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Abstract

Neuropilin 1 (Nrpl) is a type | transmembrane protein that plays important roles in axonal
guidance, neuronal development, and angiogenesis. Nrpl helps migrate thymus-derived regulatory
T cells to vascular endothelial growth factor (VEGF)-producing tumors. Little is known about the
role of Nrpl on CD4 T cells during atherosclerosis. In ApoE™~ mice fed a western diet (WD) for
15 weeks, we found a two-fold increase in Nrp1*Foxp3~ CD4 T cells in the spleens, peri-aortic
lymph nodes (PaLN) and aortas of those mice compared to chow-fed mice. Nrp1*Foxp3~ CD4 T
cells had higher proliferation potential, expressed higher levels of the memory marker CD44, and
produced more IFN+y when compared to Nrp1~ CD4 T cells. Treatment of CD4 T cells with
oxLDL increased Nrpl expression. Using atherosclerosis-susceptible mice that were selectively
deficient for Nrpl expression on T cells, we found that mice lacking Nrp1 developed less
atherosclerosis than their Nrp1-sufficient counterparts. Mechanistically, we found that CD4 T cells
that express Nrpl have higher capacity to migrate to the aorta and PaLN than Nrp1™ T cells,
suggesting that the expression of Nrpl facilitates the recruitment of CD4 T cells into the aorta
where they can be pathogenic. Thus, we have identified a novel role of Nrpl on CD4 T cells in
atherosclerosis. These results suggest that manipulation of Nrpl1 expression on T cells can affect
the outcome of atherosclerosis and lower disease incidence.

Introduction:

Neuropilin 1 (Nrpl) is a type | transmembrane protein that acts as a receptor for the
semaphorin 3 family of proteins (1-3) and a co-receptor for vascular endothelial growth
factor isoforms (4). It is expressed on a wide range of tissues and has a variety of functions
including migration, proliferation, and adhesion (5). Its expression is essential for axonal
guidance and neuronal development as well as cardiac formation and angiogenesis. Global
deficiency of Nrpl in mice is embryonically lethal due to a heart, blood vessels and neuronal
development defect (6, 7). In the immune system, Nrp1 is expressed primarily on natural
occurring regulatory T cells (Treg cells) (8), recent thymic immigrants of IL-17 producing
invariant NKT cells (9), and some myeloid cells (10, 11). Expression of Nrpl is thought to

2 Abbreviations used in this article: Nrpl, Neuropilin 1; ApoE—/-, apolipoprotein E knockout mice; PaLN, peri-aortic lymph node;
ILN, inguinal lymph node

TCorresponding Author: Catherine C. Hedrick, La Jolla Institute for Allergy and Immunology, 9420 Athena Circle, La Jolla, CA
92037, Hedrick@lji.org, Phone: 858-752-6500.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gaddis et al.

Page 2

be able to differentiate between natural occurring Treg cells and peripherally induced cells
(12, 13), although there is some controversy in the matter (14). Nrpl expression on Treg
cells may play a role in increasing the interaction between dendritic cells and Treg cells,
preventing other T cells from interacting with dendritic cells and therefore reducing priming
of effector T cells as blocking antibodies against Nrp1 limits such interactions (15, 16). Nrpl
is also thought to be a receptor for inactive TGFp promoting Treg cell activity (17).

In recent years, neuropilins have gained a spotlight as immunological modulators both in
physiological and pathological conditions (reviewed in (18)). In disease, much of Nrpl role
in the immune system has been studied in the context of tumor immunity. Studies have
shown that the expression of Nrpl on Treg cells allow for these suppressive cells to infiltrate
tumor microenvironment rich in VEGF expression, where they can suppress effector T cell
activation at the local environment, and therefore, support tumor growth (19). In addition, a
study by Delgoffe et al. showed that the lack of Nrp1 on Treg cells lessens Treg capacity to
suppress anti-tumor responses without impairing suppression of auto-immunity (20). This
occurs through the Nrpl and Semaphorin-4A axis rather than Nrpl and VEGF interaction,
suggesting the dual suppressive action of Nrpl against anti-tumor responses.

Due to its suppressive role on Treg cells, Nrpl signaling is thought to reduce the incidence
of inflammatory diseases. A study examining the role of Nrpl in EAE model of multiple
sclerosis showed that the lack of Nrp1 resulted in an increase in inflammation, and EAE
disease severity due to the increase of IL-17 production by CD4 T cells (21). Another study
showed that showed that the administration of a plasmid encoding Semaphorin 3A reduced
the severity of experimental rheumatoid arthritis by increasing the development of Nrp1*
suppressive CD4 T cells (22). Transfer of Nrp1* Treg cells allows for skin graft survival and
reduction of effector CD4 T cells (23).

Yet, little is known about the role of Nrpl in cardiovascular disease and atherosclerosis.
Since effector CD4 T cells and Treg cells play important, yet opposing roles in the
pathogenesis of atherosclerosis (reviewed in (24-27), it is important to understand the role
Nrpl plays during disease progression. Is Nrpl protective against the development of
atherosclerosis? In this study, we sought to answer the question regarding the role of Nrpl
on atherosclerosis development focusing on the T cell arm of the immune system.

Material and Methods:

Mice

Original breeding pairs of B6, ApoE~"~, LdIr~/=, Nrp1f/fl_and LCKC"® mice were purchased
from The Jackson Laboratories (Bar Harbor, Maine; Stock numbers 000664, 002055,
002207, 005247, and 003802, respectively). Foxp3-YFP-IRES-Cre-Rosa26-dt-RFP-ApoE ™~
(LT-ApoE~"") and Foxp3-YFP-IRES-Cre-Rosa26-dt-RFP-LdlIr~~ mice (LT-LdIr/~) were
developed in house at the La Jolla Institute for Immunology, as previously described (28,
29). Mice were used for experiments at 6-10 weeks of age. All mice were fed a standard
chow diet containing 0% cholesterol and 5% calories from fat (Pico lab, #5053, Saint Louis,
MO), a Western Diet (42% from fat, 0.2% from cholesterol) (Harlan, #TD 88137, Placentia,
CA), or a high cholesterol diet (High Fat Rodent Diet with Regular Casein and 1.25% added
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cholesterol (Research Diets Inc, #D12108C, New Brunswick, NJ). Mice were housed in a
pathogen free animal facility of LJI. Experiments followed guidelines of the LJI Animal
Care and Use Committee and the use of rodents was approved according to criteria outlined
in the Guide for the Care and Use of Laboratory Animals from the National Institutes of
Health.

Flow Cytometry

Peri-aortic LNs (PaLN), inguinal lymph nodes (ILN), or spleens were passed through a 40
um cell strainers. Spleen RBCs were lysed with 1X RBCs lysis buffer (Biolegend, San
Diego, CA). Aortas were perfused with ice cold PBS, explanted, and digested with DNAse I,
Collagenase type I, Collagenase type XI and Hyaluronidase type 1. All antibodies were
purchased from Ebioscience or Biolegend (San Diego, CA) unless otherwise indicated.
Samples were stained with Live Dead fixable dye (ThermoFisher, Carlsbad, CA). Cells were
surface stained with antibodies against CD4 (clone RM4-4), TCRp (clone H57-597), Nrpl
(clone N43-7; MBL International, Woburn, MA), CD44 (clone IM7), CD25 (clone PC61),
and CCR5 (clone HM-CCR5), in cold FACS buffer (2% BSA, 0.01% sodium azide in PBS).
Cells were fixed and permeabilized with Foxp3 staining buffer kit (Ebioscience), then
stained with antibody against Foxp3 (clone FIK-16S). All staining was done on ice for 30
minutes. In case of LT-ApoE ™~ mice, YFP and RFP were detected without further staining.
For IFNvy, IL-17, and TNFa, cells were stimulated with PMA and ionomycin (50 ng/ml and
1 pg/ml, respectively) for 4-5 hours with the addition of Golgiplug (BD Biosciences; 1 pl/
ml), and cells were stained intracellularly with antibodies against IFNvy (clone XMG-1.2),
IL-17 (clone ebiol1787), and TNFa (MP6-XT22). For analysis of PD-1 expression,
splenocytes were stimulated with a-CD3/28 dynabeads (Gibco) for 48 hrs. Samples were
acquired using LSRII (BD, Bioscience, San Diego, CA) and data were analyzed using
Flowjo software (Tree Star, Ashland, OR).

In vivo Proliferation Assay

Mice were injected i.p with 1 mg of BrdU and tissue were harvested 36 hours after injection.
Cell suspensions were stained as above, then treated with DNase and stained for BrdU as
recommended by the BrdU staining kit (BD Biosciences).

Quantitative Real Time PCR

Nrp1*YFP~ or Nrp1~YFP~ from LT-ApoE ™~ mice were stained as above and sorted using
BD Aria. Total cellular RNA from sorted cells were extracted by Trizol (Life Technologies)
followed by RNA purification using Direct-zol™ RNA miniPrep (Zymo Research, Irvine,
CA) per manufacturer’s instructions. RNA purity and quantity were determined by a
NanoDrop spectrophotometer (Thermo Scientific) and equal amounts of RNA was used to
synthesize cDNA using iscript cDNA synthesis kit (Bio-Rad). mRNA expression was
measured in real time quantitative PCR using TagMan Gene Expression system and
predesigned TagMan primers for ArpZ (MmO00435379_m1), 76x21 (Mm00450960 m1),
IFNy (MmO01168134_m1), /L-2(Mm00434256_m1), Abcal(Mm00442646_m1), Abcgl
(MmO00437390_m1) and B-actin (Applied Biosystems). Data were analyzed and presented
on the basis of relative expression method. The AACT method was used with S-actinas a
housekeeping gene.
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OXLDL stimulation

Equal numbers of lymphocytes from ApoE ™'~ mice or sorted naive (CD44!oWCD62LM),
central memory (CD44MNCD62LM), or effector memory (CD44NCD62L!oW) CD4 T cells
from B6 mice were cultured in serum free CST OpTimizer™ T cell expansion media
(ThermoFisher), supplemented with L-glutamine, penicillin and streptomycin and -
mercaptoethanol, and incubated with or without human oxLDL (unlabeled), or Dil-oxLDL
(KalenBiomed, Montgomery Village, MD) for 3 days.

Atherosclerosis Quantification

Mouse aortae were perfused, collected and immersed in paraformaldehyde and stained with
Oil Red O, then opened longitudinally and pinned as previously (30). Images were scanned
and the percentage of lesion surface area was determined with Photoshop software.

In vitro migration assay

Equal numbers of sorted Nrp1hi and Nrp1!®% were placed in the upper chamber of a 5 pm
transwell plate. In the lower chamber, either media, VEGF-165 (R&D systems), or oxLDL
(Kalen Biomedical) was placed. Cells were incubated at 37°C for 3 hours and cells that
migrated to the lower chamber were counted. Migration index was calculated by dividing the
number of cells that migrated in a particular well by the number of cells that migrated in the
control wells (media only).

In vivo migration assay

Total lymphocytes from spleens and peripheral lymph nodes from WD-fed ApoE ™~ mice
were harvested and stained with Cell trace violet (CTV; ThermoFisher) according to
manufacturer’s instructions. Equal numbers of cells were transferred to age matched chow
or WD-fed ApoE ™~ mice. Cells were allowed to engraft for 18-24 hours before the mice
were sacrificed. Aorta, PaLN and ILN were collected and donor cells (CTV*) were
determined using flow cytometry as described above.

Statistical Analyses:

Results:

All results are reported as mean * s.e.m. Results were analyzed by unpaired two-tailed
Student’s #test for two groups and one-way analysis of variance (one-way ANOVA),
followed by Tukey’s multiple comparisons test for three groups. A Pvalue of <0.05 is
considered to be significant. Statistical analysis was performed using GraphPad Prism 8
software (GraphPad Software, Inc.).

Nrpl*Foxp3~ CD4 T cells are increased in atherosclerosis:

To determine the role of Nrpl in atherosclerosis, we first examined the expression levels of
Nrpl on CD4 T cells during atherosclerosis development in chow versus western diet (WD)-
fed LT-ApoE~~. We found a 2-fold increase in Nrp1 expression on CD4 T cells in the peri-
aortic lymph nodes (PaLNs) and spleens of WD-fed mice (Fig. 1A). We also saw a similar
increase in the aortas of these animals (Fig. 1B) compared to chow controls. Upon detailed
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examination, we found that most of the increase in Nrpl expression occurred in non Treg
cells (CD4*TCRB*Foxp3~) (Fig. 1C; PaLN and spleen, Fig 1D and 1E; aorta). Since we
have previously reported that Treg cells lose their phenotype during atherosclerosis (28), we
wanted to ensure that this was not merely a shift of Treg cells that have lost expression of
Foxp3. By looking at the expression of RFP, that marks previous expression of Foxp3, our
results show that there was only 7% increase in RFP expression in the Nrpl*Foxp3~ CD4 T
cell population, between chow and WD-fed mice (Fig. 1F). This suggested that conversion
of Treg cells is not merely the explanation for the 2 fold increase in Nrp1*Foxp3~ CD4 T
cell population that we observe in WD-fed mice compared to their chow counterparts, rather
that this increase may be driven by atherosclerosis development. Furthermore, to validate
that this was not a phenotype of the LT-ApoE ™'~ mice, we observed the same 2-fold increase
in Nrp1*Foxp3~ CD4 T cells in ApoE ™~ mice (Fig. 1G). Moreover, increased Nrp1*Foxp3~
CD4 T cells were observed in the peripheral blood of LT-LDL receptor deficient, Ldlr”~, a
distinct atherosclerosis-prone mouse strain at 6 weeks post high cholesterol diet (HCD),
while frequencies of Nrp1*YFP* cells remained the same (Fig. 1H). Finally, three weeks on
an atherogenic diet failed to elicit an increase in Nrp1*Foxp3~ CD4 T cells within PaLNs
from B6 mice (Fig. 11, J) or spleen (data not shown), indicating that this increase in
Nrpl*Foxp3~ cells is governed by atherosclerosis development and a phenomenon of
atherosclerosis-prone, not B6 mouse strains.

Nrpl*Foxp3~ CD4 T cells are more proliferative and highly activated cells:

We next sought to characterize the behavior of these Nrp1*Foxp3~ CD4 T cells in the aorta
and PaLN of chow- and WD-fed ApoE~'~ mice. Using BrdU injection to label dividing cells,
our results showed that Nrp1*Foxp3~ CD4 T cells had a 2 to 3-fold higher proliferative
capacity compared to their Nrp1~ counterparts (Fig. 2A). This change was accompanied by a
2 to 3-fold increase in the expression of the T cell memory marker CD44 (Fig. 2B). When
both cell populations were sorted and assessed for mMRNA expression levels, Nrp1*YFP~
(Foxp3™) CD4 T cells had higher mRNA expression of 7bx21, IFNy and IL-2 (Fig. 3A).
Nrpl*YFP~ (Foxp3~) CD4 T cells also showed ~ 20-fold higher capacity to make IFNy
cytokine compared to Nrpl~ CD4 T cells (Fig. 3B).

To determine functional differences between Nrp1* and Nrp1~ cells that were Foxp3™,
splenocytes from ApoE~~ mice fed a WD were stimulated with PMA/Ionomycin for 4-5hrs,
and synthesis of IFNy and TNFa by Nrp1*Foxp3~ and Nrp1~Foxp3~ CD4 T cells was
determined by flow cytometry (Supplemental Fig. 1). Nrp1*Foxp3~ CD4 T cells selectively
increased secretion of IFNy rather than TNFa (Supplemental Fig. 1A), with a 1.3-fold
diminution in IFNy"TNFa* CD4 T cells, a 2-fold reduction in IFNy*TNFa* CD4 T cells,
and a 2.5-fold increase in IFNy*TNFa™ CD4 T cells (Supplemental Fig. 1B). Concomitant
with an impaired ability to secrete the pro-inflammatory cytokine TNFa, Nrp1*Foxp3~ CD4
T cells displayed increased functional exhaustion (Supplemental Fig. 1C), with a 1.6-fold
enhancement in CD44*PD-1* T cells (Supplemental Fig. 1D) and a 2.8-fold increase in
PD-1 gMFI (Supplemental Fig. 1E) with aCD3, CD28 stimulation. Together, these results
suggest that Nrp1 expression on non-Treg cells mark an inflammatory, exhausted subset of
CDA T cells that expands during atherosclerosis.
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Nrpl expression is induced by oxLDL:

The increased Nrpl expression on non-Treg CD4 T cells suggests that an increase in
cholesterol or lipids level may contribute to the increase in Nrpl level on non Treg CD4 T
cells. To determine the role of cholesterol on Nrp1 expression, lymphocytes from ApoE =
mice were incubated with oxLDL (unlabeled or Dil-labeled) for 3 days and the expression of
Nrpl and CD44 was determined on Foxp3™ CD4 T cells. Our results show that incubation of
CDA T cells with oxLDL increased the expression of Nrpl and CD44 (Fig. 4A). In addition,
oxLDL treated Nrp1*CD44* CD4 T cells showed a 2-fold increase in labeling with Dil-
oxLDL compared to the CD4 T cell population that did not upregulate Nrpl (Fig. 4A).
These results suggested that Nrp1* CD4 T cells may either uptake oxLDL more readily or
have a defect in cholesterol transport. When we examined the expression of mMRNA levels of
cholesterol transporters Abcal and Abcgl, we found that Nrp1*Foxp3~ CD4 T cells
expressed 3-fold lower levels of mMRNA of both Abcal and Abcgl (Fig. 4B), suggesting that
these cells have a decreased capacity to efflux cholesterol compared to Nrp1™ CD4 T cells.

Effector memory CD4 T cells exhibit increased Nrpl*oxLDL* uptake compared to naive
and central memory T cells

To determine the mechanisms responsible for oxLDL uptake by Nrp1* cells, naive (Ty)
(CD44locD62LN), central memory (Tewm) (CD44NCD62LM), and effector memory (Tewm)
(CD44NCD62L!1°) CD4 T cells were sorted from both B6 and ApoE ™'~ mice and incubated
with dil-oxLDL for 48 hrs. As Ty cells encounter antigen, they expand and differentiate into
effector T cells (Teff), which home to peripheral tissues and perform their effector functions.
Following expansion, a majority of these Tg¢ cells die by apoptosis, but a fraction of them
mature into long-lived memory cells, which are broadly divided into central memory (Tcnm)
and effector memory (Tgm) T cells, classified by expression of CD62L and CCR7 (31). In
contrast to Tep, Tem cells, characterized by the loss of CD62L and CCR7, possess a
phenotype most similar to Tg¢ cells, keen ability to differentiate into IFNy-secreting Tg¢f
cells, and rapid acquisition of effector functions. We reasoned that because Nrp1*Foxp3~
cells are highly activated, secreting IFN-vy, that pro-inflammatory uptake of oxLDL would
be highest on CD4" Tgp cells compared to Ty. Analysis of Dil-oxLDL uptake by CD4* Ty,
Tcm, and Tep subsets revealed the highest frequencies of Dil-oxLDL™Nrpl™ T cells by T
in comparison to Ty and Tcy subsets. This was true when gating on bulk CD4* T cells (Fig.
5A, B), Foxp3~ CD4* T cells (Fig. 5C, D) and Foxp3*™ CD4" T cells (Fig. 5E, F).
Interestingly, expression of Dil-oxLDL*Nrpl* T cells was highest on CD4+Foxp3* T cells
(Fig. 5E, F) compared to the CD4+Foxp3™ fraction. This expansion of Nrp1*oxLDL* T cells
was not due to an expansion of Tregs with oxLDL, as there were no differences in
frequencies of CD25"Foxp3* T cells in the absence or presence of oxLDL (Fig. 5G, H).

Nrpl deficiency in CD4 T cells reduces atherosclerosis development:

Afterwards, we moved to determine the role of Nrpl on atherosclerosis progression. Thus,
we generated Nrp1f/fl/LCKCre*/ApoE~~ mice (designated here as Cre*, Nrp1~ mice). These
mice lack Nrpl expression specifically in T cells and are atherosclerosis susceptible as a
result of the ApoE~~ background. These mice were fed a WD for 15 weeks and then
assessed for atherosclerosis development using enface aorta Oil Red O staining. First, we
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validated that CD4 T cells in these mice were Nrpl-depleted. Our results show that the
levels of Nrp1 expression on both Foxp3~ and Foxp3*™ CD4 T cells were reduced to
background levels in the aorta and PaLN of Cre* mice compared to the Cre™ (Nrpl1-
sufficient) mice (Fig. 6A). Subsequently, Nrp1f/fl/LCKCre+/ApoE~~ (Cre*, Nrp17)
exhibited less atherosclerosis development compared to their Nrpl T cell-sufficient
counterparts (Fig. 6B). Upon further examination of the aorta and PaLN of Nrp1l deficient
mice, there was no difference in the percentage of naive, effector memory or Treg cells (Fig.
6C), IFN-y production (Fig. 6D) or IL-17 production (Fig. 6E). These results suggest that the
expression of Nrpl on CD4 T cells is atherogenic and contributes to disease progression.

Nrp1l facilitates the migration of Foxp3~ CD4 T cells to the aorta:

To determine the mechanism behind the protective role of Nrpl deficient mice, we examined
the ability of cells expressing Nrpl to migrate toward VEGF165 and oxLDL, which are
highly expressed in atherosclerotic tissues in an /n vitro migration assay (Fig. 7) (32, 33).
Sorted Nrp1Mi cells displayed a 2.9-fold increased ability to migrate toward VEGF compared
to Nrp1!o% cells in a trans-well assay. Migration toward oxLDL was even higher for Nrp1Ni
cells than VEGF and excitingly, there was a 3.5-fold increase compared to Nrp1'oW (Fig. 7).

Finally, we sought to examine the ability of cells expressing Nrp1* to migrate to the aorta.
Lymphocytes were isolated from WD-fed ApoE~~ mice, labeled with CTV and adoptively
transferred into age-matched chow- or WD-fed mice. Transferred cells were tracked 18
hours later (See Fig. 8A for experimental design). Donor cells were detected using the gating
strategy outlined in Fig. 8B. Our results show a 2-fold increase in the total number of donor
Nrpl*Foxp3~ CD4 T cells that migrated to the PaLN (Fig. 8C), or the aorta (Fig. 8D) of
WD-fed mice compared to chow-fed mice. This was not the case for Nrp1~ CD4 T cells
(Fig. 8D). In addition, Nrp1*Foxp3~ CD4 T cells showed no difference in their migration
patterns to the ILN or spleens of chow versus WD-fed mice (Fig. 8C). Since the expression
of CCR5 is essential for the recruitment of T cells into the aorta during atherosclerosis (34),
we examined the expression of CCR5 on the Nrp1*Foxp3~ CD4 T cells in WD-fed mice and
found no difference in the expression of CCR5 on these cells versus their Nrpl~ counterparts
(Fig. 8E). Together, our results suggest that the expression of Nrp1 elicits the recruitment of
CDA T cells to the atherosclerosis-involved organs expressing oxLDL and VEGF. Indeed,
because Nrp1*Foxp3~ CD4 T cells were more inflammatory in nature, the reduction of these
cells in Nrp1f/fl/LCKCre*/ApoE~~ would result in less atherosclerosis development.

Discussion:

In this study, we examined the role of Nrpl on CD4 T cells in the development of
atherosclerosis. We show that Nrpl expression is increased on non Treg cells during
atherosclerosis and that Nrp1*Foxp3~ CD4 T cells display an upregulated activated/
inflammatory phenotype. Interestingly, the ablation of this population of cells is protective
against atherosclerosis development. We thus hypothesize that expression of Nrpl on CD4 T
cells aids in the migration of these cells to the aortic tissue and draining lymph nodes where
Nrpl-expressing cells will produce inflammatory IFN~y and thus worsen the outcome of
atherosclerosis.
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The role of neuronal guidance cues in the immune system has become increasingly
appreciated in recent years. Work from Kathryn’s Moore laboratory has shown the
importance of such molecules in retention of the immune cells in the inflammation sites.
Specifically, this group has shown that Netrin-1, an axonal growth secreted protein, is
increased during obesity in adipose tissue (35). The increase in Netrin-1 levels reduced
tissue macrophage migratory capacity and increased their ability to remain within adipose
tissue where they produced inflammatory cytokines. Thus, blocking of Netrin-1 expression
results in macrophage emigration and reduced inflammation. Similarly, Netrin-1 is produced
by macrophages in atherosclerotic plaque tissue and prevents their egress from tissue (36).
Deletion of Netrin-1 in macrophages during atherosclerosis reduces plaque burden in LDLR
~/~ mice and promotes the egress of macrophages from plaques. Here, we show that Nrp1,
also an axonal guidance molecule, is increased on CD4 T cells during atherosclerosis and
that these cells exhibit an inflammatory phenotype and have higher capacity to be retained in
the aorta and PaLN. Specific deletion of Nrplin CD4 T cells reduced the numbers of these
cells in the aorta and PaLN and also reduced plaque burden. Nrpl1 expression on Tregs
directs these cells to migrate to VEGF-producing tumors (19). Furthermore, VEGF and
oxLDL expression increases within atherosclerotic tissues (32, 33). Subsequently, we
hypothesize that Nrp1l* CD4 T cells migrate towards VEGF and oxLDL in the aortic tissue.

The role of Nrpl in inflammatory disease is controversial. On one hand, mouse models of
EAE and rheumatoid arthritis (22) have shown that Nrp1 loss can worsen disease and
increase inflammation. Meanwhile, in lupus patients with glomerulonephritis, expression of
Nrpl was increased compared to controls (37). In addition, this study found that Nrpl
expression was only in damaged glomeruli and correlated with pathology of renal disease.
Similarly, the depletion of Nrp1 in macrophages using Nrp1l-myeloid specific knockout
mice, showed opposing results in different inflammatory models. Nrp1-myeloid specific
knockout mice were more prone to LPS- induced sepsis, as well as cecal ligation (38). This
correlated with decreased survival of the mice and increased production of pro-inflammatory
cytokines. Meanwhile, in the same mouse model, high fat feeding resulted in decreased
insulin resistance and reduced systemic inflammation (39). Furthermore, this effect was
found to be due to the deletion of Nrpl in macrophages, which activated the NF-kB
pathway, and decreased the NIrp3-inflammasome complex, resulting in attenuated
macrophage activation. Whether similar effects occur in atherosclerosis is yet to be
determined. Overall, this study is concordant with these previous findings and suggests that
Nrpl may present both beneficial and harmful effects in different inflammatory diseases.

The high expression of Nrpl on Treg cells begs the question of why there is no increased
Treg cell recruitment into the aortic tissue during atherosclerosis. Our results show that
during atherosclerosis, increased Nrpl is observed only in Foxp3~ CD4 T cells and not
Foxp3* CD4 T cells, suggesting that Nrp1 is only induced on non-Treg cells (Fig. 1). In
addition, our results show that Nrpl is induced on Foxp3~ CD4 T cells by oxLDL (Fig. 4).
These data indicate that the dynamics of expression of Nrpl on Tregs may differ from other
CDA T cells. The stability and function of Treg cells seems to be dependent on the ligation
of Sema3A to Nrpl (20). Little is known concerning whether this effect is also exhibited by
the Nrp1-VEGF axis. If this axis elicited no effects on Treg stability, increasing
concentrations of VEGF in plaque tissue would not increase Treg stability. Another factor
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could be the state of Treg cells in atherosclerosis. There is evidence that Treg cell function is
disrupted during atherosclerosis either due to their conversion into other pathogenic T cell
subsets (28) or due to their apoptosis (40). This finding suggests that in atherosclerosis, Treg
cells may not be able to perform their suppressive functions even following recruitment into
an inflammatory environment, in the context of atherosclerosis.

The protection against atherosclerosis that we observed with depletion of Nrp1*CD4* T
cells indicates that Nrp1*Foxp3~ CD4 T cells exacerbate atherosclerosis progression.
Concordant with this notion is our observation that Nrp1*Foxp3~ cells were highly activated
cells and potent producers of the pro-atherogenic cytokine IFNy. Nevertheless, examination
of paLNs revealed no significant reduction in IFN-y synthesis or attenuation in memory
CD4* Tgw cell frequencies, with depletion of Nrp1*CD4* T cells in ApoE™~ mice fed a
western diet. We believe that this is due, in part, to the fact that Nrp1 expression was
depleted on total CD4 T cells, not only the Foxp3™ subset. While our in vitro studies
demonstrated that Nrp1*Foxp3~ CD4 T cells secreted IFNy, Nrp1l~Foxp3~ T cells were
marked by a robust attenuation in TNFa and in CD4* T cells expressing both TNFa and
IFNy. TNFa deficiency attenuated atherosclerosis plaque severity in ApoE~'~ mice,
accompanied by attenuated expression of I-CAM1 and V-CAM1 adhesion molecules and
monocyte chemotactic protein (MCP-1) (41). In addition to attenuated dual IFNy and TNFa
production, Nrp1*Foxp3™ cells displayed increased expression of PD-1, a marker of T cell
exhaustion. Previous studies have demonstrated that Nrp1 is induced on self-reactive CD8*
T cells denoted by markers of T cell exhaustion and inhibitory receptors, including PD-1,
Lag-3, and CTLA-4 (42). Ultimately, Nrp1*Foxp3~ CD4 T cells may represent an
exhausted, IFNy-producing subset that is increased in atherosclerosis.

Our results show that Nrpl on CD4* T cells is induced by WD feeding and that this effect is
phenocopied with oxLDL. These findings indicate that expression of Nrpl is regulated by
cholesterol levels or by the lack of ability to excrete cholesterol, as seen by the decreased
expression of Abcal and Abcgl (Fig. 4). Increased cholesterol or lipid cellular intake can
affect the capacity of the cells to function and can push them toward an inflammatory state.
For example, studies have shown that during obesity, CD4 T cells accumulate more lipids
due to an increase in the fatty acid synthesis (27), and this results in an increase in
inflammatory cytokine production by T cells. Work from our own group has shown that
increased cholesterol content in Treg cells results in a Treg to T follicular helper cell switch
(28). These T follicular helper cells are pro-atherogenic, and result in increased plaque
formation. The accumulation of oxLDL in Nrp1* CD4 T cells furthers supports that
cholesterol and/or oxLDL biases CD4 T cells toward an inflammatory and pathogenic
phenotype. While it is still unknown how oxLDL accumulates in CD4 T cells, our results
suggest that manipulation of the cholesterol content in CD4 T cells could affect the
phenotype of these cells, tipping the balance toward more inflammatory subsets.

In summary, our results show that the loss of Nrp1 on T cells can be beneficial against
atherosclerosis development. Design of therapies that target either the expression of Nrpl or
its downstream signaling targets could reduce atherosclerosis burden and lead to better
outcomes for patients with coronary vascular diseases.
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Key Points:
Western-diet feeding increases Nrp1 on Foxp3~ CD4 T cells in ApoE~'~ mice.
Nrpl*Foxp3~ CD4 T cells are highly proliferative and atherogenic.
Nrpl*Foxp3~ CD4 T cells preferentially migrate to the aorta and PaLN.
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Figure 1: Nrp1*Foxp3~ CD4 T cells are increased in atherosclerosis.
LT-ApoE~~ (A-F) or ApoE ™~ (G) mice were fed a WD for 15 weeks, and CD4 T cells were

examined for the expression of Nrpl. (A-B) Histograms, flow cytometry plots and graphs
showing the expression of Nrpl on CD4 T cells from PaLN, spleens (A), and aorta (B) from
chow and WD-fed mice. (C-D) Flow cytometry plots and graphs showing the expression of
Nrpl and Foxp3 on CD4 T cells in the PaLN, spleens (C) and aorta (D) of the above mice.
(E) Graphs showing the percentage of expression of Nrpl on Foxp3~ versus Foxp3* CD4 T
cells in the aorta of the above mice. (F) Distribution of Treg cell signature (RFP*) in the
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different CD4 T cell population based on the expression of Nrpl and Foxp3. (G) Flow
cytometry plots showing the expression of Nrpl on CD4 T cells from PaLN from chow and
WD-fed ApoE~"~ mice. (H) Pooled frequencies of Nrp1*YFP~ or Nrp1*YFP* CD4 T cells
in LT-LdIr~"~ mice at 6 weeks post high cholesterol diet (HCD) (n=6 (Chow); n=12 (HCD)).
(1) Representative contour plots of Foxp3 by Nrpl for B6 mice fed chow or WD for 3
weeks. (J) Pooled percentages of Nrpl*Foxp3~ and Nrp1*Foxp3* CD4 T cells from B6
mice fed a western diet for 3 weeks (n=3 mice/group). Results are expressed as the mean +
s.e.m from one of three independent experiments (n=5-7) (A-G), n=6 mice/group (chow),
n=12 mice/group (HCD) (H) (one independent experiment), and 3 mice/group (Chow), n=4
mice/group (WD) (J, I) (one independent experiment). Statistically significant differences
were at * P<0.05, ** P <0.01, *** P <0.001 and **** P <0.0001.
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Figure 2: Nrp1*Foxp3~ CD4 T cells are more proliferative and highly activated cells.
Chow and WD-fed ApoE ™"~ mice were injected with BrdU and CD4 T cells from the PaLN

and aorta were harvested after 36 hours to detect the level of BrdU incorporation. (A) Flow
cytometry plots and bar graphs showing the percentage of BrdU incorporated in
Nrpl*Foxp3~ versus Nrpl~Foxp3~ CD4 T cells. (B) Histograms and bar graphs showing the
expression of CD44 on Nrp1*Foxp3~ versus Nrpl~Foxp3~ CD4 T cells. Results are
expressed as the mean + s.e.m from one of two independent experiments (n=3). Statistically
significant differences were at * £<0.05, ** P <0.01, and *** P <0.001.
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Figure 3: Nrp1*Foxp3™ CD4 T cells are high IFNy producers.
(A) Nrp1*YFP~ and Nrp1"YFP~ CD4 T cells were sorted and the mRNA message level for

Nrpl, Thbx21, IFNy and /L-Zwas detected via gPCR. (B) Flow cytometry plots and graphs

showing the production of IFN+y by intracellular staining on Nrpl*Foxp3™~ versus
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Nrpl~Foxp3~ CD4 T cells. Results are expressed as the mean + s.e.m from one of two
independent experiments (n=3). Statistically significant differences were at * £ <0.05, ** P
<0.01, and *** P <0.001.
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Figure 4: Nrpl expression is induced by oxLDL.
(A) Splenocytes from ApoE~'~ mice were cultured with or without oxLDL or Dil-oxLDL

(10 pg/ml) for 3 days. The expression of Nrpl and CD44, and the uptake of oxLDL were
determined using flow cytometry. The top contour plots are gated on live CD4*TCRB™ cells
and show the expression of Nrpl and CD44. The bottom histograms are gated on
Nrp1*CD44" or Nrp1~CD44" cells and show the uptake of labeled Dil-oxLDL. (B) Bar
graphs showing the relative expression of mMRNA of Abcal and Abcgl in sorted NrpltYFP*
or Nrp1"YFP™ CD4 T cells. Results are expressed as the mean * s.e.m from one of two
independent experiments (n=6 (A) and n=3 (B)). Statistically significant differences were at
* P<0.05, ** P<0.01, *** P <0.001, and **** P <0.0001.
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Figure 5: Effector memory CD4" T cells displayed the highest frequency of Nrp1*oxLDL* T
cells.
Representative contour plots of dil-oxLDL by Nrpl for B6 Ty, Tcm, and Ty subsets, in

addition to ApoE™~ Tgy cells (A, C, E) and pooled frequencies of Nrp1*toxLDL* T cells,
gated on CD4*TCRB* T cells (B), Foxp3"CD4*TCRB™ T cells (D), and Foxp3*CD4*TCRp
* T cells (F). Representative contour plots of CD25 by Foxp3, gated on CD4*TCRB* T cells
(G) and pooled frequencies of CD25*Foxp3* Tregs (H). Results are expressed as the mean +
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s.e.m. from one independent experiment. Statistically significant differences were at *P <
0.05, ***P < 0.001, and ****P <0.0001.
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Figure 6: Mice with Nrpl deficient CD4 T cells have reduced atherosclerosis.
Nrpf/fl/LCkCre~/ApoE ™~ (Cre-; Nrp+) and Nrpf/fl/LCkCre*/ApoE~~ (Cre+; Nrp-) were
fed a WD for 15 weeks. (A) Flow cytometry plots and bar graphs showing the percentages
of Nrp1*Foxp3* and Nrp1*Foxp3~ CD4 T cells in the above mice in the PaLN and Aorta.
(B) Images and bar graphs of enface Oil red O staining showing the level of atherosclerosis
in the above mice. (C-E) Flow cytometry plots and/or bar graphs showing the percentages of
naive, effector memory CD4 T cells and Treg cells (C), IFNy (D), and IL-17 production (E)
in Aorta (C) and PaLN (D-E) of the above mice. Results are expressed as the mean £ s.e.m
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from two independent experiments (n=5-8 (A, C-E) and n=10 (B)). Statistically significant
differences were at * £ <0.05, ** P <0.01, and *** P <0.001. NS = no significant
differences.
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Figure 7: Nrpl expression is required for migration towards VEGF 165 and oxLDL.
Sorted Nrp1M/Nrp1!° CD4 T cells were tested for the ability to migrate towards VEGF 165

and oxLDL using an in vitro migration assay with transwell plates. Graphs show the
migration index of each cell population under a specific condition in comparison to media
only wells. In certain wells, SDF1 was used as a control. Results are expressed as the mean
+ s.e.m of one from two independent experiments (n=3).
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Figure 8: Nrp1* facilitates the migration of CD4 T cells to the aorta.

(A) Experimental design: Lymphocytes from peripheral lymph nodes and spleens of ApoE
I~ mice fed a WD for 15 weeks were labeled with CTV and equal numbers were transferred
to age matched ApoE ™'~ mice fed either a chow or WD (for 15 weeks). Mice were sacrificed
18 hours later and donor cells were assessed. (B) Flow cytometry plots showing the gating
strategy used to find the donor cells in the recipient mice. (C-D) Flow cytometry plots and/or
graphs showing the percentages and numbers of donor CD4 T cells that migrated to the
PaLN, ILN, spleen (C) or aorta (D). (E) Flow cytometry plots and graphs showing the
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expression of CCR5 on the Nrp1*Foxp3~ versus Nrpl~Foxp3~ CD4 T cells populations in
PaLN and spleen. Results are expressed as the mean + s.e.m from three independent
experiments (n=11 (A-C), n=17 (D)), or one experiment (n=3 (E)). Statistically significant
differences were at * £<0.05. NS = no significant differences.
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