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ABSTRACT Vascular remodeling is a phenomenon seen in the cutaneous lesions
formed during infection with Leishmania parasites. Within the lesion, Leishmania
major infection leads to the infiltration of inflammatory cells, including macrophages,
and is associated with hypoxic conditions and lymphangiogenesis in the local site.
This low-oxygen environment is concomitant with the expression of hypoxic induci-
ble factors (HIFs), which initiate the expression of vascular endothelial growth factor-
A (VEGF-A) in macrophages during the infection. Here, we found that macrophage
hypoxia is elevated in the skin, and the HIF target Vegfa is preferentially expressed
at the site of infection. Further, transcripts indicative of both HIF-1a and HIF-2a acti-
vation were increased at the site of infection. Given that HIF mediates VEGF-A and
that VEGF-A/VEGFR-2 signaling induces lymphangiogenesis, we wanted to investi-
gate the link between myeloid HIF activation and lymphangiogenesis during L. major
infection. We show that myeloid aryl hydrocarbon receptor nuclear translocator
(ARNT)/HIF/VEGF-A signaling promotes lymphangiogenesis (the generation of newly
formed vessels within the local lymphatic network), which helps resolve the lesion
by draining away inflammatory cells and fluid. Concomitant with impaired lymphan-
giogenesis, we find the deletion of myeloid ARNT/HIF signaling leads to an exacer-
bated inflammatory response associated with a heightened CD41 Th1 immune
response following L. major infection. Altogether, our data suggest that VEGF-A-
mediated lymphangiogenesis occurs through myeloid ARNT/HIF activation following
Leishmania major infection and this process is critical in limiting immunopathology.
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Leishmaniasis is an inflammatory disease caused by obligate intracellular protozoan
parasites of the Leishmania species. Globally, the incidence of cutaneous leishmani-

asis is 700,000 to 1.2 million new cases each year (1). More than 90 countries in Asia,
Africa, and Latin America have at-risk populations, predominantly in rural areas (CDC).
The parasites are transmitted by sand flies, and different species of Leishmania cause
distinct clinical manifestations of the disease. Leishmaniasis can present in multiple
forms, including visceral leishmaniasis (which is systemic and fatal if left untreated), cu-
taneous leishmaniasis, and mucocutaneous leishmaniasis (which results from parasite
dissemination following the development of a primary cutaneous lesion). Cutaneous
leishmaniasis manifests in lesions on the skin that vary from moderate papules or nod-
ules to severe, large ulcerated lesions. The lack of a vaccine and the long duration and
toxic nature of current chemotherapeutic treatments (that are often ineffective) make
it very difficult to address lesion formation and the global burden of leishmaniasis (2).
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During cutaneous and mucocutaneous leishmaniasis, the severity of disease
depends on both parasite replication and the host immune response (3–8). While the
CD41 Th1 immune response contributes to parasite control, the overall inflammatory
response can also exacerbate and prolong the pathology of the lesion (2). Over the
course of infection, inflammatory monocytes and neutrophils are recruited to leishma-
nial lesions in massive numbers, and the recruited monocytes can differentiate into
macrophages, thereby replenishing the dermal macrophage population in the tissue
(9–11). To resolve the lesion, dermal macrophages respond to gamma interferon (IFN-
g) from CD41 Th1 cells by producing nitric oxide (NO) that kills parasites and by
expressing growth factors such as VEGF-A that expand the lymphatic vasculature to
drain away cells and fluid sequestered in the lesions (12). As in other chronic inflamma-
tory diseases, such as inflammatory bowel disease or rheumatoid arthritis, changes in
the lymphatic vasculature via lymphangiogenesis can be beneficial. New lymph vessel
formation in damaged tissue can help reduce inflammation by clearing excess fluid
and proinflammatory cytokines (13).

Leishmania infection is generally characterized by a low-oxygen environment within
the inflamed tissue (14). In inflammatory diseases such as inflammatory bowel disease
or ulcerative colitis, the pathological lesions are also characterized by tissue hypoxia,
which can promote the severity of disease (15, 16). Within hypoxic settings, several
transcription factors, including hypoxia-inducible factors (HIF-1a and HIF-2a) are
induced by decreased oxygen availability (17). For HIF activation, HIF-a subunits bind
aryl hydrocarbon receptor nuclear translocator (ARNT; also known as HIF-1b), and
ARNT/HIF-a heterodimers translocate to the nucleus, where they induce the transcrip-
tion of HIF-target genes (17). During cutaneous leishmaniasis, lesions from human
patients contain elevated levels of HIF-1a and the HIF target Vegfa (18–20). Activated
HIF-1a in dermal myeloid cells contributes to parasite control through the production
of NO during murine L. major infection (19). Schatz et al. elegantly showed that both
inflammatory signaling and low oxygen tension in the tissue could promote HIF-1a
accumulation in L. major-infected macrophages (19). However, the importance of HIF
signaling beyond NO production was not investigated. Given that HIF activation can
influence the expression of hundreds of genes, we explored the influence of HIF signal-
ing on VEGF-A, which promotes lymphangiogenesis during leishmaniasis.

During Leishmania infection, lymphangiogenesis is required for lesion resolution (21).
Macrophages produce VEGF-A that binds to VEGFR-2 on lymphatic endothelial cells
(ECs) to induce their proliferation and lymphangiogenesis (12, 21). We showed previ-
ously that myeloid ARNT/HIF signaling mediates macrophage VEGF-A production during
L. major infection, but the link between myeloid ARNT/HIF signaling and lymphangio-
genesis remains undefined (12). Mice deficient in the myeloid ARNT/HIF pathway display
larger lesions compared to controls, despite no differences in parasite burden (12). These
results are consistent with previous findings that VEGF-A/VEGFR-2 blockade leads to
larger lesions with no differences in parasite number (21). Therefore, we hypothesize
that HIF-mediated production of VEGF-A by macrophages drives lymphangiogenesis
and lesion resolution. Furthermore, the larger lesions in mice deficient in myeloid ARNT/
HIF signaling were associated with an enhanced inflammatory infiltrate, characterized by
higher numbers of inflammatory Ly6C1 monocytes in the lesion (12), suggesting that
increased recruitment of immune cells into the inflamed tissue or impaired egress of
cells out of the tissue may contribute to the immunopathology.

Given the importance of lymphangiogenesis in lesion resolution during cutaneous
leishmaniasis, we investigated the role of myeloid ARNT/HIF signaling in lymphatic
remodeling. We found that macrophages experience hypoxic conditions at the cellular
level in the skin, and VEGF-A and other transcripts indicative of both HIF-1a and
HIF-2a activation were elevated at the site of L. major infection. ARNT/HIF signaling
promoted lymphatic remodeling, further supporting a role for this pathway in lesion
resolution. Altogether, these results show that in addition to the well-characterized
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role of macrophages in parasite killing, macrophages limit immunopathology by
orchestrating lymphatic remodeling within the skin during leishmaniasis.

RESULTS

Dermal Leishmania lesions have been reported to exhibit hypoxia at the tissue level
(14), but the hypoxic signature of individual cells has not been investigated. Therefore,
we aimed to determine if hypoxic conditions could contribute to the HIF activation
detected in leishmanial lesions in mice. Pimonidazole staining is regularly used to
define hypoxic tissue (22). Therefore, pimonidazole staining was coupled with flow
cytometry to determine if cells experienced hypoxic conditions at the cellular level fol-
lowing L. major infection. We found that dermal macrophages exhibited pimonidazole
staining, regardless if the ears were infected or uninfected; CD451 CD11b1 Ly6G2

CD641 macrophages from inflamed infected ears and uninflamed uninfected contralat-
eral ears displayed similar pimonidazole median fluorescence intensities (MFIs)
(Fig. 1A, C, and D). Furthermore, macrophages in the skin exhibited higher levels of
pimonidazole staining than macrophages in the corresponding draining lymph node
(dLN) or spleen of the same mouse (Fig. 1B to D). These findings were significant at
both 1week postinfection (p.i.) (Fig. 1C) and 5weeks p.i. (Fig. 1D). Even though dermal
macrophages exhibited a higher level of pimonidazole staining than macrophages in
other organs, which was expected given the skin is more hypoxic than other organs,
we were surprised there was no significant difference in staining between macro-
phages from infected and contralateral uninfected ears. However, this experiment
assumed that the macrophage population in the inflamed tissue was homogenous
and that all macrophages had been in the tissue for the same amount of time. Because
many macrophages are derived from Ly6Chi inflammatory monocytes that infiltrate
Leishmania lesions from the blood (9–11), we hypothesized that Ly6Chi macrophages
have a different hypoxic profile than Ly6Clo macrophages. Given that inflammatory
monocytes lose Ly6C expression as they differentiate into macrophages in lesions
(9–11), we used Ly6C to distinguish macrophages that had just arrived at the lesion
from macrophages already residing in the tissue. Following L. major infection, we
found Ly6Clo macrophages displayed higher levels of pimonidazole staining than
Ly6Chi macrophages in the same infected ear, suggesting that Ly6Clo macrophages are
more hypoxic than cells recently recruited from the blood (Fig. 1E and F). Altogether,
these findings suggest macrophages in the skin experience hypoxic conditions at the
cellular level and these hypoxic conditions may influence the activation and function
of macrophages in inflamed skin during L. major infection.

Given that we found the skin to be more hypoxic than other organs, we investi-
gated HIF expression in the skin and dLN during L. major infection. The dLN was exam-
ined in parallel to the skin as a control, given the dLN is less hypoxic, but still comes
from the same mouse and is also a site with an ongoing immune response. Because
Vegfa expression can be mediated by HIF-1a or HIF-2a signaling, and the relevant HIF
pathway inducing lymphangiogenesis during leishmaniasis is unknown, the expression
of Hif1a and Hif2a was examined in the skin of infected and contralateral ears and
dLNs from C57BL/6 mice following inoculation with L. major. We found that both Hif1a
and Hif2a were expressed at higher levels in the skin than in corresponding dLNs fol-
lowing infection (Fig. 2A and B). Furthermore, both HIF-a isoforms were expressed at
higher levels in the skin than in the dLN, independent of the infection status of the ear.
However, only Hif1a expression increased in the skin after infection (Fig. 2A), while
Hif2a expression decreased (Fig. 2B).

Given HIF is constitutively expressed but also continuously degraded in normoxic
conditions, HIF expression does not directly correlate with HIF activation. We examined
the expression of Vegfa, a pan-HIF target and mediator of lymphangiogenesis.
Consistent with previous findings, Vegfa was elevated in the skin with infection com-
pared to uninflamed skin (Fig. 2C). Vegfa was also expressed at higher levels in the skin
than in corresponding dLNs, irrespective of the infection status of the ear (Fig. 2C).

Macrophage HIF Drives Lymphangiogenesis in L. major Infection and Immunity

August 2021 Volume 89 Issue 8 e00124-21 iai.asm.org 3

https://iai.asm.org


FIG 1 Macrophages experience hypoxic conditions within the site of infection following L. major
inoculation in vivo. C57BL/6 mice were infected with L. major parasites intradermally in the ear. At 1
and 5weeks p.i., infected and contralateral ears, infected and contralateral dLNs, and spleens were
stained with pimonidazole and analyzed by flow cytometry. (A) Representative flow cytometry
histograms showing pimonidazole (pimo) median fluorescence intensity (MFI) after gating on total,
live, singlet, and CD451 CD11b1 Ly6G2 for F4/801 or CD641 macrophages from infected (Inf) and
contralateral (Con) ears from the same mouse. (B) Representative flow cytometry histograms showing
pimonidazole MFI after gating on F4/801 macrophages from the infected ear or corresponding dLN
and spleen of the same mouse. (C) Quantification of pimonidazole MFI in macrophages from the skin,
dLN, and spleen at 1week p.i. (D) Quantification of pimonidazole MFI in macrophages from the skin,
dLN, and spleen at 5weeks p.i. (E) Representative flow cytometry histograms showing pimonidazole
MFI after gating on macrophages from infected skin that were Ly6Chi or Ly6Clo at 5week p.i. (F)
Quantification of pimonidazole MFI for Ly6Chi or Ly6Clo macrophages from infected ears from panel E.
Fluorescence minus one (FMO) controls for pimonidazole staining are seen in gray (A, B, E). Data

(Continued on next page)
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Given that macrophages experience hypoxic conditions and HIF and VEGF-A are ele-
vated at the site of infection in the ear compared to other sites of immune activation,
such as the dLNs, we examined the expression of other HIF-target genes at the site of
infection. Furthermore, to identify the HIF pathway activated during L. major infection,
we investigated the expression of HIF-1a-specific (Nos2, Pgk1, and Ldha) and HIF-2a-
specific (Arg1, Epo, Oct4, and Angpt2) target genes. As with Vegfa, the expression of
HIF-1a-specific targets Nos2 and Pgk1 was significantly higher in the skin than in the
dLN, independent of the infection status of the ear (Fig. 2D and E). However, Ldha
expression did not differ significantly between the ears and dLNs (Fig. 2F). The expres-
sion of HIF-2a-specific targets Arg1, Epo, Oct4, and Angpt2 was significantly higher in
infected skin compared to the corresponding dLN (Fig. 2G to J). It should be noted
that many HIF-2a-specific targets (Epo, Oct4, and Angpt2) were elevated in contralateral

FIG 2 Pan-HIF signaling is preferentially activated at the site of infection following L. major inoculation in vivo. C57BL/6 mice were infected with 2� 106 L.
major parasites intradermally in the ear. At 2 to 4weeks p.i., infected and contralateral ears and dLNs were digested and mRNA was extracted from total
ear cells. The expression of Hif1a (A), Hif2a (B), Vegfa (C), Nos2 (D), Pgk1 (E), Ldha (F), Arg1 (G), Epo (H), Oct4 (I), and Angpt2 (J) was analyzed by quantitative
real-time PCR. Relative mRNA expression normalized to the housekeeping gene RpsII is presented as the mean 1 SEM. Results shown here are from 1
representative experiment of 3 individual experiments that included 3 to 9 mice per group. *, P# 0.05; **, P, 0.01; ***, P, 0.001, t test comparing ears to
dLNs.

FIG 1 Legend (Continued)
shown were pooled from 2 experiments with 5 mice per group per time point (n= 10 mice per
condition). Data are presented as the mean plus standard error of the mean (SEM). **, P, 0.01; ***,
P, 0.001, paired t test comparing macrophages from infected skin to dLNs or spleens or comparing
dermal macrophages with variable Ly6C expression.
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ears compared to the corresponding dLN, which is consistent with basal Hif2a expres-
sion in uninflamed skin. Taken together, these data suggest that both HIF-1a and HIF-
2a are activated at the site of L. major infection.

We previously reported that macrophages are the major cell type in the lesions that
express Hif1a and the HIF target gene Vegfa (12). We also showed that increased VEGF-
A expression is dependent on myeloid ARNT/HIF signaling during L. major infection
(12). Therefore, we aimed to develop an in vitro system that mimics HIF activation in
vivo to determine if HIF activation in macrophages limits parasite numbers. To mimic
macrophage HIF activation, bone marrow-derived macrophages (BMDM) were infected
with DsRed fluorescent L. major parasites and exposed to dimethyloxalylglycine
(DMOG), an HIF-stabilizing agent, in vitro. To confirm that DMOG stabilizes HIF, leading
to HIF activation during infection, VEGF-A production was measured by enzyme-linked
immunosorbent assay (ELISA). DMOG exposure at various concentrations (0.1mM,
0.2mM, and 0.3mM) for 24 h induced VEGF-A production from uninfected and
L. major-infected macrophages (Fig. 3A). Furthermore, ARNT is the constitutive binding
partner of the HIF-1a and HIF-2a subunits, and ARNT deficiency is an approach to
study pan-HIF inhibition (23). Therefore, these experiments were performed in BMDMs
generated from LysMCre ARNTf/f mice, which are deficient in myeloid ARNT/HIF signal-
ing, and LysMCre ARNTf/1 control mice. Using these genetic mouse models demon-
strates DMOG treatment is directly affecting ARNT/HIF signaling, and not acting as an
off-target effect. We found DMOG-induced VEGF-A production depended on ARNT/HIF
signaling because macrophages derived from LysMCre ARNTf/f mice exhibited impaired
VEGF-A production compared to LysMCre ARNTf/1 macrophages, independent of

FIG 3 HIF stabilization does not restrict parasite growth during L. major infection. Bone marrow-derived
macrophages (BMDMs) were infected with L. major parasites for 2 h, extracellular parasites were washed away,
and cells were exposed to dimethyloxalylglycine (DMOG) at various concentrations (0.1mM, 0.2mM, or 0.3mM)
for 24 to 72 h in triplicate. (A and B) VEGF-A production was measured with ELISA in BMDMs derived from
LysMCre ARNTf/1 mice (A) and LysMCre ARNTf/f mice (B) after 24 h. Results shown are from 1 representative
experiment of at least 2 individual experiments. (C) DsRed L. major parasite burden in BMDMs quantified by
fluorescence microscopy with and without DMOG treatment at 24 and 72h p.i. Results shown here are pooled
from 2 individual experiments. Data are presented as the mean 1 SEM. **, P, 0.01; ***, P, 0.001, t test
comparing DMOG treatment to medium control in uninfected cells; 1, P# 0.05; 11, P, 0.01; 111, P, 0.001,
t test comparing DMOG treatment to medium control in infected cells.
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infection status (Fig. 3B; comparing Fig. 3A and B experiments, which were performed
at the same time). Next, L. major parasite burden in BMDMs was quantified by micros-
copy following DMOG treatment. Our findings show that HIF stabilization did not
alter L. major parasite burden in BMDMs at 24 or 72 h postinfection (p.i.) (Fig. 3C).
Altogether, these data demonstrate that macrophage HIF activation alone does not
modulate parasite growth in vitro.

To determine the downstream consequence of ARNT/HIF signaling in macrophages
during leishmaniasis, mice exhibiting ARNT deficiency in a myeloid-specific manner
were infected with L. major. Confirming previous results, we found that LysMCre ARNTf/f

mice develop significantly larger lesions following L. major infection than LysMCre

ARNTf/1 mice, with no difference in parasite burden between groups (Fig. 4A and B)
(12). Infected LysMCre ARNTf/f mice showed enhanced immunopathology with more
CD41 T cells at the site of infection, compared to LysMCre ARNTf/1 control mice, at 3.5
to 5weeks p.i. (Fig. 4C) when lesions are at their peak size and clearly differ between
LysMCre ARNTf/f and LysMCre ARNTf/1 mice (Fig. 4A).

Because the CD41 T cell response predominantly develops in the dLNs, we eval-
uated lymph node hypertrophy following L. major infection. Mice deficient in myeloid
ARNT/HIF signaling presented with more total immune cells in the dLN and more
CD451 hematopoietic immune cells compared to controls (Fig. 4D and E). Next, we
investigated the quality and quantity of the Th1 immune response in dLNs of infected
LysMCre ARNTf/f and LysMCre ARNTf/1 mice using CD44 as a marker of T cell activation.
Following infection, mice deficient in myeloid ARNT/HIF signaling had a higher per-
centage and number of proliferating CD441 CD41 T cells compared to control mice as
assessed by BrdU incorporation coupled with flow cytometry (Fig. 4F and G). In addi-
tion, LysMCre ARNTf/f mice exhibited a greater percentage and number of IFN-g-produc-
ing CD441 CD41 T cells compared to LysMCre ARNTf/1 mice after L. major infection
(Fig. 4H and I). Similar to IFN-g production, LysMCre ARNTf/f mice also had a higher per-
centage and number of tumor necrosis factor a (TNF-a)-producing CD441 CD41 T cells
compared to LysMCre ARNTf/1 mice following infection (Fig. 4J and K).

Given that CD81 T cells can also contribute to parasite control and disease severity
during Leishmania infection, activated CD81 T cells from the dLN were investigated by
flow cytometry. We found that mice deficient in myeloid ARNT/HIF signaling had a
higher number of proliferating CD441 CD81 T cells than controls, despite there was no
significant difference in the percentage of BrdU1 CD441 CD81 T cells between groups
during infection (Fig. 4L and M). Unlike findings for CD441 CD41 T cells, there were no
significant differences in IFN-g- or TNF-a-producing CD441 CD81 T cells from dLNs
between infected LysMCre ARNTf/f and LysMCre ARNTf/1 mice (Fig. 4N to Q). Taken to-
gether, these results suggest the increased lesion sizes in LysMCre ARNTf/f mice are
associated with enhanced immunopathology characterized by a heightened CD41 Th1
cell response during L. major infection.

Because macrophage ARNT/HIF signaling contributes to elevated VEGF-A expression
during L. major infection and VEGFR-A/VEGFR-2 signaling leads to lymphangiogenesis,
we hypothesized that ARNT/HIF signaling in myeloid cells promotes lymphangiogenesis,
which decreases immunopathology. To test this hypothesis, LysMCre ARNTf/f and LysMCre

ARNTf/1 mice were infected with L. major. Histologically, ears from LysMCre ARNTf/f mice
contained a cellular infiltrate that exceeded that of LysMCre ARNTf/1 control animals
(Fig. 5A and B). To specifically examine the lymphatic vasculature, ears were stained with
lymphatic vessel endothelial receptor 1 (LYVE-1) and images at 2 different magnifications
were acquired with immunofluorescence microscopy (Fig. 5C to F). For the analysis of
LYVE-1, the tissue area was normalized between groups while investigating lymphatic
vessel density to control for the enhanced inflammation in infected LysMCre ARNTf/f mice.
We found mice deficient in myeloid ARNT/HIF signaling exhibited a significant decrease in
the percentage of tissue staining for LYVE-1 compared to LysMCre ARNTf/1 mice following
infection (Fig. 5G). Moreover, infected LysMCre ARNTf/f mice presented with a significant
decrease in the density of lymphatic vessels at the site of infection compared to LysMCre

Macrophage HIF Drives Lymphangiogenesis in L. major Infection and Immunity

August 2021 Volume 89 Issue 8 e00124-21 iai.asm.org 7

https://iai.asm.org


FIG 4 Exacerbated inflammation in mice lacking myeloid pan-HIF signaling is associated with a heightened
Th1 immune response during L. major infection. LysMCre ARNTf/f or LysMCre ARNTf/1 mice were infected with

(Continued on next page)
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ARNTf/1 controls (Fig. 5H). Of note, uninflamed contralateral ears from infected LysMCre

ARNTf/1 and LysMCre ARNTf/f mice did not differ in their lymphatic vessel density (data not
shown). Parasite burdens in the ear are not different between infected LysMCre ARNTf/1

and LysMCre ARNTf/f mice (Fig. 4B) (12)). Given the enhanced dLN CD41 Th1 response and
the defective lymphangiogenesis in the ear, we investigated parasite loads in the dLN.
Similar to the ear, at 4weeks p.i. there was no detectable difference in parasite burdens
between infected LysMCre ARNTf/1 and LysMCre ARNTf/f mice, as assessed by limiting dilu-
tion assay (LDA) on dLNs or real-time PCR (data not shown). Taken together, these data
suggest that myeloid ARNT/HIF signaling mediates lymphangiogenesis during L. major
infection, and that inhibiting this pathway exacerbates pathology, demonstrating a tissue-pro-
tective role for the ARNT/HIF/VEGF-A/VEGFR-2 signaling pathway during infection-induced
inflammation.

DISCUSSION

A general feature of inflammation is hypoxia (16), which is defined as having an
inadequate oxygen supply and is often due to a heightened demand for oxygen in
tissues (24). Several factors contribute to the need for oxygen in inflamed tissues,
including increased cell recruitment, cell proliferation, shifts in cellular metabolism,
and parasite proliferation and metabolism in the case of leishmaniasis. Hypoxia is a
characteristic of many inflammatory diseases, including inflammatory bowel disease,
herpes stromal keratitis, obesity, rheumatoid arthritis, and tuberculosis (24–27).
Furthermore, increased inflammatory hypoxia specifically in the myeloid cell compart-
ment has been associated with more severe pathology in clinical disease (26). Similar
to other inflammatory diseases, cutaneous lesions resulting from Leishmania infection
exhibit hypoxia alongside a large myeloid cell infiltration (14). Under normal condi-
tions, regions of the epidermis and dermis exhibit physiologic hypoxia with 0.5% to
5% O2 (1% = 1.013 kPa), depending on the site and proximity to oxygenated vascula-
ture (24, 28–31). During development, the low-oxygen tension in the skin is critical for
keratinocyte differentiation and epidermal barrier function (32), but sustained post-
natal hypoxia of the skin is thought to result from distance from the lung, the site of
blood oxygenation (24). Following L. major footpad infection, the inflamed footpad
exhibits 2.8% O2 compared to the contralateral footpad at 5.2% O2 (14). In this study,
we detected macrophages in the skin staining for pimonidazole, suggesting that

FIG 4 Legend (Continued)
2� 106 L. major metacyclic parasites intradermally in the ear. Immune cell populations were analyzed at 3.5
to 5weeks postinfection (p.i.) when lesions developed. (A) Lesion volume was monitored weekly. (B) Parasite
burdens were determined at 4weeks p.i. by limiting dilution assay. Lesion and parasite count data were
pooled from 2 independent experiments with 11 to 24 mice per group. (C) Infected ears were processed, and
total cell numbers were counted. Cells were stained and analyzed by flow cytometry and the total number of
CD41 T cells was calculated. Dermal CD41 T cell data shown here were pooled from 3 independent
experiments (total of 29 LysMCre ARNTf/1 and 24 LysMCre ARNTf/f mice). (D to Q) The dLN of infected ears is
the source of cells analyzed for T cell proliferation and cytokine production. dLN cells were treated with BFA/
monensin and PMA/ionomycin for 4 h before surface and intracellular staining. (D) dLNs draining infected
ears were processed and total cell numbers were counted. (E) Cells were analyzed by flow cytometry and the
total number of CD451 cells was calculated. dLN and CD451 cell number data shown here were pooled from
3 independent experiments (total of 29 LysMCre ARNTf/1 and 22 LysMCre ARNTf/f mice). (F) Representative flow
cytometry plots showing BrdU of CD41 CD441 T cells. (G) Quantification of percentage and number of BrdU1

cells of CD41 CD441 T cells. (H) Representative flow cytometry plots showing IFN-g of CD41 CD441 T cells. (I)
Quantification of percentage and number of IFN-g1 cells of CD41 CD441 T cells. (J) Representative flow
cytometry plots showing TNF-a of CD41 CD441 T cells. (K) Quantification of percentage and number of TNF-
a1 cells of CD41 CD441 T cells. (L) Representative flow cytometry plots showing BrdU of CD81 CD441 T cells.
(M) Quantification of percentage and number of BrdU1 cells of CD81 CD441 T cells. (N) Representative flow
cytometry plots showing IFN-g of CD81 CD441 T cells. (O) Quantification of percentage and number of IFN-g1

cells of CD81 CD441 T cells. (P) Representative flow cytometry plots showing TNF-a on CD81 CD441 T cells.
(Q) Quantification of percentage and number of TNF-a1 cells of CD81 CD441 T cells. All cells were pregated
on total, live, singlet CD451 cells. BrdU proliferation data shown here were pooled from 2 independent
experiments (total of 11 LysMCre ARNTf/1 and 13 LysMCre ARNTf/f mice). Intracellular cytokine data were pooled
from 3 independent experiments for IFN-g (total of 29 LysMCre ARNTf/1 and 22 LysMCre ARNTf/f mice) and from
2 independent experiments for TNF-a (total of 23 LysMCre ARNTf/1 and 16 LysMCre ARNTf/f mice). Data are
presented as the mean 1 SEM. *, P# 0.05; **, P, 0.01; ***, P, 0.001, unpaired t test comparing infected
LysMCre ARNTf/f mice to infected LysMCre ARNTf/1 controls.
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FIG 5 Myeloid pan-HIF signaling promotes lymphangiogenesis during L. major infection. LysMCre ARNTf/f or
LysMCre ARNTf/1 mice were infected with 2� 106 L. major metacyclic parasites intradermally in the ear. Ears
were analyzed at 4weeks p.i. (A and B) H&E-stained infected LysMCre ARNTf/1 and LysMCre ARNTf/f ears. (C
and D) Infected LysMCre ARNTf/1 and LysMCre ARNTf/f ears were stained for LYVE-1 to delineate lymphatic
ECs and lymphatic vessels by immunofluorescence microscopy. (E and F) Magnified view of LYVE-11

lymphatic vessels from images C and D. (G) LYVE-1 expression was quantified by immunofluorescence
microscopy. (H) Lymphatic vessel density was quantified by microscopy. *, P# 0.05, t test comparing
infected LysMCre ARNTf/f mice to infected LysMCre ARNTf/1 controls. Data are presented as mean 1 SEM. The
data presented were from 2 pooled experiments with a combined total of 8 mice per group. Scale bars:
300mm (C and D) and 100mm (E and F).
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resident skin cells experience hypoxic conditions of #1.3% O2, the percent O2 where
pimonidazole is activated to form covalent adducts with thiol groups in proteins (33).
Overall, the skin exists basally in a mildly hypoxic state compared to other organs, and
increased inflammatory cell recruitment and proliferation can exacerbate hypoxia in an
already hypoxic environment.

Even though hypoxia has been documented following L. major infection at the tis-
sue level, we wanted to determine if macrophages in the dermal tissue experience
hypoxic conditions, as factors such as proximity to oxygenated blood vessels or length
of time in the inflamed tissue may influence the hypoxic signature of an individual cell.
For the first time, we found skin macrophages displayed an enhanced hypoxic signa-
ture, as measured by pimonidazole staining compared to macrophages in lymphoid
organs, and this hypoxia profile directly mirrored the expression of HIF-a target genes.
Even though the skin is mildly hypoxic basally, we were surprised to detect similar lev-
els of hypoxia in skin macrophages between inflamed and uninflamed contralateral
ears. Upon deeper examination, we found that macrophages expressing the inflamma-
tory monocyte marker Ly6C, suggesting they were recently derived from recruited
monocytes (9), exhibited a decreased hypoxic profile compared to resident cells. These
data show for the first time that monocyte-derived Ly6Chi macrophages are less
hypoxic than resident Ly6Clo macrophages in the skin during cutaneous leishmaniasis,
even though both cell types exist in the same microenvironment. Therefore, these
data suggest there is heterogeneity in the macrophage population with respect to the
longevity within the tissue, and we speculate the oxygenated environment of the
blood imprints a metabolic signature that is lost upon entry into inflamed tissues. In
addition to proximity to a blood vessel, which contributes to the hypoxic status of cells
(34), the amount of time a cell spends in a hypoxic microenvironment may also impact
its metabolism and function. Given hypoxic conditions induce a glycolytic profile in
macrophages and this metabolic shift can dictate their functionality (35), future studies
will be required to characterize how cells are influenced by their tissue microenviron-
ments as they migrate from normoxic vessels into sites of inflammation characterized
by chronic hypoxia. Additionally, future work will examine the length of time cells
must spend in the tissue for their genomic and metabolic signatures to be reprog-
ramed. Altogether, these results offer insights into how cells change once they enter a
tissue, which is important given their microenvironment can affect their functionality,
and thus their ability to control pathogens.

Once established, hypoxia leads to the accumulation and stabilization of HIF-a iso-
forms. There are 3 HIF-a isoforms, i.e., HIF-1a, HIF-2a, and HIF-3a. While not much is
known about HIF-3a in general, the 2 primary isoforms are HIF-1a and HIF-2a. Upon
activation, the HIF-a subunit binds to ARNT (HIF-1b), which is constitutively expressed
(36). The HIF-a/ARNT heterodimer is translocated to the nucleus, where it binds to hy-
poxia-responsive elements of target genes involved in regulating cell metabolism,
especially in response to stress (36). While HIF-1a and HIF-2a share 48% amino acid
sequence homology and induce the expression of many of the same target genes,
such as Vegfa, each HIF-a subunit also regulates a distinct subset of genes (37, 38).
Consistent with leishmanial lesions being hypoxic, HIF-1a is elevated in lesions from
infected humans and mice (12, 18, 19, 21, 39); however, the expression of HIF-2a has
not been examined in this context. In addition to HIF-1a, we show for the first time
that HIF-2a and HIF-2a target genes are expressed preferentially in the skin during
L. major infection. Given that myeloid Arnt deletion affects both HIF-1a and HIF-2a sig-
naling (23), we investigated the expression of target genes specific to each isoform.
We found evidence that both HIF-1a and HIF-2a target genes were elevated during
L. major infection, suggesting both HIF-1a and HIF-2a signaling are active in cutaneous
leishmaniasis. When cutaneous inflammatory lesions were at their peak lesion size, the
HIF-1a targets Nos2 and Pgk1 were expressed at higher levels in the inflamed skin than
in the corresponding dLN. Similarly, HIF-2a targets Arg1, Epo, Oct4, and Angpt2 were
expressed at higher levels in the inflamed skin than in the corresponding dLN. While
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myeloid HIF-1a plays a role in parasite killing through NO production during L. major
infection (19), the downstream consequence of HIF-2a signaling in any cell type during
leishmaniasis is unknown. Here, we found HIF-2a was expressed in both uninflamed
and inflamed skin, supporting our observation that many HIF-2a target genes were
expressed in the skin regardless of the inflammatory status. Altogether, these data sug-
gest both HIF-a pathways are active and may contribute to pathogen control and/or
clinical disease. Future work using transgenic mouse models for deletion of HIF-1a and
HIF-2a individually will be required to distinguish the relevance of each HIF-a pathway
in the pathogenesis of cutaneous leishmaniasis, as well as other pathological diseases.

While the immense recruitment of myeloid cells is critical for parasite control, the
continuous recruitment of inflammatory cells into the skin must be restricted to prevent
immunopathology and maintain tissue integrity. To limit immunopathology during cuta-
neous leishmaniasis, we speculate lymphangiogenesis occurs to provide an exit route for
recruited cells and excess fluid back to the circulation (21). During leishmaniasis, lym-
phangiogenesis is mediated by VEGF-A binding to the corresponding receptor VEGFR-2
on lymphatic endothelial cells (ECs) (21). In this work, we build upon our previous find-
ings and show that macrophage ARNT/HIF/VEGF-A leads to lymphangiogenesis and
lesion resolution during L. major infection. In the absence of myeloid ARNT/HIF-a signal-
ing, infected mice displayed exacerbated immunopathology characterized by increased
numbers of CD41 T cells in the skin and an enhanced overall immune response, as evi-
denced by larger dLN hypertrophy in infected LysMCre ARNTf/f mice than in controls.
While we have previously reported increased numbers of inflammatory monocytes are
associated with immunopathology in LysMCre ARNTf/f mice (12), this is the first time ele-
vated numbers of CD41 T cells have been detected in these mice following L. major
infection. In general, infected LysMCre ARNTf/f mice exhibited an enhanced CD41 T cell
response, with larger percentages and numbers of proliferating, IFN-g-producing, and
TNF-a-producing CD41 T cells compared to LysMCre ARNTf/1 controls. Surprisingly, the
enhanced CD41 T cell response did not result in lower parasite numbers in LysMCre

ARNTf/f mice. Even though we detected more CD41 T cells producing IFN-g, which would
suggest better parasite control, we speculate parasite load is not decreased due to a
defect in Nos2 expression by LysMCre ARNTf/f macrophages (12). Supporting this hypoth-
esis, the addition of IFN-g to macrophages lacking HIF-1a does not lead to optimal con-
trol of parasitic or bacterial infections due to insufficient NO production (19, 40).
Therefore, even though T cells are producing more IFN-g in infected LysMCre ARNTf/f

mice, HIF-a deficient macrophages cannot optimally respond to control Leishmania par-
asites. HIF-1a-deficient macrophages also fail to suppress T cell proliferation and func-
tion under hypoxia, suggesting macrophage HIF-1a suppresses T cell responses in
tumors, which is consistent with our findings during infection (41). In addition to IFN-g,
there was also a higher percentage and number of CD41 T cells producing TNF-a in
infected LysMCre ARNTf/f mice, which would also suggest lower parasite numbers.
However, T cells are not the only source of TNF-a, and other cellular sources may pro-
duce sufficient TNF-a to kill parasites. Given macrophage TNF-a production is intact in
infected LysMCre ARNTf/f mice, we hypothesize T cell-derived TNF-a does not enhance
parasite control in the skin when macrophage TNF-a is sufficient (12).

Given infected LysMCre ARNTf/f mice did not exhibit a compromised immune
response, we speculate that the preexisting lymphatics, which are present prior to infec-
tion, are sufficient and capable of mediating parasite or dendritic cell migration from the
site of infection to the dLN to initiate CD41 Th1 response. In this mouse model, dLN T
cell activation occurs by day 7 p.i. but lymphatic EC proliferation does not peak until
21days p.i., suggesting the expansion of the lymphatics follows T cell priming and the
accumulation of inflammatory cells in the skin, which markedly increase at 14 days p.i.
Therefore, we propose lymphangiogenesis only occurs after accumulation of inflamma-
tory cells in the lesion, and thus defects in lymphangiogenesis in the infected LysMCre

ARNTf/f mice would not impact initial T cell activation. Our data show lymphangiogenesis
is required to orchestrate inflammatory cell exit from the dermal tissue to allow for lesion
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resolution. Without myeloid ARNT/HIF-mediated lymphangiogenesis, the recruited cells,
such as inflammatory monocytes and CD41 T cells, extravasated fluid, and inflammatory
mediators such as cytokines and chemokines are sequestered at the site of infection,
leading to larger lesions and impaired wound healing. Others have reported a role for
lymphangiogenesis in viral dissemination and tumor metastasis (42, 43). We did not
detect increased parasite loads in the dLN when lymphangiogenesis was optimal, sug-
gesting the expanded lymphatics are not a major contributor to parasite dissemination
after lesions are established. Given parasites are detected in the dLN, these data suggest
the preexisting lymphatics are sufficient for parasite dissemination to the dLN. However,
this remains an important unanswered question for other Leishmania species resulting
in cutaneous leishmaniasis that are more associated with dissemination, such as
Leishmania braziliensis.

Our findings show that the absence of the ARNT/HIF pathway in myeloid cells does
not compromise the immune response because parasite burdens were similar in
LysMCre ARNTf/f and control mice. While others demonstrated that HIF stabilization
decreases bacterial and fungal burdens within macrophages (40, 44), Leishmania para-
site growth was not affected by HIF stabilization alone. HIF can be stabilized by two
dominant mechanisms: (i) inhibiting prolyl hydroxylase (PHD) enzymes or (ii) factor in-
hibiting HIF (FIH) (45). Earlier studies with L. major examined the effects of HIF stabiliza-
tion by inhibiting PHD enzymes without affecting FIH (19); however, it is not known if
PHD enzymes or FIH stabilizes HIF in vivo during infection. Here, we stabilized HIF using
DMOG, which inhibits both PHD enzymes and FIH, and found HIF stabilization does
not impact parasite growth or lead to parasite killing. Therefore, we hypothesize that
multiple signals from the microenvironment are required for parasite killing. For
instance, hypoxia in combination with proinflammatory cytokines leads to HIF-1a-
mediated anti-leishmanial immunity in macrophages, but HIF-1a accumulation alone
does not yield the same effect (19). Here, we showed that myeloid ARNT/HIF signaling
promotes VEGF-A-mediated lymphangiogenesis during cutaneous leishmaniasis to
restrict tissue inflammation. Considered alongside elegant work from others, our
results suggest dermal macrophages play dual roles in hypoxic tissue by participating
in pathogen control and orchestrating lymphatic remodeling to limit immunopathol-
ogy during leishmaniasis.

MATERIALS ANDMETHODS
Mice. Female C57BL/6NCr mice were purchased from the National Cancer Institute. To achieve mye-

loid-specific Arnt conditional-knockout mice, mice expressing the LysMCre allele were crossed with mice
with a floxed Arnt conditional allele, as previously described (23, 46). Therefore, all mice, including con-
trols, were homozygous for the LysMCre allele. The LysMCre ARNTf/f and LysMCre ARNTf/1 control mice
were a gift from M. Celeste Simon (University of Pennsylvania, Philadelphia, PA). For infections, LysMCre

ARNTf/f mice were infected alongside LysMCre ARNTf/1 controls. Mice were housed under pathogen-free
conditions at the University of Arkansas for Medical Sciences (UAMS) and used for experiments at 6 to
8weeks of age. All procedures were approved by the UAMS IACUC and performed in accordance with
institutional guidelines.

Parasites. Leishmania major (WHO/MHOM/IL/80/Friedlin) and DsRed fluorescent L. major Friedlin
strain parasites were grown in vitro in Schneider’s Drosophila medium (Gibco) supplemented with 20%
heat-inactivated fetal bovine serum (FBS, Invitrogen), 2mM L-glutamine (Sigma), 100 U/ml penicillin, and
100mg/ml streptomycin (Sigma). Metacyclic stationary-phase promastigotes were isolated from 4- to
5-day-old cultures by Ficoll density gradient separation (Sigma) (47).

In vivo infections. For infections, 10 ml of phosphate-buffered saline (PBS) (Gibco) containing
2� 106 parasites was injected intradermally into the ear. Only one ear of each mouse was infected and
the other contralateral ear of the same mouse, which was not infected or injected, served as an unin-
flamed control. Ear thickness and lesion area were monitored weekly with a caliper, and lesion volume
was calculated. Ears were digested enzymatically for 90 min at 37°C in 0.25mg/ml liberase (Roche) with
10mg/ml DNase I (Sigma) in incomplete RPMI 1640 medium (Gibco). Limiting dilution assays were per-
formed to determine parasite burdens in the tissue (48).

Flow cytometry. For flow cytometric analysis of dermal cells from the ears, cells were surface stained
after enzymatic digestion and processing. For draining lymph node (dLN) flow cytometric analysis, cells
were stimulated with brefeldin A (BFA; 1:1,000; eBioscience), monensin (1:1,000; eBioscience), PMA
(100 ng/ml; Abcam), and ionomycin (1mg/ml; Sigma) for 4 h before viability and surface staining. To
determine cell viability, cells were incubated with fixable Aqua dye (Invitrogen). Fc receptors were
blocked with 2.4G2 anti-mouse CD16/32 (Invitrogen or BioXCell) and 0.2% normal rat IgG (BioXCell).
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Cells were surface stained using a-CD45 AF700 (eBiosciences), as well as a-CD4 BV605 (Biolegend),
a-CD8b PerCpCy5.5 (Biolegend), a-CD64 PECy7, (Biolegend), a-CD64 BV711, (Biolegend), a-CD11b
BV605 (Biolegend), and a-Ly6C PerCpCy5.5 (eBiosciences) in the presence of brilliant violet buffer (BD
Biosciences). Intracellular cytokine staining was performed using the Foxp3 intracellular staining kit (Life
Technologies) or the BrdU kit (BD Pharmingen) combined with a-CD3 APCeF780 (eBiosciences), a-IFN-g
PECy7 (eBiosciences), and a-TNF-a PE (eBiosciences). For flow cytometry, cell events were acquired on
an LSRII Fortessa flow cytometer (BD Biosciences) and analyzed using FlowJo (Tree Star).

BrdU incorporation. BrdU (BD Pharmingen, 0.8mg/ml) was administered in drinking water for
3 days, and mice were injected intraperitoneally (i.p.) with 1mg BrdU in 100 ml at 24 h and 1 h before eu-
thanasia. After cell-surface staining, cells were fixed, permeabilized, and treated with DNase I using the
BrdU staining kit (BD Pharmingen). Intracellular staining was performed with a-BrdU-FITC according to
the manufacturer’s instructions.

Pimonidazole. To determine hypoxia at the cellular level, each infected mouse was injected with
1.5mg pimonidazole (Hypoxyprobe kit) in 200 ml PBS i.p. 90min before sacrifice. After cell-surface stain-
ing, cells were fixed and permeabilized using the Foxp3 intracellular staining kit. Intracellular staining
was performed with a-pimonidazole-FITC (1:100) according to the manufacturer’s instructions.
Fluorescence minus one (FMO) controls for pimonidazole staining are shown in gray in the representa-
tive histograms.

mRNA extraction and real-time PCR. mRNA was extracted with the EZNA Total RNA kit I (Omega
Bio-tek). RNA was reverse transcribed with the High-Capacity cDNA reverse transcription kit (Applied
Biosystems). Quantitative real-time PCR was performed using SYBR green PCR Master Mix and a
QuantStudio 6 Flex real-time PCR system (Life Technologies). Mouse primer sequences were selected
from the PrimerBank (http://pga.mgh.harvard.edu/primerbank/): Vegfa (forward 59-ATCTTCAAGCCGTCCT
GTGT-39 and reverse 59-GCATTCACATCTGCTGTGCT-39), Hif1a (forward 59-TCCCCTCTCCTGTAAGCAAG-39
and reverse 59-TCGACGTTCAGAACTCATCCT-39), Hif2a (forward 59-CTCCAGGAGCTCAAAAGGTG-39 and
reverse 59-CAGGTAAGGCTCGAACGATG-39), Nos2 (forward 59-ATGGAGACTGTCCCAGCAAT-39 and reverse
59-GGCGCAGAACTGAGGGTA-39), Epo (forward 59-CATCTGCGACAGTCGAGTTCTG -39 and reverse 59-CACA
ACCCATCGTGACATTTTC-39), Ldha (forward 59-TGTCTCCAGCAAAGACTACTGT-39 and reverse 59-GACTGT
ACTTGACAATGTTGGGA-39), Pgk1 (forward 59-ATGTCGCTTAACAAGCTG -39 and reverse 59-GCTCCATTG
TCCAAGCAGAAT-39), Angpt2 (forward 59-CCTCGACTACGACGACTAGT-39 and reverse 59-TCTGCACCACA
TTCTGTTGGA-39), Oct4 (forward 59-AGAGGATCACCTTGGGGTACA-39 and reverse 59-CGAAGCGACAGATG
GTGGTC-39), Arg1 (forward 59-CTCCAAGCCAAAGTCCTTAGAG-39 and reverse 59-AGGAGCTGTCATTAGGG
ACATC-39), and RpsII (forward 59-CGTGACGAAGATGAAGATGC-39 and reverse 59-GCACATTGAATCGCACA
GTC-39). The results were normalized to the housekeeping ribosomal protein S14 gene (RpsII) using the
comparative threshold cycle method (2-DDCT) for relative quantification.

Generation of bone marrow-derived macrophages. Bone marrow-derived macrophages (BMDM)
were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% FBS, 2.5% HEPES,
1% antibiotics (pen/strep), and 25% supernatant from L929 cells as a source of macrophage colony-stim-
ulating factor (M-CSF) for 7 days. For experiments, adherent macrophages were removed after 7 days,
counted, and transferred to plates in DMEM to allow for adherence overnight at 37°C before in vitro
infection or stimulation.

In vitro infections and microscopy for parasite quantification. BMDM (250,000 cells per well in a
48-well plate) were infected with DsRed fluorescent L. major parasites (MOI 5:1) for 2 h at 37°C in DMEM to
allow parasite internalization. After 2 h of infection, macrophages were washed 3 times to remove extracel-
lular parasites. Macrophages were then cultured for 24h to examine protein production in cell-free super-
natants. In experiments to stabilize HIF signaling, macrophages were treated with dimethyloxalylglycine
(DMOG; Sigma) at 3 different concentrations (0.1mM, 0.2mM, or 0.3mM) during the infection. Cells were
placed in DMOG for the duration of the experiment after extracellular parasites were washed away. At the
end of the experiment, cells were fixed with ice-cold methanol for 3 min and washed twice with PBS;
nuclei were then stained with DAPI (49,6-diamidino-2-phenylindole). For each well, 5 random images were
acquired on a Keyence BZX fluorescence microscope and analyzed with BZ-X800 Imager Analyzer software
that allows for parasite and macrophage cell counting. To normalize the data, the number of parasites was
divided by the number of macrophages for each field. Experiments were performed in triplicate.

VEGF-A production. VEGF-A protein was quantified in cell-free supernatants using an enzyme-
linked immunosorbent assay (ELISA) to detect murine VEGF-A as directed by the manufacturer (R&D
Systems).

Histology and immunofluorescence microscopy. Infected ears from LysMCre ARNTf/f and LysMCre

ARNTf/1 mice were fixed in 10% buffered formalin and embedded in paraffin. For histology, 4-mm longitu-
dinal sections were subjected to hematoxylin and eosin (H&E) stain. For immunofluorescence microscopy,
ears were frozen in Tissue-Tek OCT (Sakura). Tissue sections were fixed with 3% formaldehyde, blocked
with 10% goat serum (Sigma) for 1 h, and stained with rabbit anti-LYVE-1 (AngioBio) overnight, followed
by goat anti-rabbit Alexa Fluor 488 secondary antibody (Life Technologies) for 1 h. Sections were mounted
with Prolong Gold containing DAPI (Invitrogen). Images were captured using an Invitrogen EVOS FL Auto
2 microscope. Fluorescence images of ear sections were analyzed using Volocity (Quorum Technologies
Inc.). The areas to be analyzed were selected using the region of interest (ROI) tool. An ROI was drawn
around all of the section excluding: (i) the epidermis (due to nonspecific binding of the secondary anti-
body) and (ii) folded areas due to increased background brightness relative to flat tissue. Lymphatic vessel
density was determined by counting the LYVE-11 vessels within the specified ROI and dividing the num-
ber of LYVE-11 vessels by the total area of the ROI. Percent LYVE-1 expression was determined by using
the ROI tool to measure the area of LYVE-11 pixels, dividing the area of LYVE-11 pixels by the total area of
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the ROI, and multiplying by 100. The threshold of “14” was selected to exclude the background fluores-
cence and thus only show the LYVE-11 cells. It should be noted vessels appear as rings in the stained tis-
sue sections, and we did not visualize many LYVE-11 cells outside the morphology of the ring, suggesting
the majority of the LYVE-11 events in infected ears were ECs that are part of the diameter of the vessel,
and not LYVE-11 macrophages.

Statistics. All data were analyzed using GraphPad Prism 7, and P# 0.05 was considered statistically
significant. Statistical significance was calculated using a 2-tailed Student’s unpaired or paired t test for a
single comparison between groups. A Grubbs’ test was used to identify and mathematically remove out-
lier data points.
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