our data additionally reveal that PDPN regu-
lates FRC transcriptional programmes and cell state in vitro
independently of tissue mechanics. The extensive disruption
of the reticular network raises additional questions about a
potential role for PDPN in the cell-cell junctions between
FRCs. Despite many potential junctional adhesion molecules
being identified in both microarray (42) and RNAseq analy-
sis (14), the nature of FRC-FRC cell junctions is still unclear.
How PDPN regulates FRC junctions and network connec-
tivity is now to be determined. Interestingly, the extracellu-
lar matrix structures of the conduit remained associated with
FRCs even when the reticular network was disrupted. We
have previously reported that it is the cellular component of
the network, the FRCs, that determine the mechanical proper-
ties of reticular network (38) – these data would further sup-
port that finding since the extracellular matrix scaffolds are
seemingly not rigid or strong enough to remain intact once
the FRCs detach from their network neighbours.
Fibroblastic stroma is ubiquitous across tissues, yet fibrob-
lasts are specifically adapted to the functional requirements
of their microenvironments. Fibroblasts are remarkably plas-
tic, able to change their phenotype and function in response
to inflammation or tissue damage (51). Fibroblastic reticu-
lar cells of lymph nodes are the archetype ‘immunofibrob-
last’ but how fibroblasts in lymphoid tissues differentiate to
acquire immunoregulatory functions is not well understood
(2, 3). Immunoregulatory fibroblasts can also exist outside
of lymphoid tissues. For example, both mouse and human
tissue studies indicate that some cancer-associated fibroblasts
acquire inflammatory phenotypes and can alter immune func-
tion in tumours (51). PDPN+ fibroblasts also spontaneously
develop in a wide variety of inflammatory conditions (22).
Our data confirms the importance of PDPN in the functional
phenotype of FRCs, defining additional roles for this glyco-
protein ranging beyond regulation of actomyosin contractil-
ity and cell mechanics. We now propose that PDPN expres-
sion is fundamental to FRC function and may determine ‘im-
munofibroblast’ identity.
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Materials and Methods
Mice. Experiments were performed in accordance with na-
tional and institutional guidelines for animal care and ap-
proved for the Laboratory for Molecular and Cell Biology by
the institutional animal ethics committee review board, Eu-
ropean research council, and the UK Home office. Breeding
of animal lines were maintained at Charles River Laboratory.
For generation of the Pdgfrα-mGFP-CreERT2 and Pdgfrα-
mGFP-CreERT2 x Pdpnfl/fl refer to Horsnell et al. 2022. Fe-
males and males aged between 8 and 13 weeks were used for
experiments, unless stated otherwise.

Tamoxifen administration. Activation of the Cre recombi-
nase was achieved through the administration of tamoxifen
(22 mg ml1; Sigma-Aldrich) resuspended in corn oil (Sigma-
Aldrich) or sunflower oil (Sigma-Aldrich). Tamoxifen was
dosed (82 µg g1) intraperitoneally on 3 consecutive days or
by gavage for 5 consecutive days. For immunisation exper-
iments, mice were immunised 7 days after tamoxifen treat-
ment. For steady-state experiments mice were sacrificed 5, 7,
14 and 28 days after tamoxifen treatment. Inguinal and axil-
lary lymph nodes were studied via flow cytometry or confocal
microscopy.

Immunization model. In vivo immunisations were per-
formed with an emulsion Incomplete Freund’s Adjuvant
(IFA) or Complete Freund’s Adjuvant (CFA) containing SI-
INFENKL (OVA) (Hooke Laboratories). Mice were injected
with 100 µl of the emulsion subcutaneously, 100 µg OVA
per mouse, on the right flank at the height of the hip. Ani-
mals were sacrificed at 5 and 9 days after immunisations and
paired analysis of the inguinal and axillary lymph nodes was
performed via flow cytometry and confocal microscopy re-
spectively.

Flow cytometry. Lymph node single cell suspension of
2.5x106 cells was incubated for 20 min at 4oC with a pu-
rified rat IgG2b anti-mouse CD16/CD32 receptor antibody
(BD biosciences). Cells were stained with fluorochrome-
conjugated antibodies against CD9, MAdCAM-1, CD44,
CD45, ICAM-1, VCAM-1, CCL21, CD31, PDPN, CD140a,
CD62L, CD8a, CD25 , CD3, CD19, CD4 (see Supplemen-
tary Table 3 for further Antibody information) for 25 min at
4oC in PBS containing 1% BSA, 5 mM EDTA, 0.05% NaN3.
Cells were incubated with fixable viability stain (Supplemen-
tary Table 3) for 30 min at 4oC. Cells were fixed and per-
meabilised using the FOXP3 Fix/perm buffer set (Biolegend)
according to the manufacturer’s instructions. Cells were per-
meabilised for 20 minutes at 4oC using the FOXP3 Fix/perm

Makris et al. | LN function requires PDPNtextsuperscript+ FRCs bioRχiv | 11

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted December 7, 2022. ; https://doi.org/10.1101/2022.12.01.518753doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.01.518753


buffer set (Biolegend) containing purified rat IgG2b anti-
mouse CD16/CD32 receptor antibody, followed by staining
for Ki-67 and/or FoxP3 (Supplementary Table 3). Samples
were analysed on BD LSRFortessa x-50 equipped with 100-
mW 405-nm, 100-mW 488-nm, 150-mW 561-nm, 100-mW
637-nm and 60-mW 355-nm lasers with a ND1.0 filter in
front of the FSC photodiode. Data was collected on the
FACSDiva software (version 7)

Immunofluorescence of tissue sections. Lymph nodes
were placed in Antigen fix (DiaPath) and incubated for 2
hours on ice with gentle agitation. Lymph nodes were washed
with ice cold PBS and placed in 30% w/v sucrose containing
0.5% NaN3 and incubated at 4oC overnight. The LNs were
placed into Tissue-Tek optimum cutting temperature com-
pound and then embedded into moulds containing the op-
timum cutting temperature compound. Samples were sec-
tioned on the Leica cryostat (CM1950) at a thickness of 15
µm.
For immunofluorescence tissue sections were permeabilised
and blocked for 2 hours at room temperature with 10% nor-
mal goat serum (NGS), 0.3% Triton X-100 in PBS. Pri-
mary antibodies were prepared in the dilutions described
in Supplementary Table 3 in PBS containing 10% normal
goat serum and 0.01% Triton X-1000 and then centrifuged
at 15,000 g for 5 minutes. The antibody cocktail was added
to the tissue sections which were incubated overnight at 4oC.
Sections were then incubated at room temperature for 1 hour
before being washed with PBS-0.05% Tween 20 (3 x 15 min-
utes at room temperature). Secondary antibodies were pre-
pared similarly to the primary antibodies (dilutions in Sup-
plementtary Table 3) and added to the tissue for 2 hours at
room temperature. Sections were then washed with PBS-
0.05% Tween 20 (2 x 15 minutes), PBS (1 x 10 minutes)
and H2O (1 x 5 minutes) at room temperature and were then
mounted using mowiol mounting media. Images of the tis-
sue were obtained on the Leica TCS SP5 with HCX Plan-
Apochromat x40 (NA 1.25) oil lenses. Images were captured
at 1,024x1,024 pixels, three-line and 2-frame average onto
hybrid pixel or photomultiplier tube detectors. Imaging ar-
eas were manually detected, and z-stacks (15-25 µm) were
acquired with intervals at 0.3-0.6 µm. Tile scan boundaries
were manually set, and images were stitched automatically
(numerical, smooth) using the Leica imaging software (LAS
AF-2.7.3.9723). Images were analysed on FiJi software (Im-
ageJ).

Network Skeletisation Analysis. Lymph node section fi-
broblast network was analysed in the parenchymal region
of lymph nodes using the Mitochondrial Network Anal-
ysis (MiNA) toolset (46). Quantification was performed
on ImageJ using the MiNA 3.0.1 macro available on
https://gitgub.com/StuartLab/MiNA. Pre-processing of im-
ages was set as follows: median filter radius=5, unsharp mask
filter radius=10, mask weight=0.6, CLAHE blocksize=127,
histogram bins=256 and max slope=3. Data output from
MiNA 3.0.1 quantified the mean branch length as the mean
length of all lines used to represent the fibroblastic network

structures; mean number of network branches the mean num-
ber of attached lines used to represent each structure; and the
network footprint as the area or volume of the image con-
sumed by the network signal.

Flow cytometry analysis. Flow cytometry data was anal-
ysed using FlowJo Software (Tree Star). For tSNE analysis
of lymph nodes that were tamoxifen treated, samples were
prepared by concatenating 2.5x104 CD45- cells from each
condition. The cells were further characterised in two groups
to define if they were PDGFRαmGFP or PDGFRαmGFP∆PDPN.
tSNE analysis was performed using the FlowJo package and
selecting for the markers: PDPN, CD31, MAdCAM-1, CD9,
CD44, ICAM-1, VCAM-1, CCL21 and Ki-67. Clusters were
defined manually and confirmed by: back-gating on defined
cell populations and comparison the expression of the func-
tional markers used for tSNE analysis. The ViolinPlot pack-
age (FlowJo) was utilised to extract the expression of markers
by individual cells in each defined cluster. Data was anal-
ysed on R Studio and Violin plots comparing the expression
of various markers for each defined clustered was performed
using the Geom Split Violin (geom_split_violin:Split Violin
plot) function on the ggplot2 package.

RNA-seq and reads processing. RNA sequencing data
from Martinez et al., 2019 are publicly available through
University College London’s research data repository
(doi:10.5522/04/c.4696979).

Differential expression analysis. Differential expression
analysis was performed using R 4.0.5 and the DESeq2 pack-
age. The gene raw count table (35) was used to calculate dif-
ferences in transcript expression between samples. As rec-
ommended in the package documentation, transcripts with
fewer than 10 counts in total were removed from differential
expression analysis. In all, 21,285 genes were kept after pre-
filtering. DESeq2 was used to calculate differences in tran-
script expression in either PDPN-WT vs PDPN-KO samples,
PDPN-WT no CLEC-2 vs CLEC-2 at 6 hours, or PDPN-WT
no CLEC-2 vs CLEC-2 at 24 hours (using the contrast func-
tion). Differentially expressed genes for each comparison
were defined as those with an adjusted p-value smaller than
0.05 and a fold change either log2FC<1.6. (downregulated)
or log2FC >1.6 (upregulated). The dplyr package was used
for filtering the genes according to their adjusted p-values and
fold change. Venn diagrams were plotted using the VennDi-
agram package. Volcano plots were generated using the gg-
plot2 package.

Heatmaps. Heatmaps were plotted using TPM (transcript
per million) values normalised per gene (Z-score) and clus-
tered using hierarchical clustering using the pheatmap and
hclust R packages. Colour palettes were generated using the
RColorBrewer package.

Functional annotation analysis. DAVID (52) was for
functional annotation. The list of differentially expressed
genes (using official gene symbols) was uploaded to the
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DAVID website (https://david.ncifcrf.gov/summary.jsp). The
table output was then processed using a custom R script.
The terms were filtered by fold discovery rate (FDR≤0.05),
sorted by fold enrichment and plotted using the dplyr and gg-
plot2 packages.

Transcription factor analysis. The annotated GO terms
were used to identify the transcription factors in the list.
Genes were mapped to GO terms using the biomaRt pack-
age for R. Transcription factors were then filtered as genes
mapped with the GO:0003700 (DNA-binding transcription
factor activity) term. Fold change values were plotted using
the ggdotchart package.

Functional network analysis. Functional network analy-
sis was carried out using STRING. The lists of differen-
tially expressed genes were submitted to the STRING web-
site (string-db.org/) and analysed using the default values ex-
cept for the confidence threshold and retaining physical and
functional interactions. The confidence threshold was set to
the most restrictive value (“very high”, 0.9). The networks
were then analysed in Cytoscape (53) for visualisation and
clustering. Nodes that did not form part of a larger network
were hidden (retaining nodes with at least 3 neighbours at
level 3). Clustering was performed with the MCODE algo-
rithm (54) using the default parameters. Clusters were manu-
ally labelled based on the annotated gene names and descrip-
tions. We filtered the GO terms by statistical relevance and
sorted them by fold enrichment (mapped/expected).

YAP/TAZ pathway analysis. Differentially expressed genes
were mapped to the Hippo signalling pathway (mmu04390)
in the KEGG database. ENSEMBL gene names were used to
reduce ambiguity in genes with more than one gene symbol.
Output graphics were produced by combining the graphical
output from DAVID and the images rendered by the Pathview
package for R.

Prism and statistics. Prism9 Software (GraphPad) was
used to create graphs and statistical analysis. Comparisons of
two data sets was performed using two-tailed Mann-Whitney
tests. For comparisons of multiple groups was performed us-
ing one- or two-way ANOVA with Tukey’s multiple compar-
ison. For all tests, p<0.05 was considered significant.
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Supplementary Note 1: Supplementary Data
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Fig. S1. Control of gene expression by PDPN/CLEC-2 occurs via two independent modes of transcriptional regulation Venn
diagram of the differentially genes regulated by PDPN-KD or treatment with CLEC-2 after 6h. This figure supports Fig. 1.

Fig. S2. Transcriptional targets of CLEC-2/PDPN signalling in the YAP/TAZ pathway Genes were mapped to the YAP/TAZ sig-
nalling pathway using KEGG. Differentially expressed genes are colour-coded a, red for podoplanin driven and green for podoplanin
repressed b, orange for CLEC-2 upregulated, and purple for CLEC-2 downregulated. Ovals indicate which member within families are
regulated. This figure supports Fig. 3.
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Fig. S3. Conditional deletion of podoplanin in FRCs is replenished Construct for PDGFRα-mGFP-CreERT2 (PDGFRαmGFP)
mouse model. This figure supports Fig. 4.

Fig. S4. Stromal cell gating strategy Live, CD45- (stromal cells) cells where further analysed for stromal cell populations. a,
Non-epithelial and non-endothelial cells were defined as CD45-CD31-. b, GFP+ cells (FRCs) were defined as CD45-CD31-mGFP+;
CD31+mGFP- cells were gated further and lymphatic endothelial cells (LECs) and blood endothelial cells were defined as PDPN+ or
PDPN- respectively. c, Conventional gating strategy for FRCs, LECs, BECs and double negative cells (DNCs) which was not used for
this analysis as PDPN deletion occurred in FRCs. d, Back gating of cell populations from panel b, onto the gating strategy from panel
c, to indicate the phenotype of each cell population and comparing control and PDGFRαmGFP∆PDPN mice after tamoxifen treatment.
Each gate was set based on the fluorescence minus one (FMO) and backgating.This Figure supports Figs. 4-5,7.
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Fig. S5. Adaptive cell gating strategy Live, CD45+ (leukocytes) cells were selected for analysis of adaptive cells. T lymphocytes (T
cells) where defined as CD3+CD19- and B lymphocytes as CD3-CD19+. T cells where further gated based on their expression of CD4
or CD8. The activation state of each T cell subset was defined by expression of CD25 or the expression of CD62L and CD44 where
cells were defined as: CD44+CD62L- (naïve), CD44-CD62L+ (effector memory) and CD44+CD62L+ (central memory). Each gate was
set based on the fluorescence minus one (FMO) and backgating. This Figure supports Figs. 5.

Fig. S6. Number of stromal and T cell populations after immunisation PDGFRαmGFP (open circle) or PDGFRαmGFP∆PDPN (green
circle) immunised subcutaneously with Incomplete Freund’s Adjuvant (IFA) or Complete Freund’s Adjuvant (CFA) and ovalbumin 7 days
after tamoxifen treatment. a, Stromal cell populations were defined as fibroblastic reticular cells (FRCs), lymphatic endothelial cells
(LECs) and blood endothelial cells (gating strategy in Figure S4B). b, Number CD4+ lymphocytes (CD4+ cells) and CD8+ lymphocytes
(CD8+) cells. N=>6 mice, representative of 3 independent experiments. Two-way ANOVA, ****p<0.0001, **p<0.01, *p<0.05, ns=no
significance. This Figure supports Figs. 5.
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Tables available using the QR code
Table 1. Comparisons of gene expression
Table 2. STRING analysis
Table 3. Flow cytometry and Microscopy antibodies and reagents
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