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Abstract

Lymph node (LN) expansion during an immune response is a complex process that involves the
relaxation of the fibroblastic network, germinal center formation, and lymphatic vessel growth.
These processes require the stromal cell network of the lymph node to act deliberately in order to
accommodate the influx of immune cells to the lymph node. The molecular drivers of these
processes are not well understood. Therefore, we asked whether the immediate cytokines, type 1
interferon, produced during viral infection influences the lymphatic network of the lymph node in
mice. We found that following an interferon inducing stimulus, such as viral infection or polyl:C,
programmed death ligand 1 (PD-L1) expression is dynamically upregulated on lymphatic
endothelial cells (LEC). We find that reception of type 1 interferon by LECs is important for the
upregulation of PD-L1 of mouse and human LECs and the inhibition of LEC expansion in the LN.
Expression of PD-L1 by LECs is also important for the regulation of lymph node expansion and
contraction after an interferon inducting stimulus. We demonstrate a direct role for both type 1
interferon and PD-L1 in inhibiting LEC division and in promoting LEC survival. Together these
data reveal a novel mechanism for the coordination of type 1 IFN and PD-L1 in manipulating LEC
expansion and survival during an inflammatory immune response.
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Introduction

Methods

Mice.

Following either infection or immunization, the draining lymph node (dLN) must expand to
accommodate the influx of lymphocytes and then contract as the immune response resolves
and the node returns to homeostasis. We and others have demonstrated an increase in both
the number of lymphatic endothelial cells (LECs)(1-5) and the density of LECs in the
cortical region(6) of the dLN in response to an innate stimulus. Although factors required for
lymphatic vessel growth in the tissue have been established and include the VEGFC/
VEGFR3 interaction(3-5, 7-11), alternative signaling mechanisms by which the lymphatic
endothelium of the lymph node (LN) expand are still not well understood. However, some
critical events are required for the expansion of the LN and include the recruitment of B
cells, DCs and T cells, prior to expansion and lymphatic remodeling(1, 3-5, 12, 13). Very
little is known about the contraction of the LN stroma following an immune response.
However, we have demonstrated that the LECs undergo apoptosis during LN contraction(2)
and others have noted IFN+y production by T cells results in lymphatic regression during LN
contraction(14).

Within the LN, LECs differentially express several markers including programmed cell
death ligand 1 (PD-L1), intercellular adhesion molecule 1 (ICAM1), vascular cellular
adhesion molecule 1 (VCAML1) and mucosal addressin cellular adhesion molecule
(MadCam)(15). Intercellular interactions between LECs and DCs are established by the
interaction of ICAM1, VCAML1 and MHC class Il on stromal cells; and Lfal and Mac-1 on
DCs, among others(1, 16-19). These interactions are important for LECs and DCs to
interact to exchange antigens and promote either self-tolerance(15, 20, 21) or promote T cell
effector memory(1). However, why the LECs express PD-L1 based on their location in the
LN (15) is not well understood. The described primary function of PD-L1 expression by the
lymphatic endothelium is to drive peripheral T cell tolerance both to self-antigens, non-
adjuvanted foreign antigens(15, 17, 20-23) and in settings of cancer(24, 25). It has been
demonstrated that PD-L1 expression by cancer cells induces a signaling network that results
in increased cellular survival and inhibition of cell division(26-29). However, whether PD-
L1 signaling events occur in LECs has yet to be established.

Here, we reveal that PD-L1 expression by LECs in the LN is dynamically regulated during
an immune response and that this regulation is dependent on interferon alpha/beta receptor
(IFNaR) signaling. Furthermore, we provide evidence that both type 1 IFN and PD-L1 are
negative regulators of LEC division during LN expansion. In turn, and in concert with other
work(26, 27), we show that PD-L1" LECs are protected from the apoptotic process that
ensues during LN contraction. Therefore, our data outlines a role for type 1 IFN and PD-L1
in regulating the expansion and contraction of the lymphatic network in the LN during an
inflammatory immune response.

4-6 week old mice were purchased from Charles River or Jackson Laboratory, unless
otherwise stated, bred and housed in the University of Colorado Anschutz Medical Campus
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Animal Barrier Facility. Wild type, Prox-1 cre, Rosa26 STOPflox, Ifnarl™", /fngr]‘/' and
Pdl17~ mice were all bred on a C57BL/6 background. All animal procedures were approved
by the Institutional Animal Care and Use Committee at the University of Colorado.

Polyl:C and viral challenge.

Polyl:C (Invivogen) and ovalbumin were injected either subcutaneously or intraperitoneally
as described previously(1, 2). For some experiments, anti-CD40 (BioXcell) was also
injected. For viral challenge, mice were injected with 1x10% pfu/footpad using the vaccinia
virus western reserve strain(1, 30). For chikungunya virus infections, 3-4 week-old mice
were injected with 103 pfu/footpad of the chikungunya virus strain AF15561 or 181/25 in an
animal biosafety level 3 laboratory. For Dengue virus infection, 6 week old mice were
injected with 10* pfu/footpad of the dengue virus strain DENV2 NGC.

BrdU treatment.

4 mg of 5-Bromo-2’-Deoxyuridine (BrdU) (BP25081, Fisher Bioreagents) was injected into
C57BL/6 mice in 200 pl of PBS intraperitoneally and given at 0.8 mg/mL BrdU in water for
one week(3).

LEC harvesting and staining for flow cytometry.

LNs were harvested and digested, and then stained for flow cytometry(1, 2). For Ki67
staining cells were stained for surface markers and then fixed and permeablized using the
eBioscience FoxP3 transcription factor staining buffer set (catalog number 00-523). Briefly,
cells were fixed and permeabilized for 30 min at 4°C in the dark, and then stained with Ki67
overnight at 4°C. Cells were then washed and run on the cytometer.

For BrdU studies, cells were stained for surface markers, and then fixed in solution of 4%
PFA, 1mg/mL saponin, 1% HEPES in HBSS (PFA/saponin solution) Cells were incubated in
10% DMSO in PBS/saponin buffer on ice for 10min to enhance staining. Cells were re-fixed
in PFA/saponin solution for 5min at RT, and then digested with Img/mL DNAse for 1 hour.
Cells were stained with BRDU FITC (10pL ab into 45uL PBS/saponin buffer) for 30min at
4°C.

For evaluation of caspase activity by flow cytometry, the CellEvent Caspase-3/7 Green Kit
(Life Technologies, catalog number C10427) was used. Briefly, cells were digested as
described and then stained for surface markers. Cell were then stained with the caspase
reagent for 30min at 37°C, and then run on the cytometer.

Unless otherwise noted, all flow cytometry antibodies were purchased from Biolegend.
Stromal cells were stained with CD45 APC-Cy7 (1:200) or Pacific Blue (1:300) clone 30-
F11, PDPN APC clone 8.1.1 (1:200), CD31 PerCP/Cy5.5 clone clone 390 (1:200), PD-L1
PE or BV421 (1:200) clone 10F.9G2, Ki67 PE clone SolA15 (1:400, eBioscience), BrdU
FITC (clone Bu20A, eBioscience or B44, BDBiosciences) and ICAM PE or Pacific Blue
clone 3E2 (1:400, BD Pharmingen).
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Primary mLECs (Cell Biologics, C57-6092) and hLECs (Cell Biologics, H-6092) were
cultured in in endothelial cell media (Cell biologics, M1168 and H1168). Flasks and plates
were coated with matrigel diluted 1:1000 in media(31). mLECS were treated with rIFNa (a
kind gift from Ross KedI(32)) and rIFNy (Biolegend, 714006) at 250 U/mL(33) for 24
hours (h) before cells were harvested. Cells were then stained with aPDPN and aPD-L1,
and acquired on a Cyan ADP flow cytometer (Dako) and analyzed using flowjo software
(Treestar). hLECs were treated with human IFNa.2 (PBL Assay Science-11100-1) at 500
U/mL(34) for 24 h and then harvested as above.

Fluorescence microscopy.

LEC sorting

Popliteal and inguinal LNs from naive or immunized mice were fixed in formalin and
embedded in paraffin. Normal human LNs embedded in paraffin were obtained from the
University of Colorado Pathology Core. About 7-10um sections were cut using a
microtome. Slides were baked for two hours at 65°C and then heated in a pressure cooker
for 20min in Tris-EDTA pH9 antigen retrieval buffer. Serial sections were stained with
lyve-1 (1:400, Abcam polyclonal) and cleaved capsase 3 (1:100, Cell Signaling), or lyve-1
B220-bio (1:100 Biolegend clone RA3-6B2), and PD-L1 (1:50, Biolegend clone 10F.9G2).
For sections stained with caspase and lyve-1, sections were first stained for caspase, and
then the section was blocked with an a-rabbit 1gG, before staining with lyve-1. Secondary
antibodies used were anti-rabbit IgG-FITC and anti-rabbit 1gG—dylight647 (1:200,
Biolegend) anti-rat 1gG-dylight647 (Biolegend, 1:100) and streptavidin-PE (Biolegend
1:200). Normal human lymph nodes were purchased, and 7-10um sections were cut and
stained with D2-40 (1:50) and PD-L1 (1:300). Secondary anti-bodies used were anti-mouse
1gG-dylight647, and anti-rabbit 1gG-FITC. Sections were imaged using a Nikon Eclipse Ti
series fluorescent microscope. Images were taken with a Photometrics Coolsnap Dyano
fluorescent camera. For image quantification, regions of interest (ROIs) were drawn around
the Iyve-1 positive regions to designate LECs and the average MFI of PD-L1 expression was
taken using the Nikon software. For quantification of cleaved caspase 3, sections were
stained with PD-L1 and positive regions identified. A serial section was stained for lyve-1
and cleaved caspase 3. Serial images were overlaid and PD-L1 positive and lyve-1 positive
regions were identified as caspase 3 positive or negative and quantified. DAPI staining was
used to ensure the cleaved caspase 3 was nuclear. For all images, Lookup Tables (LUTS)
were adjusted on each image equally.

and RT-gPCR.

Five C57BL/6 mice per group were immunized. Six days later, mice were euthanized and
draining LNs were digested as described above. Cells were stained with CD45-PE
(Biolegend) and underwent negative selection using anti-PE microbeads and LS columns
(Milltenyi). LECs were sorted on a FACsAria Il (BD Biosciences). RNA was isolated from
sorted PD-L1'° and PD-L1" LEC populations with the RNeasy micro kit (Qiagen-74004).
Complimentary DNA (cDNA) was made using the Qiagen QuantiTect Reverse Transcription
kit (Qiagen-205314). Primers to Cxcl4, Gdfl10, Ifgb1 and control gene 18swere purchased
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from Qiagen and run on Thermo Fisher Step 1 plus real-time PCR machine. Quantification
was performed using the delta-delta CT method(35).

Bone marrow chimeras.

Results:

WT, Pdl17~, or Ifnarl™~ were irradiated with 1000 Rads using a Cesium-137 gamma
irradiator and rested for 4 h before reconstitution with WT bone marrow. Bone marrow was
isolated and red blood cells were lysed prior to intravenous transfer and allowed to
reconstitute for 10 weeks(2).

Dynamic expression of PD-L1 by Lymphatic Endothelial Cells

At homeostasis, subcapsular and medullary mouse LN LECs have been shown to express
high levels of PD-L1 while cortical LECs only express low levels(15). Similarly, in normal
human LNs stained for the lymphatic vasculature with podoplanin (PDPN) and PD-L1 we
found that LECs express PD-L1 in the subcapsular sinus with undetectable staining in the
cortex (Fig 1A,B). To determine the signals that regulate this low versus high expression of
PD-L1 on LECs, we asked whether primary LECs derived from human (hLEC) lymph nodes
have differential expression of PD-L1. We found hLECs at homeostasis do not have low and
high PD-L1 expressing populations (Figure 1C). Based on published findings that IFNa
could regulate PD-L1 expression in other cell lineages(33, 36-38) we asked if PD-L1 was
regulated by IFNa /n vitro. Upon stimulation with IFNa, PD-L1 expression increased both
by surface protein expression (Figure 1C) and mRNA (Figure 1D) in hLECs. Similarly,
naive primary murine LECs (mLECs) express low levels of PD-L1 (Figure 1E), and do not
have bimodal expression of PD-L1. Interestingly, upon treatment with polyl:C, pam3CSK or
LPS, mLECs did not upregulate PD-L1, but similarly to hLECs, did upregulate PD-L1 in
response to recombinant IFNa (Figure 1E, Supplemental Figure 1A) This suggests that
LECs are not upregulating PD-L1 in response to the polyl:C, a TLR3 agonist, even though
LECs express TLR3 /n7 vivo (39), and primary murine LECs express TLR3 /n vitro
(Supplemental Figure 1B). These data demonstrate that type 1 interferon, but not type 1
interferon inducing TLR agonists, is sufficient to cause the upregulation of PD-L1 by LECs.

To address whether PD-L1 expression by LECs changed following type 1 IFN stimulus /in
vivo we evaluated PD-L1 expression by LECs in the lymph nodes of mice. We used Prox-1
ERcre Rosa26 STOPflox Tdtomato mice (prox-1 tdt), which express Tdtomato in prox-1 cre
positive cells following tamoxifen administration(40), where prox-1 distinguishes LECs
from all other cells in the lymph node(41). We then verified that the prox1 expressing cells
were also lyve-1 positive (Figure 1F, Supplemental Figure 1C) and quantified PD-L1
expression. We confirmed PD-L1 staining was not non-specific binding of the anti-rat
secondary by staining lymph node sections with the anti-rat secondary alone (Supplemental
Figure 1D). While the Tdtomato does appear dimmer in the center of lymph nodes this is
likely due to the lack of tamoxifen penetrance.

We quantified PD-L1 expression on LECs in naive lymph nodes, delineating the subcapsular
sinus and the cortex (Supplemental Figure 1C), and confirmed that PD-L1 expression was
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higher on subcapsular sinus LECs compared to cortical LECs (Supplemental Figure 1E).
The cortical LECs do appear to express PD-L1, but at lower levels than the subcapsular
LECs, as has been previously described(15). To test whether PD-L1 expression increased
after an interferon inducing stimulus we immunized mice subcutaneously with polyl:C. We
found that one day following immunization with polyl:C, there was an increase in PD-L1
expression on the prox-1 tdt, lyve-1 positive vessels of mouse lymph nodes (Figure 1F,
Supplemental Figure 1C). Even after immunization the subcapsular LECs expressed higher
levels of PD-L1 compared to the cortical LECs (Supplemental Figure 1E). This was not due
to differences in IFNaR expression by the LECs as we found no significant differences in
IFNaR expression between the PD-L1 or PD-L1° LECs (Supplemental Figure 1F).

PD-L1 upregulation by LECs after infection or immunization is controlled by type 1 IFN

To determine if PD-L1 upregulation by LECs /n vivois a normal response to viral infection,
we infected mice with vaccinia virus, chikungunya virus (CHIKV), and dengue virus and
evaluated PD-L1 expression on dLN LECs by immunofluorescence. We first confirmed that
in naive mice, PD-L1 expression was lower in the T cell zone and in the interfollicular
ridges by visualization of the B cell follicles (Supplemental Figure 2A), but detectable as
previously reported(23) and shown (Supplemental Figure 1D). We found a dramatic increase
in PD-L1 expression on LECs both in the sinus and in the cortex three to five days after viral
infection (Figure 2A, Supplemental Figure 2A). We confirmed these findings using flow
cytometry following infection with vaccinia virus, CHIKV or immunization with polyl:C.
LECs were gated as CD45-, CD31*, PDPN*, and then PD-L1 expression was examined
(Supplemental Figure 2B). Following infection or immunization with polyl:C, PD-L1
expression on LECs increased significantly (~5 fold) compared with LECs in naive mice
(Figure 2B). To understand the kinetics of PD-L1 upregulation we immunized mice and
evaluated PD-L1 expression over time. We found that PD-L1 upregulation occurred within 3
hours post immunization with polyl:C, where the peak of expression occurred at 24 hours
(Figure 2C,D). PD-L1 expression returned to steady-state levels between day 3 and 6 after
polyl:C immunization (Figure 2D).

Importantly, dengue virus, polyl:C, vaccinia virus, and CHIKYV are all potent inducers of
type 1 IFN(42-45), which is capable of inducing PD-L1 expression on both human and
murine LECs /n vitro (Figure 1). While administration of TLR agonists /n7 vitro was not
sufficient to induce the upregulation of PD-L1, immunization with other type 1 IFN
inducing TLR agonists LPS and CpG did result in the upregulation of PD-L1 on LECs /n
vivo. However, immunization with Pam3CSK, a TLR1,2 agonist that does not induce type 1
IFN, did not lead to PD-L1 upregulation (Supplemental Figure 2C). Indeed, we found a
dramatic increase in IFNp expression and an increase in IFNa4 expression in the LN at 5
hours which decreased, but was still high, at 1 day post immunization by qRT-PCR (Figure
2E) after polyl:C immunization. We also evaluated IFNvy expression, as Type 2 IFNs have
also been shown to upregulate PD-L1(33, 36, 46—49), and found that IFNy expression does
increase in the lymph node at 5 hours post polyl:C immunization, but not to the extent of
IFNa4 and IFNP and decreased by day 1. There was no detectable expression of IFNa4,
IFNB or IFN+y at 3 or 4 days after immunization (Figure 2E) when PD-L1 expression also
returns to normal levels (Figure 2D). Following this immunization, we know that IFNy is
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produced by T cells by day 6(50) and that this does not result in PD-L1 upregulation (Figure
2D). To determine if type 1 IFN is required /n vivo for PD-L1 upregulation by LECs in the
LN, we utilized mice deficient in interferon alpha/beta receptor 1 (/fnarZ™~). WT and /fnar
~~mice were immunized with polyl:C and one day after immunization PD-L1 expression
by LN LECs was evaluated. While PD-L1 expression increased on WT LECs, the LECs
from /fnar”~ mice did not upregulate PD-L1 expression in response to immunization
(Figure 2F).

To determine the role of type 1 IFN in regulating PD-L1 on LECs following infection we
infected /fnar”~ mice with vaccinia virus and evaluated PD-L1 expression on LECs five
days post infection. Intriguingly, PD-L1 expression in the /frar”~ hosts was not as high as in
WT mice infected with vaccinia virus (Figure 2F), perhaps indicating that there are other
factors produced during viral infection that lead to the partial upregulation of PD-L1 on
LECs. However, there was a significant decrease in PD-L1 expression following both
polyl:C and vaccinia in the /fnar”~ hosts (Figure 2G). PD-L1 expression in the naive /fnar
~~host was similar to the WT naive, indicating that type 1 IFNs are not necessary for the
homeostatic bimodal expression of PD-L1 on LECs /n vivo, which is consistent with
published data suggesting that lymphotoxin beta receptor (Ltpr) expression may be
necessary for steady state PD-L1 expression in the LN(15). These data demonstrate that type
1 IFNs are critical for the upregulation of PD-L1 on LECs at early time-points following
both immunization and infection. Since IFN+y treatment can induce PD-L1 expression by
LEC (Supplemental figure 2D) and other endothelial cells /in vitro(33, 36, 46—49) we asked
if IFN<y was also responsible for the upregulation of PD-L1 /7 vivo following immunization.
One day post immunization, in IFNy deficient mice, PD-L1 expression on LECs increased
despite the inability of LECs to receive a signal from IFN-y (Supplemental Figure 2E)
indicating that IFNy is not required for PD-L1 upregulation in response to polyl:C in vivo
but is sufficient in vitro. Collectively, these data indicate that PD-L1 expression on LN LECs
in vivois regulated by IFNaR signaling following both polyl:C immunization and viral
infection.

PD-L1!° LECs divide during LN expansion

The timing in which PD-L1 expression occurs, 0-3 days (Figure 2D), is prior to the
expansion of LECs (3-6 days)(1) after immunization (Figure 3A). Therefore, we asked if
there was a connection between PD-L1 expression and LEC division. Mice were immunized
as above with antigen (ovalbumin) and polyl:C with or without aCD40 to elicit LN
expansion and LEC division (Figure 3A and Supplemental Figure 3A). To our surprise, by
Ki67 staining, only the PD-L1!° LECs underwent division at 3-6 days post immunization
(Figure 3A) concurrent with the time-point in which PD-L1 expression declined (Figure
2D). This difference in division between the PD-L1!° and the PD-L1" LECs was reflected in
the number of LECs over the course of the immune response (Figure 3B). Although there
was a dramatic increase in the number and frequency of PD-L1N LECs at one day post
immunization, corresponding with the overall increase in PD-L1 expression, the PD-L1M
LEC subset did not divide during LN expansion (3-6 days), whereas the PD-L1!° LEC
subset significantly expanded in the days following immunization (Figure 3B). These data
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demonstrate that PD-L1 expression negatively correlates with the expansion of LECs in
response to type 1 IFN inducing innate stimuli.

To investigate how LEC division is controlled following an innate immune stimulus and
whether these two populations of LECs, PD-L1M versus PD-L1!°, activate different
transcriptional programs, we immunized mice with polyl:C and evaluated the known growth
factor receptor associated with LEC division, vascular endothelial cell growth factor receptor
3 (VegfR3). Following repeated systemic injection of the blocking VEGFR3 antibody we did
not observe any difference LEC proliferation after immunization, as assessed by Ki67
staining of LN LECs between 1 day and 7 days post immunization (Supplemental Figure
3B). Therefore, we analyzed expression of other factors known to be involved in endothelial
growth or inhibition of growth. To do this we digested the LN and sorted LECs (1, 2, 51),
based on their expression of PD-L1 (Supplemental Figure 3C,D) 5 days after immunization-
a timepoint when we saw robust LEC division. We did not observe any difference in
VEGFR3/FIt4 expression between PD-L1N and PD-L1!° LECs (Figure 3C). We evaluated
the angiostatin platelet factor 4 (PF4/CXCL4) shown to be important in inhibiting
angiogenesis (52, 53) by binding to vascular growth factor receptors(54) and found an
approximately 50 fold increase of PF4/CXCL4 expression in PD-L1M LECs (Figure 3C).
We also evaluated growth/differentiation factor 10 (GDF10) which was shown to be involved
in the growth of CD31* endothelial cells as well as axonal sprouting(55). GDF10 was
enriched 50-100 fold in the PD-L1'° LECs (Figure 3C). Finally, we evaluated integrin 1
(ITGBL1) expression due to its involvement in endothelial growth and sprouting(56, 57), and
found ITGB1 was enriched in the PD-L1!° LECs approximately 2—6 fold (Figure 3C).
Together, these data suggest that PD-L1!° LECs have a transcriptional program associated
with active cell division while PD-L1" LECs actively inhibit cell division.

Early LEC division is inhibited by type 1 IFN

Due to the dramatic differences in division we found between PD-L1M and PD-L1'° LECs in
the LN, the delay in LEC division between days 0 and 3 (Figure 3A,B) and the kinetics of
IFN expression in the LN after polyl:C immunization (Figure 2E) we asked if type 1 IFNs
were inhibiting LEC division. Using a lethally irradiated /f7ar”~ mouse reconstituted with
WT bone marrow we asked again whether the LECs upregulated PD-L1 after polyl:C
immunization (Figure 4A). We found the LECs lacking the IFNaR, even when the
hematopoietic compartment was WT, could not upregulate PD-L1 (Figure 4B,C).
Surprisingly, we saw robust division in the /#nar”~ host two days following immunization
(Figure 4B,D), with around 20% of the LECs dividing, in contrast to the WT mice where
very little division (around 5%) occurred at 2 days post immunization (Figure 4D and
Supplemental Figure 3A). As before, only the PD-L1!° LECs divided following
immunization suggesting that PD-L1!° LEC preference for division is not controlled by type
1 IFN signaling. To determine if chronic IFN signaling results in loss of LEC division we
utilized a chronic polyl:C injection model(58) (Figure 4E). Based on the data above we
predicted that chronic IFN signaling would result in sustained upregulation of PD-L1 in the
LN. Indeed, when mice were injected with polyl:C every other day for 1 week, PD-L1
expression remained high over the course of the week while a single injection of polyl:C
resulted in the downregulation of PD-L1 at 4 days following immunization (Figure 4F).
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When we evaluated the expression of Ki67 by LECs we again found that Ki67 was produced
at high levels at 4 days following a single injection of polyl:C, concurrent with the time-
point in which PD-L1 expression decreased. Consistent with the loss of type 1 IFN signaling
inducing dysregulated division in the /fnar”~ chimera (Figure 4a-c), we found that chronic
type 1 IFN signaling significantly inhibited the ability of the cells to divide (Figure 4G).
Taken together, we conclude that type 1 IFN, resulting from an innate stimulus, inhibits LEC
division during the time when IFNa and IFNP expression is elevated (Figure 2E).

Loss of PD-L1 increases LEC division

We have shown above that PD-L1 distinguishes which LECs will divide during lymph node
expansion, however it has been shown that high levels of PD-L1 can inhibit vascular
endothelial cell division through vascular endothelial cell growth factor regulation /in
vitro(28). Since we see selective division of PD-L1!° LECs after IFN expression declines,
we asked if PD-L1 was also contributing to the control of LEC division. We first asked if
complete loss of PD-L1 led to aberrant LEC division. We utilized Pa/Z~/~ mice to determine
if LEC division after immunization was affected when PD-L1 was absent. We used both
total Pd/17~ mice and Pd/I7~ mice lethally irradiated and reconstituted with WT bone
marrow to eliminate any contribution of PD-L1 coming from hematopoietic cells such as
macrophages and DCs. We found that there was significantly more LEC division in the total
Pdl17~ host and in the chimeric P/~ host compared to each WT counterpart at 5 days
post immunization (Figure 5A). This increase in division corresponded with a greater fold
increase in total LEC number in the g/~ host than the WT host independent of whether it
was a complete Pa/17~ or bone marrow chimera (Figure 5B). When we asked if loss of PD-
L1 could initiate LEC division earlier we found that, unlike the /f7ar”~ chimeras, in the
Pdl17~ chimera there was no increase in LEC division at 2 days post immunization (Figure
5A), nor an increase in division in the P/~ mice during chronic polyl:C immunization
(Supplemental Figure 4B), indicating that the role of PD-L1 in regulating division is
independent and secondary to type 1 IFN. Importantly, we did not observe any differences in
total LN cell number, CD4 and CD8 T cell number or B cell number between the WT and
the Pd/17'~ host or P17/~ chimera (Supplemental Figure 4C), indicating that the differences
observed in LEC division or number was not simply due to increased LN size or cellularity.

To evaluate whether LEC division was dysregulated in the population of LECs that normally
express PD-L1, we used ICAML1 as a marker of subcapsular LECs, as described previously
(15 and Supplemental figure 2B). The expression of ICAM1 does not change in the Pd/17~
chimera compared to WT (Figure 5C). We found that in the WT type hosts, very few of the
ICAM1* LECs divided during LN expansion; strikingly, a substantial number of ICAM1*
LECs underwent division in the Pd/Z~~ chimera (Figure 5C,D). We then evaluated whether
there were differences in the factors involved in endothelial growth and/or inhibition we had
seen between PD-L1M and PD-L1!° LECs in the Pd/7™~ mice. Thus, we immunized mice
and 5 days later digested the LNs and sorted LECs. While we found no significant
differences in either GDF10 or ITGB we saw decreased expression of the angiostatin,
CXCL4 (Figure 5E). As CXCL4 has been shown to negatively regulate angiogenesis (52—
54), a reduction in CXCL4 expression may be one mechanism by which LEC division
increases in the P/~ chimeras. These data demonstrate a role for PD-L1 in regulating
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LEC growth, perhaps through the inhibition of CXCL4, during the process of LN expansion
after an immune stimulus.

PD-L1!° LECs undergo apoptosis during lymph node contraction

Other reports outline a role for PD-L1 in promoting cancer cell survival (26, 27, 29), via
domains in the cytoplasmic tail of PD-L1(26, 29). Our previous findings suggest that LEC
apoptosis occurs during LN contraction (2). Thus, we asked whether PD-L1 expression was
promoting LEC survival of specific subsets of LECs. Therefore, we utilized a pulse-chase
experiment where immediately following immunization with polyl:C and aCD40, BrdU was
given to mice for one week to allow the BrdU to incorporate into DNA during DNA
replication (Figure 6A). After one week of BrdU, mice were given normal water for two
more weeks to evaluate the loss of cells that incorporated BrdU and thus which cells
underwent LEC death (Figure 6A). At one-week post immunization, we observed BrdU
incorporation in the PD-L1!° LECs, but not in the PD-L1M LECs, confirming our Ki67
results that PD-L1 expressing LECs do not undergo division (Figure 6B). To evaluate which
populations underwent contraction we evaluated the loss of BrdU+ or BrdU- cells. When we
quantified the number of PD-L1!° LECs between 1 week and 3 weeks we found a significant
loss in PD-L1'° BrdU+ LECs (Figure 6C), while we saw similar numbers of PD-L1" LECs
between week 1 and week 3 (Figure 6D). These data suggest that not only do the PD-L1!°
LECs divide in response to an immune stimulus, but that they are also the cells that contract
during the resolution of the immune response.

To directly determine if low PD-L1 expression marks LECs that undergo caspase mediated
apoptosis during LN contraction we immunized mice and 2 weeks later asked which LECs
expressed caspase3/7 using caspase flow reagent (Figure 6E). Consistent with the above data
(Figure 6C,D), PD-L1 expression inversely correlated with the expression of caspase 3/7 by
LECs (Figure 6E,F). We also evaluated explanted LNs from mice immunized 10 days prior
to evaluate caspase staining by immunofluorescence. We stained serial sections with lyve-1
and cleaved caspase 3, or PD-L1 and quantified the number of caspase 3+ cells that were
either lyve-1+PD-L1M or lyve-1+PD-L1!° (Yellow arrows, Figure 6G). To ensure we only
evaluated caspase 3* LECs, only cells where caspase 3 overlapped with DAPI, in lyve-1*
vessels were counted. Further, we used sections stained without the primary caspase
antibody to distinguish caspase staining from non-specific staining (Supplemental Figure
4A). White arrows indicate caspase 3+ cells that are not lyve-1 positive. The nhumber of
caspase positive PD-L1!° LECs per LN was significantly higher than the number of caspase
positive PD-L1" LECs, indicating that PD-L1!° LECs undergo apoptosis at a higher
frequency than PD-L1N LECs. Together, these data demonstrate that, during an acute,
inflammatory immune response, the PD-L1!° LECs divide and then undergo apoptosis
during LN expansion and contraction, respectively, while the PD-L1" LECs neither divide
nor die during an immune response.

PD-L1 protects LECs from apoptosis

We next asked if loss of PD-L1 increased LEC apoptosis during an immune response at
times other than LN contraction, as we saw only a low frequency of PD-L1 expressing LECs
that underwent apoptosis during LN contraction. To address this, we immunized WT mice
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and 5 days after immunization, we evaluated caspase 3/7 positive LECs (Figure 7A).
Following our normal digestion and staining protocol we observed approximately 40 percent
of LECs were caspase 3/7 positive with the majority being PD-L1!° (~30%) (Figure 7B). To
evaluate if PD-L1 was acting to protect LECs from death we performed the same procedure
in Pd/17~ mice and found a higher mean fluorescence intensity of caspase 3/7 in the Pd/17~
LECs (Figure 7C) indicating the level of caspase 3/7 activity per cell is higher in LECs when
PD-L1 is absent. Remarkably, we found a significant increase the percent (Figure 7D) and
number (Figure 7E) of caspase positive LECs in the Pd/Z~~ mice compared to WT mice,
indicating that PD-L1 is protective against apoptosis. This is consistent with published data
demonstrating a pro-survival effect of PD-L1 signaling in tumor cells (26, 27, 29). These
data support the conclusion that there are distinct populations of LECs in the LN that
undergo division, apoptosis and survival during LN expansion and contraction. Thus, we
propose a model where type 1 IFN and PD-L1 independently inhibit LEC division and
where PD-L1 expression promotes LEC survival (Figure 7F).

Discussion

The data presented here support a model where PD-L1 expression by LN LECs regulates the
expansion, contraction and survival of LECs in the LN. Some of the factors needed for LEC
expansion in the LN during an immune response have be identified, and include production
of VEGF-C, as well as DC, T cell and B cell recruitment(4, 5). We find that PD-L1
expression not only regulates LEC division and survival, but that PD-L1 is dynamically
regulated by type 1 IFN. Furthermore, we find that type 1 IFN signaling also regulates LEC
division in a pathway independent of PD-L1. Our data uncover a novel mechanism by which
PD-L1 drives LEC survival and inhibits LEC division explaining the described phenomenon
of specific cortical LEC expansion following an immune stimulus(6).Thus, PD-L1
expression by LECs is intertwined with the innate immune response following an immune
challenge. Inhibition of LEC division and PD-L1 regulation by type 1 IFN may be a critical
first signal for the LECs to pause, perhaps allowing for the relaxation and spreading of the
fibroblastic reticular cell network (FRC), which also requires DC-FRC interactions(13),
before initiating lymphatic expansion to draw in large numbers of tissue resident immune
cells. The immediate upregulation of PD-L1 may be important for preventing an active
immune response against self-antigens or non-adjuvanted antigens normally presented by
LECs to T cells to maintain peripheral tolerance(15, 17, 20, 21, 25, 59).

We provide ample evidence here that both loss of PD-L1 and IFNaR results in increased
LEC division both in a P/~ chimeric mouse model, the intact Pd/Z~~ mouse and in an
Ifnar'~ chimeric mouse (Figure 4,5). We also suggest that PD-L1 signaling may lead to
downstream CXCL4 activation as CXCL4 expression is decreased in the P/~ mice. Since
CXCL4 has been shown to inhibit EC division we predict that loss of CXCL4 results, at
least in part, in the increased LEC division we see in the Pd/17~. These data are intriguing as
others have shown that CXCL4 is also involved in neutrophil recruitment during
inflammation(60) and that neutrophils contribute to inflammatory lymphangiogenesis
through VEGFD(61). While GDF10 and ITGB1 are not changed in the Pg/Z™~ they may
still be important for differences between PD-L1M and PD-L1!° LECs in the WT mouse. We
further show that repeated polyl:C injection and chronic interferon results in maintained
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upregulation of PD-L1 and in a loss of LEC division at the 3—4 day timepoint during which
we and others have described LEC division to occur(1, 4, 5). This loss of LEC division may
occur as a result of IFN mediated inhibition or increased PD-L1 inhibition, or both.
Interestingly, the loss of LEC division during chronic polyl:C injection never recovers. Not
only do these data predict that interferon stimulation and PD-L1 upregulation inhibit LEC
division, but also that chronic interferon signaling is likely to have detrimental effects to the
normal immune response. This is borne out in the literature in models where chronic
interferon signaling dramatically reduces immunity and promotes increased PD-1 expression
by T cells and PD-L1 expression by DCs(62—71). We acknowledge that there are likely other
cells participating in the process of immune dysregulation during chronic interferon
signaling, however, it does appear that in addition to these other cell types, LEC proliferation
during LN expansion does not occur normally in situations of chronic interferon stimulation.

Finally, we found that high levels of PD-L1 expression protected LECs from undergoing
apoptosis regardless of the timing after immunization. These data indicate that that PD-L1
expression also promotes LEC survival consistent with a described phenomenon in cancer
cells(26, 27, 29), where it appears that there are signaling motifs in the C-terminal
cytoplasmic domain of PD-L1 that confer protection against multiple inducers of
apoptosis(27, 29). The findings we outline here are important as they demonstrate that
reverse signaling of PD-L1 is not an aberrant process that occurs only in mutated cancer
cells, but instead a process that regulates how the lymph node expands and contracts in
response to immunization or infection. With this in mind, we predict that these findings and
future studies may provide an understanding of consequences resulting from the inhibition
or promotion of PD-L1 reverse signaling in settings of cancer or chronic infection. This is
important as we provide evidence that PD-L1 expression and regulation by type 1 IFN also
occurs in normal human LNs and primary human LECs (Figure 1).

The role of PD-1 and CD80 expression by hematopoietic cells in PD-L1 reverse signaling
also needs to be considered. Current literature suggests that the survival benefit of PD-L1
expression may be independent of binding to PD-1 or CD8Q0, as cells that express PD-L1
survive better in cultures even in the absence of cells expressing PD-1 or CD80(26, 27, 29).
However, it is still unclear whether CD80 or PD-1 may contribute. As such, an in vitro study
with vascular endothelial cells found that PD-L1 expression could limit vascular endothelial
cell division and that suppression of CD80 increased VEGFR2 expression thereby
promoting division (28).

In summary, these studies outline a role for PD-L1 in regulating the LEC response to an
immune stimulus. We have identified a major role for type 1 IFN in the upregulation of PD-
L1 on LECs and in the inhibition of LEC division when IFNaf expression is high. These
data corroborate new findings that type 1 IFN can inhibit lymphatic growth during
infection(72). We also identified a novel role for PD-L1 reverse signaling into the LEC that
prevents LEC expansion after infection or immunization. We show that loss of PD-L1 results
in lymphatic expansion after IFN levels decrease in the LN, potentially so that tissue resident
cells can infiltrate the LN when it is primed to do so. Finally, we provide evidence that PD-
L1 expression leads to an LEC state that confers protection against apoptosis and inhibits
division. Taken together these studies identify a novel role for IFNa and PD-L1 in regulating
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LEC division during the initiation of the immune response. Future studies are aimed at
evaluating the downstream mechanisms by which PD-L1 signals into the LEC, as well as a
role for PD-L1M LECs in coordinating the immune response via interactions with migratory
dendritic cells as they enter the lymph node.
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Figure1l. LEC PD-L1 expression isincreased by |FNa in vitro.
(A) Representative image and quantification of a human normal LN stained for PDPN and

PD-L1. Magnification: 200x. Arrows point to cortical lymphatic vessels. Gates were drawn
on the subcapsular and cortical LECs, and the gMFI of PD-L1 expression was quantified.
Large image magnification: 100x; small image magnification: 200x. Scale bar on large
image: 1mm; scale bars on inset images: 100um. (B) Quantification of A. (C) Representative
plot and quantified data showing the regulation of hLEC PD-L1 expression by IFNa /n
vitro. Cells were treated with IFNa for 24 hours prior to harvest. (D) RT-gPCR of PD-L1
from hLECs treated with IFNa. /n vitro. Cells were treated with IFNa. for 24 hours prior to
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harvest. (E) Representative plot and quantified data showing the regulation of mLEC PD-L1
expression by IFNa and polyl:C in vitro. Cells were treated with IFNa or poly I:C for 24
hours prior to harvest. (F) Representative image and quantification of Prox-1 tdt murine
popliteal LN from naive and 1day post immunization with polyl:C stained for lyve-1 and
PD-L1. Magnification: 200x. Scale bars: 250um. Gates were drawn on the lyve-1 positive
vessels, and the fold increase of PD-L1 expression compared to naive was quantified. All
experiments were repeated twice with 3-5 replicates per group with similar results.
Statistical analysis was done using a paired or unpaired #test. **, p < 0.01; ***, p < 0.001.
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Figure 2. PD-L1isupregulated following type 1 IFN stimulus.
(A) Representative 200x images and quantification of LNs from naive and day 3-5 vaccinia

virus and CHIKYV infected mice. Sections were stained for Lyve-1 and PD-L1. Fold increase
in PD-L1 expression over naive is shown. Gates were drawn around the Lyve-1 positive
staining, and the average PD-L1 gMFI was taken and normalized to naive. Large image
scale bars: 250uM; inset image scale bars: 50uM. (B) Representative plots and quantification
of PD-L1 expression on LECs in the dLN following infection with vaccinia and CHIKV
virus and immunization with poly I:C. The fold increase in PD-L1 gMFI compared to naive
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is shown. (C) Representative flow plots of PD-L1 expression on the dLN LECs following
poly I:C immunization. (D) Quantification of C showing PD-L1 gMFI on all dLN LECs
over time. (E) RT-gPCR showing fold increase in IFNa4, IFNP and IFN+y expression in the
dLN 5h post immunization with poly I:C. Data is normalized to naive. (F) Representative
flow plots and quantification of PD-L1 expression in WT and /f7ar~~ mice, 24 hours post
immunization with poly 1:C or 5 days post infection with vaccinia virus. The fold increase in
PD-L1 expression on LECs over naive is shown. All experiments used 2—3 replicates per
group and were repeated twice with similar results. Statistical analysis was done using an
unpaired #test or one-way ANOVA. *, p < 0.05; **, p < 0.01; **** p < 0.0001.
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Figure 3. Only PD-L 19 LECsdividein responseto an interferon stimulus.
(A) Representative flow plots and quantification of PD-L1 and Ki67 expression on LECs

following immunization with poly I:C and a.-CD40. The percent of PD-L1!° and PD-L1M
LECs that are Ki67 positive is shown. (B) LEC numbers following immunization with poly
I:C and a-CD40. Total LEC, PD-L1'° LEC and PD-L1" LEC number is shown. (C) RT-
gPCR showing the expression fold change in PD-L1!° LECs 6 days post immunization. All
experiments used 2-3 replicates per group and were repeated twice with similar results.
Statistical analysis was done using a one-way ANOVA. **** p < 0.0001.
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Figure4. Type 1 IFN inhibits LEC division and promotes PD-L 1 upregulation.
(A) Schematic of experimental design for B-D. (B) Representative flow plots showing PD-

L1 and Ki67 in WT and /fnar”~ chimeras 2 days post immunization. (C) Quantification of
A showing PD-L1 expression on LECs. (D) Quantification of A showing the percent of total
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and were repeated twice with similar results. Statistical analysis was done using an unpaired
ttest or one-way ANOVA. *, p < 0.05; **, p < 0.01; **** p < 0.0001.
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Figure5. Loss of PD-L 1 promotes LEC division after immunization.
(A) Representative flow plots and quantification showing Ki67 expression in WT and

Pdl17~ chimeras, and the total Pd/Z7~ 2 and 5 days post immunization. Day 5 WT
compared to Day 5 Pd/I~~ chimeras: p = 0.0001; Day 5 WT compared to total Day 5
Pdl17~: p = 0.008. (B) The fold increase in total LEC number over naive. (C)
Representative flow plots displaying Ki67 expression by ICAM1 expression in WT and
Pdl17~ chimeras. (D) Quantification of C showing the number of Ki67*, ICAM1N LECs.
(E) RT-gPCR showing the expression fold change in Pd/Z~~ LECs 6 days post

immunization. All experiments used 3 replicates per group and were repeated twice with

similar results. Statistical analysis was done using a one-way ANOVA following by

Bonferroni’s post-test. *, p < 0.05.
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(A) Schematic of experimental design for B-D. (B) Representative flow plots showing PD-

L1 expression and BrdU incorporation on LECs. (C) Quantification of B showing the

number of BrdU* PD-L1!° LECs. (D) Quantification of B showing the number of PD-L1hi
LECs. (E) Representative flow plot displaying PD-L1 and cleaved caspase 3,7 expression on
LECs. (F) Quantification of (E) displaying the percent of PD-L1!° and PD-L1" LECs that
are cleaved caspase 3,7 positive. (G) Quantification and representative images of an inguinal
LN stained with lyve-1, PD-L1, cleaved caspase 3 and DAPI. Magnification on large image:
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20x; magnification on inset images: 40x. Scale bars on large images: 250um; scale bars on
inset images: 10um. Quantification displays the number of cleaved caspase 3 positive PD-
L1* and PD-L1"LECs per LN section. All experiments used 3 replicates per group. BrdU
staining was repeated 4 times, caspase flow staining was repeated twice and caspase IF was
repeated 4 times with 4 lymph nodes per group with similar results. Statistical analysis was
done using a paired or unpaired #test. **, p < 0.01; **** P < 0.0001.
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Figure 7. Loss of PD-L 1 increases L EC apoptosis following immunization.
(A) Schematic of experiment design for Figure B-E. (B) Representative flow plot and

quantification of caspase3/7 staining on WT LECs 5 dpi. (C) Representative flow plot and
gMFI quantification of caspase3/7 staining on WT and Pd/I7~ LECs 5 dpi. (D)
Quantification displaying percent of LECs positive for caspase 3/7 expression in WT and
Pdl17~ LECs 5 dpi. (E) Quantification displaying of number of caspase 3/7 positive LECs
expression in WT and Pa/17~ LECs 5 dpi. (F) Model of type 1 IFN and PD-L1 regulation of
division and survival of LECs. All experiments used 3 replicates per group and were
repeated twice with similar results. Statistical analysis was done using a one-way ANOVA
following by Bonferroni’s post-test. *, p < 0.05.
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