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Systemic sclerosis (SSc) is a potentially fatal autoimmune disorder with limited therapeutic options.
Sclerodermatous graft versus host disease (scIGvHD), induced by transfer of B10.D2 splenocytes
into BALB/c Rag2~/- mice, models an inflammatory subset of SSc characterized by a prominent IL13-
induced gene expression signature in the skin. Host mice deficient in IL4RA, a subunit of the type

11 1L4/1L13 receptor, are protected from scIGvHD. While IL4RA has a well-established role in Th2
differentiation and alternative macrophage activation, we report here a previously unappreciated
function for IL4RA in lymphatic endothelial cells (LECs): regulation of activated T cell egress.

Seven days after splenocyte transfer, Il4ra”- hosts had increased numbers of activated graft CD4*

T cells in skin draining lymph nodes (dLNs) but fewer T cells in efferent lymph, blood, and skin.
Sphingosine-1 phosphate (S1P), master regulator of lymphocyte egress from LNs, was lower in dLNs
of ll4ra~’- hosts with a corresponding decrease of S1P kinase 1 (Sphk1) expression in LECs. Bypassing
the efferent lymphatics via i.v. injection of CD4* T cells from dLNs of //4ra- sclGvHD mice restored
clinical GvHD in secondary /l4ra- recipients. These results identify a role for IL4RA and suggest that
modulation of lymphocyte egress from LNs may be effective in SSc and GvHD.

Introduction

Systemic sclerosis (SSc) is an autoimmune disease characterized by inflammation and fibrosis in skin and
internal organs. This aggressive disease has the highest mortality rate among all rheumatic diseases (1),
but patient heterogeneity and limited insight into pathophysiology have hindered efforts to find effective
treatments (2).

Gene expression—profiling studies in lesional skin have identified several molecular subsets of SSc. Most
patients with diffuse cutaneous SSc, the most severe form of the disease, fall within 2 groups, diffuse-prolif-
erative and inflammatory, which display upregulation of cell cycle and inflammation-related genes, respec-
tively (3). The sclGvHD mouse model, induced by adoptive transfer of B10.D2 splenocytes into BALB/c
Rag2”~ mice, mimics essential SSc manifestations, including skin fibrosis and autoantibody production (4).
We recently demonstrated that the gene expression profile of affected skin in sclGvHD mice strongly resem-
bles the inflammatory subset of SSc, including a prominent signature of IL13-induced genes (5, 6).

IL13, along with IL4, activates the type 2 differentiation program in adaptive (i.e., Th2 cells) and innate
immune cells (e.g., M2 macrophages, ILC2, mast cells) (7). IL4-receptor a (IL4RA) is the key component
of the IL4 and IL13 receptors. In hematopoietic cells, a heterodimer of IL4RA with the common y-chain
is known as the type I IL4 receptor (IL4R-I) and specifically binds IL4. In B lymphocytes, myeloid cells,
and stromal cells, IL4RA also forms a complex with IL13RA1, generating the type II IL4 receptor (IL4R-
II), which binds both IL4 and IL13 (8, 9). Consistent with a functional role of IL13-induced genes in the
pathogenesis of the sclGvHD model, we found that IL4R A-deficient host mice were resistant to sclGvHD
and failed to develop alopecia and high-grade fibrosis (5). However, the precise role of IL4RA in the devel-
opment of sclGvHD remained unresolved.
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Here, we report an essential function for IL4RA in skin draining lymph nodes (dLNs) of mice with
sclGVHD. Il4ra~’~ hosts accumulate more activated graft T cells in dLNs, and fewer of these cells are detect-
able in the efferent lymph, blood, and skin compared with controls. Mechanistically, IL4RA appears to
control the expression of Sphk! in LECs during the early phase of scIGvHD. Thus, in the absence of
IL4RA, sphingosin-1 phosphate (S1P) levels are reduced in the efferent lymphatics and effector T cells are
trapped in dLNs. Taken together, our results identify a role for IL4RA on LECs as a key factor for S1P
regulation and for lymphocyte egress, a checkpoint that could be leveraged to control the progression of
autoimmune diseases like SSc.

Results

IL4R A-deficient hosts are protected from sclGvHD. Alopecia is a major clinical feature in the sclGvHD model
that becomes apparent 3 weeks after transfer of B10.D2 splenocytes into BALB/c Rag2”’~ hosts (clinical
score 2 = alopecia involving < 25% of body surface) progressing over the next weeks to involve more body
surface (clinical score 3 = alopecia involving > 25% of body surface) (4, 5). Host mice lacking IL4RA
(sclGVHD Il4ra~'~ mice) fail to develop clinical signs of sclGvHD skin disease (Figure 1A) (5). Searching
for mechanisms contributing to protection in these mice, we examined scIGVHD I/4ra*’* and scIGvHD
Il4ra”’~ hosts on day 7 after splenocyte transfer (referred to hereafter as 7d-sclGvHD and 7d-sclGvHD
Il4ra”’~ mice, respectively). At this time point, sclGvHD in I/4ra*’* mice is characterized by weight loss and
histological skin inflammation, while clinical signs of alopecia have not yet developed (4, 5). Compared
with 7d-sclGvHD mice, 7d-scIGvHD I/4ra~~ mice had lost 50% less body weight (Figure 1B), and histo-
logical skin inflammation was significantly reduced (Figure 1, C and D) with a significantly lower number
of skin-infiltrating CD3* T cells (Figure 1, E and F). These data demonstrate that IL4RA expression by
host cells critically affects the early events in sclGvHD.

Host IL4RA deficiency does not impair alloactivation of graft T cells in skin dLNs. We hypothesized that skin
inflammation in 7d-sclGVHD I/4ra”’~ hosts might be reduced because of defective priming of alloreactive
graft T cells in skin dLNs (10). However, the frequency of activated CD4*CD69* T cells was similar in the
dLNs of 7d-sclGvHD and 7d-sclIGvHD I/4ra~~ hosts (Figure 2A), while the proportion of ki67* proliferat-
ing T cells was marginally higher in 7d-scIGVHD I/4ra~’~ mice (Figure 2B). There was also no difference in
the frequency of effector-memory T cells (T, cells, CD44*CD62L") (Figure 2C), the key T cell population
in GVHD that migrates from dLNs to the skin to propagate disease (11), suggesting that the priming of
alloreactive graft T cells in 7d-sclGvHD I/4ra~'~ mice was not impaired. In fact, contrary to our expectation,
we found that the total cell count and the number of CD4* T cells were significantly higher in the dLNs of
7d-scIGVHD [l4ra’~ compared with 7d-sclGvHD mice (Figure 2, D and E). Consistent with this increase
in cellularity, dLN weights were also significantly higher in 7d-sclGvHD I/4ra~~ mice (Figure 2F), whereas
there was no difference in spleen weights (Supplemental Figure 1; supplemental material available online
with this article; doi:10.1172/jci.insight.88057DS1).

Egress of activated alloreactive T cells from dLNs is impaired in IL4ra™'~ hosts. One potential explanation for
finding more T cells in dLNs and fewer T cells in the skin of 7d-sclGvHD I/4ra~'~ mice compared with con-
trols would be a defect in lymphocyte trafficking in I/4ra~~ hosts, in particular a defect in lymphocyte egress
from the dLNs. To test this hypothesis, we measured T cell numbers in lymph and blood of 7d-scIGvHD
and 7d-sclGVHD I/4ra~'- mice. Lymph collected by thoracic duct cannulation from 7d-sclGvHD [/4ra~'~
mice contained fewer total cells, mostly due to a marked reduction in CD4* T cells, which represent about
80% of all cells in the lymph of 7d-sclGvHD mice (Figure 3, A—C). The number of total and CD4* T cells
in the blood of 7d-sclGvHD [/4ra~’~ mice was also significantly reduced compared with 7d-sclGvHD mice
(Figure 3, D-F). We first considered that the apparent defect in T cell egress from the dLNs in scIGvHD
Il4ra”’- mice might be caused by upregulation of retention signals such as CCL19 and CCL21, the ligands
of CCR7 (12). However, expression of Ccl/19 and Ccl2] measured in whole dLN ¢cDNA preparations by
quantitative PCR (qPCR) was lower in 7d-sclGVHD I/4ra~- dLNs compared with dLNs from 7d-scIGvHD
controls (Figure 3, G and H), implying that the increased cellularity of 7d-sclGvHD I/4ra”- dLNs was not
due to upregulation of CCL19 or CCL21 (13).

S1P production is impaired in dLNs of Il4ra”’~ hosts. T cell egress from lymph nodes is controlled by S1P
signals. Stromal cells secrete S1P, generating a gradient with increasing extracellular S1P levels in the direc-
tion of the efferent lymphatic vessels. Early after activation, T cells express low surface levels of the S1P
receptor S1P receptor 1 (SIPR1). After several rounds of proliferation, expression of SIPR1 on the T cell
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Figure 1. IL4RA-deficient hosts are protected from sclGvHD. (A) Clinical scores of scIGvHD and scIGvHD //4ra~- mice observed for 6 weeks (n = 7-9 per
group, ****p < 0.0001, 2-way ANOVA with Bonferroni post-test). (B) Body weight (% of baseline) 7 days after splenocyte transfer (n = 18 per group;
****p < 0.0001, Student’s t test). (C and D) Pathological score of inflammation (C) based on H&E sections (D) of back skin from 7d-scIGvHD and 7d-scl-
GvHD /l4ra~- mice (n = 10 per group; *P < 0.05, Mann-Whitney U test). (D and E) Representative (D) H&E staining and (E) CD3 immunostaining of back
skin sections from 7d-scIGvHD and 7d-scIGvHD //4ra”- mice; 10x. Scale bar: 200 um (D and E [upper panel]); 40x. Scale bar: 50 um (E [lower panel]). (F)
Quantification of CD3* cells in skin sections (n = 9-10 per group, 4 fields/mouse (20x pictures) were evaluated, ****P < 0.0001, Student’s t test). All
graphs represent mean and +SD. The graphs represent data pooled from 3 independent experiments. The experiment shown in A are data pooled from
2 independent experiments to confirm the previous data published in ref. 5.
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surface is restored, and the S1P concentration gradient guides the T cells out of the dLN into the efferent
lymphatics, allowing them to reach the blood circulation and ultimately their target organs (11). A superag-
onist of the SIPR1 receptor, FTY720, has been shown to inhibit the S1P pathway, resulting in lymphopenia
in lymph and blood (14, 15). When we treated sclGvHD mice with FTY720 for 1 week after splenocyte
transfer, we observed enhanced accumulation of graft T cells in the dLNs and reduced T cell infiltration in
the skin (Figure 4, A and B), similar to the phenotype of sclGvHD I/4ra’~ mice.

Using a previously described bioassay (16, 17), we measured S1P in cell-free extracts of dLNs (LN
media) from 7d-scIGvHD and 7d-sclGvHD I/4ra~’- mice. LN media from 7d-sclGvHD I/4ra~’- mice con-
tained significantly less S1P than 7d-sclGvHD controls (Figure 4C). As the concentration of S1P in
lymph nodes is generally low except for the medulla (14, 18), the lower S1P concentration in LN media
isolated from 7d-sclGvHD I/4ra~’~ mice is indicative of a weaker S1P concentration gradient in these
mice. There was no difference in S1IPR1 surface expression on CD4* T cells from the dLNs of Il4ra*/*
and IL4ra™"~ hosts (Figure 4D).

Extracellular S1P levels are controlled by the kinases SPHK1 and SPHK2, which generate S1P from
membrane-derived sphingosine, the transporter spinster homolog 2 (SPNS2) that mediates S1P secretion
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Figure 2. Increased
alloreative CD4* T cells
in the dLNs of 7d-scl-
GvHD I//4ra”’- mice. (A-C)
Representative FACS
plots and quantification
of CD4* cells expressing
(A) CD69, (B) ki67, or

(C) naive/T,,, markers
(CD44 and CD62L) in the
dLNs of 7d-scIGvHD and
7d-sclGvHD Il4ra”- mice
(n = 6-7 per group, **P <
0.01, Student’s t test). (D
and E) Absolute number
of (D) total cells and (E)
CD4* T cells isolated from
the dLNs of 7d-sclGvHD
and 7d-scIGvHD Il4ra~-
mice (n =10 per group,
***¥¥P < 0.0001 and ***P
< 0.001, Student’s t test).
(F) dLN weight isolated
from 7d-scIGvHD and
7d-scIGvHD ll4ra™- mice
(n = 8 per group, ***P <
0.001, Student’s t test).
Data are means +SD. The
graphs represent data
pooled from 3 indepen-
dent experiments.

by LECs (19), as well as enzymes that catalyze S1P degradation, including S1P lyase (SGPL1) and the S1P
phosphatases (SGPP1, SGPP2) (20-22). qPCR analysis of total dLN tissue revealed that Sphkl mRNA
levels were significantly lower (by about 50%) in the dLNs of 7d-sclGvHD [/4ra~’~ mice than 7d-sclGvHD
controls (Figure 4E). In contrast, there were no differences in expression levels of Sphk2, Spns2, Sgpll, and

Sgpp!I (Supplemental Figure 2, A-D).
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Sphkl expression by LECs is reduced in dLNs of Il4ra”’~ hosts. We then analyzed the mRNA expression of
SphkI in sorted cell subsets from dLNs of 7d-sclGvHD and 7d-sclGvHD I/4ra~~ mice. Lymphatic endothe-
lial cells (LECs) and fibroblastic reticular cells (FRCs) were the major populations with detectable amounts
of Sphkl transcript, consistent with previous reports that identified stromal cells as the major source of S1P
in naive LNs (17). LECs, but not FRCs, isolated from the dLNs of 7d-sclGvHD I/4ra~'~ mice expressed less
Sphkl compared with the same population from 7d-sclGvHD control mice (Figure 5, A—C) while there was
no difference in the absolute number of LECs or FRCs recovered from dLNs of both hosts (Figure 5, D
and E). Together, these data support the conclusion that the lower S1P concentration in the dL.Ns of 7d-scl-
GvHD Il4ra”’~ mice is the result of reduced Sphkl expression by LECs in these mice. Interestingly, LECs
isolated from BALB/c I/4ra*’* and Il4ra”’~ mice (i.e., mice without disease) expressed similar amounts of
Sphkl mRNA after short-term in vitro culture. Stimulation with dLN media from 7d-sclGvHD mice result-
ed in upregulation of Sphkl expression in [/4ra*’* LECs (2- to 6-fold in 5 independent experiments). Sphkl
induction was significantly attenuated in //47a~- LECs, consistent with an intrinsic defect of Sphkl expres-
sion in these cells (Figure 5F). LECs have been shown to express ILARA (23, 24), and stimulation of I/4ra*'*
LECs with dLN media from 7d-sclGvHD mice enhanced IL4RA expression (Supplemental Figure 3A).
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Figure 4. dLNs isolated from 7d-scIGvHD I/4ra”/- mice display a defect in S1P pathway. (A and B) Representative IHC of CD3 in back skin sections (A) and
number of CD4" T cells isolated from dLNs (B) of 7d-sclGvHD mice treated with 3 mg/kg FTY720 or saline for 6 days (n = 9-10 per group, ***P < 0.001, Stu-
dent’s t test; 10x. Scale bar: 200 pm). (C) Relative S1P concentration (S1P) in dLN media prepared from 7d-sclGvHD and 7d-sclGvHD //4ra”- mice (n = 9-11
per group, ***P < 0.001, Student’s t test). (D) Representative plot and MFI for STPR1 surface staining of CD4* T cells isolated from dLNs of 7d-scIGvHD and
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dLNs of 7d-scIGvHD and 7d-scIGvHD //4ra~- mice (n =10 per group, ****P < 0.0001, Student's t test).

IL13 induced the expression of Ccl2, a well-known IL13 target gene (Supplemental Figure 3B) but by itself
did not result in upregulated Sphk! transcription in I/4ra*’* LECs (Figure 5F).

Immunofluorescence microscopy for the LEC marker LYVE-1 revealed a collapsed appearance of the
lymphatic vessels in dLNs of 7d-sclGvHD I/4ra~’- mice (Figure 5G). The aspect ratio as a measure of
lymphatic vessel compression (25) was significantly higher in dLN sections from 7d-sclGvHD I/4ra~'~ mice
compared with 7d-scIGvVHD controls (Figure 5G). Similar changes in lymphatic vessel morphology have
been previously described in mice lacking S1P production by LECs (17) or in mice deficient in the S1P
transporter SPNS2 (19). Lymphatic vessel morphology therefore supports the conclusion that there is a
functionally relevant decrease in tissue S1P levels in the dLNs of 7d-sclGvHD I/4ra~~ mice. Correspond-
ingly, we found that mRNA expression of VE-Cadherin, a known target gene of S1P signals in endothelial
cells (17, 26-29), was significantly lower in 7d-sclGvHD [/4ra~'~ dLNs (Figure 5H).

Secondary transfer of dLN T cells from 7d-sclGvHD Il4ra™'~ mice into blood partially restores disease in Il4ra™~ hosts.
If Il4ra”’~ host mice are protected from sclGVHD because the alloreactive T cells are trapped in the dL NS,
one would expect that by bypassing this block, one might bring about clinical disease. To test this hypothesis,
we isolated CD4" T cells from dLNs of 7d-scIGvHD I/4ra~~ mice (mostly T, cells, Supplemental Figure
4) and i.v. injected them into secondary 7d-sclGVHD I/4ra”’~ hosts. An additional group of 7d-sclGvHD
Il4ra”’~ animals received LN cells from B10.D2 mice (mostly naive T cells, T, , . cells, Supplemental Figure 4)
to control for phenotypic effects that were the result of supplying an additional load of alloreactive T cells.

During the observation period of 6 weeks, 5/15 (33%) sclGvHD I/4ra’~ mice receiving CD4* T
cells from 7d-sclGvHD Il4ra”’~ mice (T,,, — sclGvHD Il4ra”") developed alopecia and thus clinical
sclGvHD, compared with 0/12 animals receiving CD4" T cells from B10.D2 donors (T, — scl-
GvhD I/4ra") and 0/7 sclGvhD I/4ra~’~ mice not receiving any additional cells (Figure 6, A and B).
The number of infiltrating CD3* T cells was much higher in the skin of T, — scIGVHD I/4ra~~ mice
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Figure 5. dLN LECs express less Sphk1 in 7d-scIGvHD //4ra~- mice. (A) Representative FACS plot indicating the subsets of CD45" dLN cells identified as
FRCs (gp38*CD31) and LECs (gp38*CD31*). (B and C) gPCR measuring Sphk1 expression in (B) LECs or (C) FRCs sorted from dLNs of 7d-scIGvHD and 7d-scl-
GvHD /l4ra~- mice (n = 4 experiments, with 3-5 mice pooled in each experiment, ****P < 0.0001, Student’s t test). (D) Absolute number of LECs isolated

in B. (E) Absolute number of FRCs isolated in C. (F) gPCR measuring Sphk1 expression in LECs isolated from the dLN of BALB/c WT or //4ra”- mice and
cultured for 2 hours with either IL13 (20 ng/ml), dLN-media from 7d-scIGvHD (40%), or a combination of them. Data points represent average of individual
experiments. Data points comparing WT or //4ra~- LECs from individual experiments are linked by lines. *P < 0.05, **P < 0.01, 2-way ANOVA for repeated
measures followed by Bonferroni post-test. The experiments were performed more than 3 times. (G) Frozen sections of inguinal dLNs isolated from 7d-scl-
GvHD and 7d-sclGvHD //4ra'- stained for LECs (LYVE-1*, green), T cells (CD3*, red), and nuclei (DAPI, blue) (upper panels). Vessels with a defined lumen
were outlined and the image dichotomized into luminal (white) and nonluminal (black) areas (lower panels). 40x. Scale bar: 50 um (n = 43-55 total vessels
quantified with Image | Fiji software. The graph on the right represents quantification of the aspect ratios (maximum diameter/minimum diameter) of the
lymphatic vessels identified in the left panels. A circular vessel has an aspect ratio of 1. Larger aspect ratios indicate more compressed vessels. n = 5 mice
per group; ***P < 0.001; Student’s t test. (H) gPCR measuring VE-Cadherin expression in cDNA prepared from the dLNs of 7d-scIGvHD and 7d-sclGvHD

I14ra™- mice (n =10 per group, **P < 0.0001, Student’s t test).
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naive

of mice without alopecia (i.e., a clinical score < 2), P = 0.0386, Mantel-Cox test for survival curves. (B) Clinical scores on day 42, **P < 0.01, ***P < 0.001,
one-way ANOVA, Kruskal-Wallis test for comparing ranks. (C and D) IHC staining for CD3 (Scale bar: 200 um) of histological sections of back skin prepared
at sacrifice and cell number quantification, *P < 0.05, **P < 0.01, one-way ANOVA followed by Bonferroni post-test. (E) Masson's Trichrome stain of histo-
logical sections of back skin prepared at sacrifice. Lower and upper panel show 2 different mice. Scale bar: 200 um.

insight.jci.org

(irrespective of clinical alopecia) and was statistically indistinguishable from sclGvHD control mice
(Figure 6, C and D). Skin sections of T, — scIGVHD I/4ra”’~ mice with alopecia showed fibrosis
similar to sclGvHD mice (Figure 6E), providing additional evidence for the restoration of clinical
sclGvHD in the T, — sclGvHD Ii4ra~"~ group.

Discussion

Murine sclGvHD and a subset of SSc patients share a signature of IL.13-induced genes in the skin (5, 6,
30). Following up on our published observation that mice deficient for IL4RA, a component of the IL13
receptor, are protected from sclGvHD (5), we demonstrate in this study that the IL13/IL4RA pathway
is not only important in the skin, but also plays a critical role during the early phase of the pathogenic
immune response in skin dLNs. Specifically, we found that impaired egress of alloreactive CD4" T cells

doi:10.1172/jci.insight.88057 8



. RESEARCH ARTICLE

insight.jci.org

from dLNs in IL4RA-deficient mice was associated with a defective SPHK1/S1P pathway in LECs and
contributed to the protection of IL4RA-deficient hosts from sclGvHD. This conclusion was supported
by restoration of skin disease in a substantial number of I/4ra”~ hosts when T, cells were directly
injected into the blood stream.

IL4RA is expressed on multiple cell lineages, including endothelial cells, fibroblasts, and myeloid cells
(31-33). The role of IL13 as a local mediator of skin fibrosis in Ssc and other diseases is well established
(34, 35) and likely involves the activation of dermal fibroblasts and profibrotic macrophages (36). We previ-
ously reported that, 2 weeks after splenocyte transfer, the number of CD11b*MHCII* dermal macrophages
was increased in sclGvHD skin. These host-derived cells expressed IL13, as well as IL4RA, in WT hosts
and were significantly less abundant in the skin of I/4ra~~ hosts. While the precise role of these cells in
the development of skin fibrosis needs further investigation, they represent another potential mechanism
regarding how IL4RA signaling mediates sclGvHD. The fact that we did not see restoration of skin disease
in 100% of the animals injected with Ty, cells supports the notion that multiple mechanisms contribute to
the protection of IL4RA-deficient hosts from sclGvHD.

Recent studies have shown that LECs express IL4RA and that stimulation with IL13 or IL4 inhibits
LEC proliferation (23, 24). While we did not observe a difference in the absolute number of LECs in
the dLNs of [/4ra*’* and Il4ra~~ 7d-sclGvHD mice (Figure 5, D and E), our data suggest that the regu-
lation of SphkI expression and S1P production is another function of IL4RA in LECs and the collapsed
appearance of the lymphatic vessels in I/4ra~~ hosts (Figure 5G) is consistent with a functionally relevant
reduction in S1P levels in the dLNs of these mice (Figure 4C). While IL13-dependent induction of S1P
has previously been shown in human lung epithelial cells (37), short-term stimulation of 7/4ra*’* LECs with
IL13 upregulated the known IL13 target gene Ccl2 but not Sphkl (Figure 5F and Supplemental Figure 3B).
However, stimulation with cell free extract from d7-sclGvHD mice (LN media) resulted in significantly
stronger induction of Sphkl mRNA in [/4ra*’* LEC than in I/4ra”’- LECs (Figure 5F). The induction of
Sphkl mRNA by inflammatory stimuli such as LPS and TGFp has been described for other cell types (33,
34). Little is know about the signals that regulate Spskl mRNA in LECs inside dLNs. Presumably, the
absence or presence of IL4RA signals in LECs modulates Spikl mRNA expression and S1P production
under particular inflammatory conditions; the molecular link between IL4RA and Sphk! expression still
needs to be explored. To conclusively demonstrate that the lymphocyte egress block in [/4ra~’~ hosts in the
sclGvHD model is mediated specifically via IL4RA deficiency in LECs would require the generation of a
host mouse with conditional deletion of //4ra in LECs. However, the sclGvHD model is highly dependent
on the genetic background requiring the combination of a BALB/c host and B10.D2 donor (38). Gener-
ation of conditional KO mouse would thus require a substantial breeding effort to generate LY VE-1-cre
Rag2”~ mice on a BALB/c background.

Defects in lymphocyte egress from LNs in [/4ra~’~ mice have not been reported. However, even ger-
mline Sphkl~- mice do not have a strong defect in lymphocyte egress. This is likely due to compensation
via SPHK2 activity, as double-deficient SphklI**“Sphk2- mice (Sphk2~’~ mice that lack Sphkl expression
in LECs) exhibit profound lymphopenia in lymph and blood at steady state (17). We speculate that,
during sclGvHD, the modest deficiency in SPHK1 observed in [/4ra~’~ hosts becomes relevant because
there is no compensatory upregulation of Sphk2 expression under these conditions (Supplemental Figure
2A). Our data suggest that, in the context of certain inflammatory conditions, even modest changes in
the concentration of S1P in the efferent lymphatics may be clinically meaningful. The collapsed mor-
phology of the lymphatics in the dLNs of 7d-sclGVHD I[/4ra~’~ mice, which recapitulates the LN pheno-
type observed in SphkI*2cSphk2~'~ and Spns2~~ mice (17, 19), is consistent with this notion. Additional
support for the conclusion that the entrapment of T cells in the dLNs of I/4ra~~ hosts is SIP mediated
comes from the finding that administration of the SIPR1 superagonist FTY 720 to I/4ra*’* hosts resulted
in a dLN phenotype similar to I/4ra~’~ hosts (Figure 4, A and B). Although we did not analyze the effect
of FTY720 administration on the clinical sclGvHD phenotype in I/4ra*/* hosts, our results are consistent
with previous studies demonstrating that long-term treatment of irradiated GvHD mice with FTY720
ameliorated the disease (39, 40).

Our study identifies a link between the IL13/IL4RA and S1P pathways in the pathogenesis of scl-
GvHD. Since drugs targeting IL13, IL4ARA, or the S1P pathway have either been approved or are in late
development (20, 41-43), clinical trials with these agents in patients with the inflammatory form of SSc
should be a near term goal.
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Methods

Mice. Rag2"-Il4ra*’* and Rag2'-Il4ra”’~ mice on a BALB/c genetic background were generated as described
previously (5). B10.D2, BALB/c, and BALB/c Il4ra”’~ mice were purchased from the Jackson Laboratory
and maintained inbred in our facility. All mice were housed in a specific pathogen-free animal facility at
the Harvard T.H. Chan School of Public Health, and studies were performed according to institutional
and NTH guidelines. The drinking water of all Rag2~~ mice was supplemented with sulfamethoxazole and
trimethoprim (Sulfatrim, Hi-Tech Pharmacal, 0.6mg/ml drinking solution).

sclGvHD model. Spleens from B10.D2 mice (allogeneic, graft) were gently homogenized, and red blood
cells were lysed with BDLyse (BD Biosciences). Approximately 20 x 10° to 30 X 10¢ cells were injected i.v.
into sex-matched 6- to 8-week-old Rag2” Il4ra*’* and Rag2”~Il4ra”’~ mice to induce GvHD. In long-term
experiments, the mice were scored blindly twice weekly for clinical signs of GvHD using a previously
described (5) scoring system: 1 = hunched posture and ruffled fur; 2 = alopecia < 25% of the body surface;
3 = alopecia > 25% of the body surface; 4 = death or a veterinary order for euthanasia. In the indicated
experiments, mice were treated daily for 6 days with 3 mg/kg FTY720 (Cayman Chemicals) or saline by
oral gavage starting on day 1 after splenocyte transfer.

Collection of thoracic duct lymph and blood. Thoracic duct cannulation surgery and collection of lymph
was performed as previously described (44). Briefly, mice were administered olive oil by gavage 1 hour
prior to the procedure and then anesthetized by i.p. injection of 100 mg/kg ketamine HCI, 10 mg/kg xyla-
zine, and 3 mg/kg acepromazine. Mice receive a heparinized polyethylene catheter in the left jugular vein
for administration of fluids (Ringer’s lactate, 1 U/ml heparin) prior to and throughout the thoracic duct
cannulation procedure. Thoracic duct lymph was collected for 1 hour via a heparinized cannula inserted
into the cisterna chyli and assayed by flow cytometry. A peripheral blood sample was collected from the
submandibular vein.

Cell isolation, flow cytometry, and sorting. dLNs (2 inguinal, 2 axillary, 2 brachial, 2 popliteal, and 4 cer-
vical LNs per mouse) were isolated and digested as described (45) in RPMI 1640 with 2% FBS, 0.8 mg/
ml Dispase (Roche Diagnostics), 0.2 mg/ml Collagenase P (Roche Diagnostics), and 0.1 mg/ml DNase I
(Sigma-Aldrich). Single cell suspensions were stained in the presence of Fc-block with fluorochrome-con-
jugated antibodies (all purchased from BioLegend unless otherwise indicated) against the following targets:
CD4 (RM4-4), CD45 (30-F11), CD3 (1452C11), TCRb (H57-597), CD44 (IM7), CD62L (MEL-14), CD69
(H1.2F3), gp38 (8.1.1), CD31 (MEK13.3), SIPR1 (713412, R&D Systems). Staining with SIPR1 antibody
was performed in the presence of fatty acid—free BSA from Sigma-Aldrich; blood cells were used as SIPR
negative controls (17, 46). Stained cells were analyzed with the FACS Canto II (BD Biosciences) and Flow-
Jo software. For ki67 (clone 16A8, BioLegend) intracellular staining, cells were fixed and permeabilized
with the Foxp3 Fix/Perm Buffer Set (BioLegend). LN stromal cells were sorted as described (45) using
a BD FACSAria Fusion cell sorter; CD45* cells were depleted prior to sorting with anti-biotin magnetic
beads (Miltenyi Biotec).

S1P Bioassay. WEHI-S1PR1-Flag-hCD4 B cells were provided by Joao Pereira (Yale University, New
Haven, Connecticut, USA) and cultured in RPMI 1640 supplemented with 10% FBS, 1% penicillin/
streptomycin, 1% glutamine, and 0.05 mM B-Mercaptoethanol. To prepare cell-free dLN media, dLNs
were isolated from 7d-sclGvHD mice, gently homogenized in 300 pl of RPMI + 0.5% fatty acid-free BSA
(Sigma-Aldrich) at 4°C and centrifuged to remove cells and debris. The S1P bioassay was performed as
described (16). WEHI-S1PR1-Flag-hCD4 B cells/ml (2 x 10°) were incubated with 100% dLN media for
40 minutes at 37°C. S1PR1 surface expression was evaluated on hCD4" cells with anti-SIPR1 antibody
followed by a fluorochrome-labeled secondary antibody (Jackson ImmunoResearch). Staining with SIPR1
antibody was performed in the presence of fatty acid—free BSA (Sigma-Aldrich). The relative S1P concen-
tration was obtained from the SIPR1 mean fluorescence intensity (MFT) correcting for dLNs weight with
the formula [S1P] = 1/MFI x 1/mg LN weight and normalizing values to the scIGvHD control.

LEC culture. dLN stromal cells were isolated as previously described (45) from BALB/c WT or Il4ra”’~
mice. Adherent cells derived from digested dLNs were cultured on plates precoated with 0.5% gelatin
(Sigma-Aldrich) in ao-MEM media with 10% FBS, 1% penicillin/streptomycin, and 1% L-glutamine. After
4 days, the primary culture consisted mainly of FRCs and LECs (45). LECs were separated by positive
selection of CD31* cells with the EasySep Mouse Biotin selection kit (Stemcell Technologies) and seeded
at 1 x 10° cells/ml on 0.5% gelatin precoated plates. LEC purity was assessed by flow cytometry (70%—-90%
CD31%gp38* cells). Twenty-four hours later, LECs were starved for 16 hours in 0.5% FBS media and then
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Table 1. qPCR primer sequence.

Gene Primer Forward Primer Reverse

Sphk1 ACTCACCGAACGGAAGAACC AGTCTGGCCGTTCCATTAGC
Sgpltt CGTGGAGTGTCCTGTGTACT GGCTTTGCTCACCTGTTGTT
Sphk2* GATGCCCATTGGTGTCCTCC GATGCCCATTGGTGTCCTCC
Sgpp™ CGGGCTGATTCTCATTCCCT ACAAGAATCCAGCAATGACATCC
Spns2* AACACACGCACATTGATGCT CTTCACGCTGGAACCTGTGA
S1pr1A ATGGTGTCCACTAGCATCCC CGATGTTCAACTTGCCTGTGTAG
Il14ra® TCTGCATCCCGTTGTTTTGC GCACCTGTGCATCCTGAATG
Ccl28 GGCTCAGCCAGATGCAGTTAA CCTACTCATTGGGATCATCTTGCT
Ccl194 CCTGGGAACATCGTGAAAGC TAGTGTGGTGAACACAACAGC
Ccl21* ACTCTGAGCCTCCTTAGCCT TAAGGCAGCAGTCCTGACCC
VE-Cad* CACGGACAAGATCAGCTCCT GGTAGCATGTTGGGGGTGTC
Hprt? GTTAAGCAGTACAGCCCCAAA AGGGCATATCCAACAACAAACTT

APrimers were designed with Primer Blast website tool. ®Primers were described in ref. 5.

stimulated with IL13 (20 ng/ml, R&D Systems), cell-free dLN media, prepared as for the S1P bioassay
(40%) or both for 2 hours.

RNA isolation, gPCR. RNA was extracted from whole dLNs with Trizol reagent (Qiagen). RNA from
sorted cells and primary LECs was isolated with the RNeasy Micro kit (Qiagen) following the manufactur-
er’s instructions. RNA was reverse transcribed with the Affinity Script gPCR CDNA Synthesis Kit (Agilent
Technology). qPCR was performed using Sybr green reagent (Invitrogen). Primers are listed in Table 1. Data
were normalized to Hprt.

Histology, IHC, and immunofluorescence. Back skin was isolated from sclGvHD mice 7 or 42 days after
splenocyte transfer, fixed in 10% formalin, and embedded in paraffin. Two H&E-stained back skin tissue
samples per mouse were scored blindly by an observer experienced in SSc pathology (R. Lafyatis) for
inflammation, using a semiquantitative scale from 0-3. T cell IHC on paraffin-embedded skin sections was
performed using anti-CD3 antibody (A0452, DAKO) following manufacturer’s instructions. The number
of infiltrating CD3" cells was evaluated blindly on 4 representative 20x THC pictures with Image J software.
Collagen was stained with the Masson’s Trichrome staining kit (Polysciences). Frozen sections of skin
dLNs were prepared from sucrose saturated, paraformaldhehyde fixed tissue embedded in Optimal Cutting
Temperature medium. Frozen sections (10 pum) were stained with DAPI, (Sigma-Aldrich) FITC-conjugated
LYVE-1 antibody (ALY7, eBioscience), and AlexaFluor 594-conjugated CD3 antibody (17A2, BioLeg-
end). Sections were imaged using a Leica SP5X laser-scanning confocal microscope. To determine com-
pression of lymphatic vessels, the images were analyzed with ImageJ/Fiji software, and the aspect ratio
was determined for all vessels with a defined lumen by calculating the ratio of maximum to minimum
diameters as in ref. 25. An aspect ratio of 1 is a perfectly round vessel, and higher numbers indicate more
compressed vessels.

Adoptive transfer of naive or activated T, cells into 7d-sclGvHD Ildra™~ mice. CD4" cells were isolated from
dLNs of B10.D2 mice or 7d-sclGVHD I/4ra~~ mice by negative selection with the CD4* T cells isolation IT
kit (Miltenyi Biotec). Purity of the cells was assessed by flow cytometry (88%—-95% CD4"). Purified CD4*
cells (2 x 10° to 3 x 10%were injected i.v. into 7d-sclGvHD Ilr4ra~’~ mice. Mice were blindly monitored for
clinical signs of GVHD as described and sacrificed on day 42 for histological analysis of the skin.

Statistics. The number of animals to be used in each experiment was estimated using the G*Power 3.1
program, considering a statistical power of 80% and a significance level of 0.05. Experiments with 2 groups
were analyzed with unpaired Student’s ¢ tests for continuous variables, and Mann-Whitney U tests were used
for categorical values. Two-way ANOVA followed by Bonferroni post-test correction for multiple hypothesis
testing was used for experiments with multiple groups. A significance level o. = 0.05 was considered signifi-
cant. Log-rank (Mantel-Cox) test for Kaplan-Meier survival curves was used for the clinical score in Figure
6, and as we compared 2 of the 4 groups, the significance level was adjusted to a = 0.025. All statistical
analyses were performed with GraphPad Prism software. Error bars represent +SD of biological replicates.
All experiments were performed at least 3 times unless otherwise indicated.
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Study approval. The Institutional Animal Care and Use Committee at Harvard Medical School TACUC
protocol 04911) approved this study.
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