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In Brief

Vector-borne diseases afflict millions of
people worldwide. DeSouza-Vieira et al.
demonstrate that blood-feeding
arthropods induce HO-1 in skin
macrophages that ingest extravascular
erythrocytes from damaged vessels.
Without HO-1, sand fly transmission of
Leishmania led to aggravated cutaneous
leishmaniasis pathology without affecting
the parasites, indicating that HO-1
production promotes disease tolerance.
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SUMMARY

Hematophagous vectors lacerate host skin and capillaries to acquire a blood meal, resulting in leakage of red
blood cells (RBCs) and inflammation. Here, we show that heme oxygenase-1 (HO-1), a pleiotropic cytopro-
tective isoenzyme that mitigates heme-mediated tissue damage, is induced after bites of sand flies, mosqui-
toes, and ticks. Further, we demonstrate that erythrophagocytosis by macrophages, including a skin-
residing CD163"CD91™ professional iron-recycling subpopulation, produces HO-1 after bites. Importantly,
we establish that global deletion or transient inhibition of HO-1 in mice increases inflammation and pathology
following Leishmania-infected sand fly bites without affecting parasite number, whereas CO, an end product
of the HO-1 enzymatic reaction, suppresses skin inflammation. This indicates that HO-1 induction by blood-
feeding sand flies promotes tolerance to Leishmania infection. Collectively, our data demonstrate that HO-1
induction through erythrophagocytosis is a universal mechanism that regulates skin inflammation following

blood feeding by arthropods, thus promoting early-stage disease tolerance to vector-borne pathogens.

INTRODUCTION

According to the World Health Organization, more than half the
world’s population is at risk of contracting a vector-borne dis-
ease, and collectively, vector-borne diseases cause more than
700,000 deaths annually (https://www.who.int/news-room/
fact-sheets/detail/vector-borne-diseases). Hematophagous ar-
thropods, such as mosquitoes, ticks, and sand flies, are major
vectors of human diseases (Franklinos et al., 2019; Shaw and
Catteruccia, 2019). During a blood meal, these vectors transmit
multiple pathogens, such as Plasmodium spp. and arboviruses
by mosquitoes (Simoes et al., 2018), Borrelia by ticks (Mason
et al., 2014), and phleboviruses, Bartonella spp. and Leishmania
spp. by sand flies (Ready, 2013), among many others.

The concept of blood-feeding arthropods as “flying needles”
that simply inject pathogens has been refuted by a variety of
experimental systems. For example, regurgitation of vector-
derived factors present in the sand fly inoculum, such as saliva
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(Belkaid et al., 1998; Titus and Ribeiro, 1988), exosomes (Atayde
et al., 2015), and proteophosphoglycans (Giraud et al., 2018),
have been shown to orchestrate a complex host inflammatory
immune response that favors Leishmania parasite survival and
replication, leading to disease exacerbation. More recently, our
group demonstrated that gut microbiota egested by the sand
fly following transmission of L. donovani by Lutzomyia longipalpis
triggers inflammasome activation in neutrophils and drives auto-
crine amplification of their recruitment through interleukin-1B (IL-
1B), sanctioning parasite dissemination to visceral organs (Dey
et al., 2018). Hence, vector-derived molecules are critical for
Leishmania establishment. Similarly, transmission and dissemi-
nation of viruses were also enhanced by bites and saliva of
mosquitoes (Pingen et al., 2017; Sun et al., 2020), reinforcing
the importance of vector-derived factors in modulating the infec-
tivity of vector-borne pathogens.

To obtain a blood meal, blood-feeding arthropods breach
the skin and lacerate capillaries and blood vessels, leading to
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extravascular leakage of red blood cells (RBCs) and inflamma-
tion (Lavoipierre, 1965). Under inflammatory conditions,
oxidative stress promotes release of free heme from oxidized he-
moproteins, such as hemoglobin (Hb), eliciting the production of
free radicals (Gozzelino et al., 2010). Heme oxygenase (HO)-1 is
a stress-responsive enzyme that catabolizes the rate-limiting re-
action of heme degradation, generating equimolar amounts of
Fe, carbon monoxide (CO), and biliverdin (Gozzelino et al.,
2010; Singh et al., 2018). Its enzymatic activity has broad cyto-
protective and immunoregulatory effects targeting a plethora
of genes involved in stress responses (Otterbein et al., 2003). A
growing body of evidence has demonstrated that HO-1 affords
protection against diseases, such as hepatitis B (Protzer et al.,
2007), tuberculosis (Costa et al., 2016; Silva-Gomes et al.,
2013), sepsis (Larsen et al., 2010), and malaria (Ferreira et al.,
2011). The mechanisms governing these protective effects are
pleiotropic (Silva et al., 2020) and rely, to a large extent, on the
cytoprotective and immunoregulatory effects of CO (Motterlini
and Otterbein, 2010).

In skin, heme oxygenases are cytoprotective against reactive
oxygen species generated during normal physiological pro-
cesses, and they limit oxidative stress following exposure to
environmental assaults (Szabo et al., 2018). Previously, we
have demonstrated that bites of L. longipalpis sand flies induce
NFE2L2-dependent production of HO-1 in human skin that was
attributed to the effect of saliva (Luz et al., 2018). Here, we show
another facet to HO-1 induction in skin triggered by blood-
feeding arthropods. We demonstrate that HO-1 is induced
following bites of sand flies, mosquitoes, and ticks. Further,
we use sand flies to demonstrate that HO-1 is produced by resi-
dent and inflammatory macrophages that uptake and digest
extravascular RBCs or their constituents, potentially to mitigate
the release of heme from Hb upon oxidation (Pamplona et al.,
2007). We also show that global deletion of HO-1 or transient
pharmacologic inhibition of its activity promotes tolerance to
CL after transmission of Leishmania parasites by sand flies.
We then establish that transient inhibition of HO-1 activity re-
sults in increased gene expression of inflammatory mediators,
including CXCL1, CXCL2, IL-1B, and chitinase-like 3 (CHI3L1).
Conversely, local delivery of CO, an end product of heme
degradation by HO-1, into tissue dampens the acute inflamma-
tory response. Hence, we establish that HO-1 induction is a uni-
versal response to vector bites triggered by extravascular
blood, where it suppresses the host inflammatory response
via CO, shielding transmitted pathogens at their most
vulnerable.

RESULTS

Production of HO-1 in Host Skin Is a Universal Response
to Bites of Hematophagous Arthropods

To explore the induction of HO-1 in skin after bites from major
arthropod vectors of disease, we exposed mice ears to 10
L. longipalpis or Phlebotomus duboscqi sand flies, 10 Aedes ae-
gypti or Anopheles gambiae mosquitoes, or three Ornithodoros
turicata ticks. Next, we measured HO-1 levels in skin tissue ly-
sates (STLs) by immunoblotting and ELISA at 6 h, 24 h, 48 h,
and 1 week after exposure (Figures 1A-1C). Compared to resting
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skin, HO-1 levels were significantly higher for all tested arthropod
vectors with a peak expression at 24 h or 48 h after bites (Figures
1A-1C). In comparison, mechanical damage caused by needle
poking resulted in a weak induction of HO-1 (Figures 1A-1C).

To obtain a meal, blood-feeding arthropods breach the skin,
lacerate capillaries, and inoculate saliva containing vasodilators
and anti-coagulants into host skin (Ribeiro, 1995). We hypothe-
sized that, after vector bites, extravascular leakage of RBCs in
the skin might cause hemolysis and potentially Hb release.
Accordingly, quantification of total Hb in STL showed a signifi-
cant increase in its levels compared to unbitten controls at 6 h
after bites of all tested arthropod vectors, apart from
A. gambiae, whose bites resulted in the weakest tissue hemor-
rhage (Figure 1D). Interestingly, elevated levels of Hb were main-
tained up to 48 h after L. Longipalpis bites (Figure 1D). This may
be due to the potency of maxadilan, the vasodilator in saliva
(Lerner et al., 1991; Svensjo et al., 2009, 2012), which facilitates
blood flow into the bite site. The extensive leakage of RBCs in ear
tissue, visible at 6 h and 18 h after sand fly bites, provides further
evidence that bleeding drives HO-1 induction at arthropod bite
sites (Figure 1E). Similar to what was observed for HO-1 induc-
tion, the increase in Hb levels after mechanical damage caused
by needle poking was not comparable to vector bites (Figure 1D).
Of note, tissue homeostasis was restored at 1 week after bites
for all tested arthropod vectors (Figures 1A-1D).

Recently, we published that L. longipalpis saliva induces a
NFE2L2-dependent production of HO-1 at the site of the bite
(Luz et al., 2018). To investigate the contribution of saliva to
HO-1 induction at vector bite sites, we compared the intradermal
injection of saliva to bites of Lutzomyia sand flies and Aedes
mosquitoes (Figure 1F). Previous studies established that a
pair of sand fly salivary glands contains about 0.38-3.00 pg of
protein and that a sand fly deposits about 26%-71% of its saliva
after feeding (Prates et al., 2008; Ribeiro et al., 1989). Similarly,
the protein content in mosquito saliva ranges from 1 to 3 pg
per pair of glands and a mosquito deposits about 20%-50% of
its saliva into the host (Calvo et al., 2006; Martin-Martin et al.,
2020). Based on these data, we injected 1 pg or 3 pg (Figure 1F).
Bites or injection of 3 ng of saliva from both insects induced
significantly higher levels of HO-1 compared to naive skin (Fig-
ure 1F), supporting participation of saliva in HO-1 induction at
the bite site. Altogether, these data demonstrate that induction
of HO-1 is a universal host skin response to blood-feeding
arthropods.

Erythrophagocytosis Triggers HO-1 Production at the
Bite Site

Next, we wanted to establish the cellular mechanism by which
blood-feeding arthropods induce HO-1 in the skin at the bite
site. Fluorescence-activated cell sorting (FACS) analysis of sin-
gle-cell suspensions obtained from mouse ears 18 h after sand
fly bites demonstrates the transient emergence of a population
of CD11b™ myeloid cells positive for TER-119, a transmembrane
marker exclusive to RBCs (Figure 2A). On average, a 3.5- and a
5-fold increase in the number of CD11b*TER-119* cells was
observed for L. longipalpis and P. duboscqi, respectively,
compared to unbitten ears (Figures 2B and 2C). Back gating
CD11b*TER-119" cells onto Ly6G and Ly6C scatterplots
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Figure 1. HO-1 Is Induced in Host Skin in Response to Blood-Feeding Arthropod Vectors
(A-D) Skin tissue lysate (STL) of ears exposed to 10 Lutzomyia longipalpis or Phlebotomus duboscqi sand flies, 10 Aedes aegypti or Anopheles gambiae
mosquitoes, 3 Ornithodoros turicata ticks, or poked 10 times with a 32-gauge needle. Naive, unbitten ears, negative control; spleen, positive control.

(A) HO-1 western blot (n = 4-6 pooled ears).

(B) Fold change over naive of HO-1 density relative to the loading control HSP90 for the western blot shown in (A).
(C and D) HO-1 (C) or hemoglobin (D) levels by ELISA. Insets (D) depict hemorrhage (n = 2-6 pooled ears).
(E) H&E stain of skin after 20 P. duboscqi bites showing vascular (black arrows) or extravascular (blue arrows) RBCs. Scale bars, 110 um or 50 um (n = 4 ears/

experiment).

(F) HO-1 levels in ear STL after exposure to 5 L. longipalpis or A. aegypti bites or intradermal (i.d.) injection of saliva from each insect (n = 4 pooled ears).
Representative blots (A) or images from 2-4 experiments (E). Graphs represent mean + SEM of cumulative data from 2-4 experiments (C, D, and F). *p < 0.05,
**p < 0.01, **p < 0.001, and ***p < 0.0001; Kruskal-Wallis with Dunn’s post hoc analysis (C, D, and F).

determined that the majority of erythrophagocytic cells at the site
of the bite are resident myeloid (Ly6C"*9Ly6G"®9) or inflamma-
tory cells (Ly6C™M9"Ly6G"*9%) and did not include neutrophils
(CD11b*LyBC™Ly6G"9"; Figures 2D and 2E). We have previ-
ously demonstrated that resident macrophages are a main
source of HO-1 at bite sites of L. longipalpis (Luz et al., 2018).
To better define the type of cells performing erythrophagocyto-
sis, we further distinguished inflammatory from tissue-resident
macrophages based on F4/80 and Ly6C expression (Epelman
et al., 2014; Leid et al., 2016; Yang et al., 2019). We established
that the CD11b*TER-119* population is composed of a
combination of tissue-resident macrophages (CD11b*F4/
80*Ly6C"*%Ly6G"*°) and macrophages originating from re-
cruited inflammatory monocytes (CD11b*F4/80*Ly6CMo"
Ly6G"®9; Figures 2D and 2E). There is evidence that heme orig-
inating from erythrocytes influences the phenotype of mono-
cytes, converting them into iron-recycling macrophages (Alam
et al., 2017), further supporting our findings. In summary, our
data reveal that both tissue and inflammatory macrophages
participate in erythrophagocytosis at the bite site.

In the spleen, liver, and bone marrow, aged or damaged eryth-
rocytes are phagocytosed by macrophages that express high
levels of HO-1 and are dedicated to recycling iron and amino
acids to support bone marrow erythropoiesis (Soares and
Hamza, 2016). These specialized macrophages express
CD163, a Hb scavenger receptor that mediates the uptake of
haptoglobin-Hb complexes (Thomsen et al., 2013), and CD91,
which mediates phagocytosis of apoptotic/damaged RBCs
and heme-hemopexin complexes (Nilsson et al., 2012; Park
and Kim, 2017; Vandivier et al., 2002). Remarkably, we detected
a subpopulation of macrophages expressing high levels of
CD163 and CD91 in resting skin (Figure 2F). Surprisingly, the
number of CD91*CD163* macrophages only marginally
increased by 18 h after sand fly bites (Figure 2F). Moreover,
only 38.0% of CD11b*F4/80"TER-119" macrophages were
CD91*CD163*, and this percentage was similar in CD11b+F4/
80*TER-119~ (Figure 2G). This suggests that CD91"CD163"
macrophages represent only a proportion of the participating er-
ythrophagocytes at the bite site. Collectively, these data demon-
strate that macrophages phagocytose RBCs, leading to
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Figure 2. Erythrophagocytosis at the Bite Site Is Carried out by a Specialized Subset of CD91*CD163" Iron-Recycling Macrophages in Host

Skin
(A-G) Mice ear cells recovered after exposure to 20 sand flies.

(A) Gating strategy (top panel) to define CD11b*TER-119" cells (bottom panel).

(B-1) At 18 h post-bite.
(B and C) Number of CD11b*TER-119* cells.
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induction of HO-1. Further, they reveal a skin-resident special-
ized subpopulation of macrophages expressing high levels of
CD163 and CD91 that participate in erythrophagocytosis and
work as professional iron-recycling erythrophagocytes.

To further validate the occurrence of erythrophagocytosis af-
ter vector bites, we visualized it in situ. We exposed mouse
ears to sand fly bites and obtained skin sections for immunolab-
eling after 18 h, the peak of erythrophagocytosis based on our
flow cytometry observations (Figures 2A-2C). Confocal images
show that macrophages (IBA-1%) expressing high levels of HO-
1 (HO-1%) have internalized RBCs (TER-119*; Figure 2H). In
contrast, neutrophils did not express HO-1 (green arrows), con-
firming our previous observations (Luz et al., 2018). A white arrow
points to a macrophage that has not taken up an RBC and is not
expressing HO-1 (Figure 2H). An orthogonal view of z stacks
(Figure 21) and a representative tridimensional reconstruction
(Figure S1) confirm the subcellular localization of erythrocytes in-
side the cytoplasm of HO-1* macrophages.

HO-1 Promotes Disease Tolerance to Cutaneous
Leishmaniasis Transmitted by L. major-Infected
Phlebotomus duboscgqi Sand Flies

Next, we questioned whether the induction of HO-1 at the bite
site of a blood-feeding vector would influence the pathology of
a vector-borne disease. To address this question, we used an
infection model of cutaneous leishmaniasis (CL) transmitted by
bites of L. major-infected P. duboscgqi sand flies that is well es-
tablished in our laboratory. To infect sand flies, we fed them a
blood meal containing 1 to 2 x 10° parasites/mL. For experi-
ments involving follow-up of disease pathology, a subsequent
uninfected blood meal was provided to promote a homogeneous
transmissible infection (Serafim et al., 2018). The infection status
and feeding behavior of infected sand flies used throughout this
work are shown in Figure S2.

As the feeding behavior of infected sand flies is distinct from
that of uninfected sand flies (Rogers and Bates, 2007), we first es-
tablished that HO-1 is induced in wild-type (Figures 3A and 3B)
and HMOX 1'% mice (Figure 3C) and verified the presence of
extravascular RBCs in the skin of mice ears (Figure S3A) after bites
of L. major-infected P. duboscqi sand flies. We then assessed CL
pathology in HMOX1726/2 (Figure S3B) and HMOX1°/°* mice
following parasite transmission (Figures 3D-3F). Disease progres-
sion, determined by measuring the diameter of developing le-
sions, was significantly enhanced in HMOX1726%2 mice
compared to HMOX 1" mice throughout the course of infection
(Figure 3E), demonstrating that absence of HO-1 leads to an in-
crease in CL pathology. Interestingly, the observed increase in
disease pathology was not reflected by an increase in parasite
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burden, assessed at week 5 post-transmission (Figures 3F and
S3C). As HMOX172652 mice did not express HO-1 throughout
the course of infection, we wanted to establish whether blocking
the effect of its transient induction by blood-feeding arthropods,
in the early stages following pathogen deposition and onset of
the host inflammatory response, would still have a marked impact
on disease pathology long term. To transiently inhibit HO-1 activity
in vivo, wild-type mice were treated with tin protoporphyrin
(SnPPIX), a selective inhibitor of HO-1 activity (Costa et al,
2016), the day prior to, the day of, and the day after vector trans-
mission with L. major-infected P. duboscqi (Figure 3G). Similar to
the outcome of infection in HMOX172%2/A mice, treatment with
SnPPIX significantly increased CL pathology compared to PBS-
treated animals up to 4 weeks post-transmission, the end point
of the experiment, without decreasing the parasite burden (Fig-
ures 3H and 3l). This indicates that a transient induction of HO-1
after sand fly bites ameliorates disease pathology but does not
control the infection. Controlling CL pathology without affecting
Leishmania parasites in both HMOX1725~’2 and SnPPIX-treated
mice demonstrates that HO-1 promotes the establishment of dis-
ease tolerance to leishmaniasis.

Next, we wanted to investigate the mechanism by which HO-1
promotes the establishment of disease tolerance to leishmaniasis.
Because HO-1 exerts a potent anti-inflammatory effect under
distinct pathological and physiological scenarios (Martins et al.,
2019; Medzhitov etal., 2012; Vanella et al., 2016), we hypothesized
that HO-1 induction at the bite site may regulate the acute inflam-
matory burst observed in the skin after infected sand fly bites (Dey
et al., 2018). To explore this hypothesis, we performed a targeted
transcriptional analysis of genes involved in inflammation and the
cell stress response by quantitative RT-PCR (Figure 3J).
Compared to PBS-injected animals, treatment with SnPPIX re-
sulted in dysregulation of the inflammatory response characterized
by increased gene expression of IL-1B and CHI3L1, which pro-
mote neutrophil infiltration (Dey et al., 2018; Sutherland et al.,
2014), as well as CXCL1 and CXCL2 chemokines involved in
neutrophil and inflammatory monocyte infiltration, respectively
(Paudel et al., 2019; Shi and Pamer, 2011), at 18 h after infected
bites (Figures 3J and 3K). A significant increase in expression of
HMOX1 and the iron export protein Ferroportin-1 (SLC40A7)
genes was also observed (Figures 3J and 3K), potentially due to
heme and Fe accumulation, respectively, in macrophages.

HO-1 Regulates Inflammation at the Bite Site by
Modulating Tissue Infiltration by Neutrophils and
Inflammatory Monocytes

We next verified the nature of the inflammatory response
after L. major-infected P. duboscqgi sand flies. Similar to

D and E) Ly6G and Ly6C expression on CD11b*TER-119* cells and F4/80 expression on Ly6G™ cells.

F-l) Exposed to P. duboscqi bites.

G) CD91 and CD163 expression on TER-119* versus TER-119~ macrophages. Naive, unbitten ears; spleen, positive control.
H) Skin section immunolabeled with IBA-1 (macrophages), HO-1 (HO-1), myeloperoxidase (MPO) (neutrophils), TER-119 (RBCs), and DAPI (nuclei). Yellow
squares, macrophages internalizing RBCs; green arrowheads, neutrophils; white arrowhead, a resting macrophage.

(
(
(F) Number of CD11b*F4/80*CD91*CD163" macrophages.
(
(

(I) Orthogonal slicing of (G) projected in 2D. Scale bars, 7 um, 8 um, or 10 pm.

Representative plots (A, D, E, and G) or images (H and I) from 2 experiments. Graphs represent mean + SEM of cumulative data of 4 pooled ears/experiment with
1-3 replicates (B) and 1 to 2 replicates (C and F) from 2 to 3 experiments. *p < 0.05; Mann-Whitney U-test (B and C) or Kruskal-Wallis with Dunn’s post hoc

analysis (F). See also Figure S1.
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Figure 3. HO-1 Promotes Disease Tolerance to Leishmania major Infection

(A-K) Mice ears exposed to 10 (E-) or 20 (A-C, J, and K) L. major-infected P. duboscqi. The ear tissue was lysed at the indicated time points after vector bites.
(A) HO-1 western blot from skin tissue lysate (STL) (n = 2-4 pooled ears).

(B) Fold change over naive of HO-1 density relative to the loading control HSP90 for the western blot shown in (A).

(C) mRNA expression of HMOX1 transcript in HMOX1°/°% and HMOX17264/4 mice by quantitative RT-PCR (n = 3-6 ears).

(D-F) Transmission to HMOX 1" and HMOX17264/4 mice (n = 8-12 ears).

(D) Experimental design.

(E) Sum of lesions diameter.

(F) Parasite load per ear at week 5 post-transmission.

(G-I) Transmission to SnPPIX-treated mice (n = 4-10 ears).

(G) Experimental design.

(H) Sum of lesions diameter. Black arrows indicate cutaneous lesions 4 weeks post-transmission.

(I) Parasite load per ear at week 4 post-transmission.

(J) mRNA expression of inflammatory mediators in SnPPIX-treated mice post-transmission (n = 4 ears). Scale bar, log10 (fold change over naive).

(K) Expression profile of transcripts modulated by HO-1 inhibition.

Representative western blot from 2 experiments (A and B). Graphs represent mean + SEM. Cumulative data (E, F, H, and I) and representative data (J and K) from
2 experiments are shown. A single experiment was conducted for (C). *p < 0.05 and **p < 0.01; Mann-Whitney U-test (C, E, F, H, I, and K). See also Figures S2
and S3 and Table S1.

6 Cell Reports 33, 108317, October 27, 2020



Cell Reports

L. donovani-infected L. longipalpis bites (Dey et al., 2018), we
observed an intense infiltration of CD11b*Ly6C™Ly6G"" neu-
trophils at 6 h post-bite followed by a progressive infiltration of
CD11b*Ly6CM9"Ly6G™9 inflammatory monocytes (Figures 4A
and 4B). Moreover, neutrophils accounted for 70% of the IL-
1B* cells infiltrating the tissue at 6 h after sand fly bites (Figures
4A and 4B). Coincidental to the induction of HO-1, IL-1B produc-
tion decreased sharply by 24-48 h, despite a progressive infiltra-
tion of leukocytes. Accordingly, compared to controls, HO-1 in-
hibition by SnPPIX treatment significantly increased the
infiltration of neutrophils and monocytes at 24 h after infected
sand fly bites (Figures 4C and 4D). Additionally, pharmacological
inhibition of HO-1 in vivo also increased the mean fluorescence
intensity of CD11b on neutrophils compared to PBS-injected an-
imals, 24 h after infected bites (Figure 4E), suggestive of their
higher state of activation (Keeney et al., 1993). For HMOX17264/A
compared to HMOX1*°* mice, infiltration of CD11b* cells,
including monocytes and CD11b*IL-1B* cells, was also
increased at 48 h after L. major-infected P. duboscqi bite (Fig-
ure S4). However, the effect was not pronounced particularly
for neutrophils (Figure S4C), potentially due to the overall neutro-
philia reported for HMOX 172542 mice (Devey et al., 2009).

CO is one of the end products of heme degradation by HO-1
and is a bioactive gasotransmitter that suppresses inflammation
(Pamplona et al., 2007). To test whether HO-1 exerts its anti-in-
flammatory effect through CO, we injected CO releasing mole-
cule 2 (CORM-2) intradermally into mice ears. Administration of
CORM-2 2 h after vector transmission (Figure 4F) did not reduce
the number of neutrophils infiltrating the ear (Figure 4G) but re-
sulted in a 60% decrease in the relative number of neutrophils
secreting IL-1B (Figure 4H). Collectively, these data provide ev-
idence that the production of HO-1 in the skin dampens the
acute inflammatory response induced by infected sand fly bites
through the anti-inflammatory properties of its end products,
including CO.

DISCUSSION

The majority of arthropod vectors transmit pathogens during
blood feeding, yet the implication of RBC release into surround-
ing tissue after vascular damage has been overlooked to date.
Our current findings demonstrate that the bleeding caused by
arthropod bites, potentiated by anti-hemostatic molecules in
vector saliva, is a universal and critical event that shapes the
initial host inflammatory response to vector-borne pathogens.
Extravascular RBCs, and potentially Hb and heme constituents,
are internalized by resident and inflammatory macrophages,
leading to the induction of HO-1 in the skin, where pathogens
are deposited after bites by infected arthropod vectors.
Clearance of RBCs is necessary to restore hemostasis and
prevent heme-mediated tissue damage from oxidized Hb (Pam-
plonaetal., 2007; Schaer et al., 2013). Restoration of hemostasis
after skin injury is attributed to the host wound response and
coagulation (Martin, 1997; Nurden, 2011; Opneja et al., 2019),
and several studies have associated cutaneous HO-1 induction
with accelerated wound healing (Brogliato et al., 2014; Grochot-
Przeczek et al., 2009). High levels of HO-1 after vector bites con-
trasted with its poor induction following mechanical damage

¢ CellP’ress

caused by a needle. This is potentially due to anti-hemostatic
factors egested by hematophagous arthropods to facilitate
blood feeding by promoting enhanced extravasation of RBCs
into the skin. These factors likely intensify HO-1 induction and
may potentially lead to accelerated wound healing after
arthropod bites, emphasizing yet another facet to the complexity
of the effect of arthropod bites on the local innate immune
response of the host.

Our data suggest that induction of HO-1 at the bite site of
Leishmania-infected sand flies promotes disease tolerance to
CL. Tolerance is a defense strategy that controls pathogen-
mediated damage rather than the infection itself (Martins et al.,
2019; Medzhitov et al., 2012). The involvement of HO-1 in pro-
moting disease tolerance has been described for several infec-
tions, including sepsis (Larsen et al., 2010) and malaria (Ferreira
et al., 2011). For malaria, another vector-borne disease trans-
mitted by Anopheles mosquitoes, HO-1 promoted initial stages
of liver infection (Epiphanio et al., 2008) but conferred protection
against severe disease thereafter (Martins et al., 2019; Pamplona
et al., 2007). HO-1 also protected Leishmania parasites and pro-
moted their persistence during visceral leishmaniasis (Luz et al.,
2012; Sahaetal., 2019). These studies, however, focused mostly
on the role of HO-1 when a disease has been established. We
now propose that HO-1 induction at the bite site by blood-
feeding vectors may play an equally important part in regulating
inflammation during early stages of infection, thus impacting dis-
ease progression.

For CL, the effect of transient inhibition of HO-1 on disease
exacerbation was evident up to 5 weeks post-infection, despite
the fact that HO-1 levels in the skin subside within 24-48 h after
vector bites. This suggests that early induction of HO-1 may alter
the nature of the inflammatory response long term. Of note,
because HO-1 induction after infected sand fly bites had a signif-
icant effect on dampening inflammation, we cannot preclude an
early benefit to Leishmania parasites. However, as HO-1 induc-
tion is transient, the low number of transmitted parasites com-
bined with their logarithmic growth likely limits any significant
advantage to the parasites. Though this study is focused on
CL, the effect of HO-1 induction at the bite site of other arthropod
vectors of disease needs to be evaluated for each pathogen,
particularly for those involving dissemination to distal organs.

Here, we identify the presence of CD11b*F4/80*CD91*
CD163* iron-recycling resident macrophages in skin that engulf
RBCs and induce HO-1 production after vector bites. Their pres-
ence in steady-state skin demonstrates that CD163"CD91* er-
ythrophagocytes reside in skin and can promptly internalize
extravascular RBCs. Though we only establish the occurrence
of erythrophagocytosis in this study, constituents such as free
hemoglobin or heme released from damaged or lysed RBCs
may also be taken up directly via CD163. Indeed, senescent
and damaged RBCs are cleared from the bloodstream by a
similar subset of CD163*CD91" macrophages in the spleen,
liver, and bone marrow (Alam et al., 2017; Nairz et al., 2017). Sur-
prisingly, this population did not seem to expand after the inflam-
matory insult caused by sand fly bites. We propose that some of
these macrophages may have shed CD163 and CD91 on their
surface. It has been reported that activation of microglia by lipo-
polysaccharide or calreticulin stimulates shedding of CD91
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Figure 4. HO-1 Regulates Inflammation at the Bite Site by Modulating Tissue Infiltration by Neutrophils and Inflammatory Monocytes

(A-H) Mice ears exposed to 20 L. major-infected P. duboscqi sand flies.
(A-E) Inflammatory infiltrate in mice ears.

(A) Percentage of neutrophils, inflammatory monocytes (inflam. mo.), and resident myeloid cells (res. myeloid cells) (top panel); CD11b*IL-1B* cells (middle

panel); Ly6G and Ly6C expression on CD11b*IL-1B* cells (bottom panel).

(B) Number of CD11b™ cells, inflammatory monocytes, neutrophils, and IL-1B* neutrophils. n = 4-6 pooled mice ears for (A) and (B).
(C-E) Transmission to SnPPIX-treated or PBS-injected mice. Number of neutrophils (C) and inflammatory monocytes (D) in mice ears and mean fluorescent
intensity (MFI) of CD11b on neutrophils (E) are shown. n = 4-6 pooled ears per replicate with 1-4 replicates/experiment.

(F-H) Transmission to mice ears injected i.d. with CORM-2 or PBS.
(F) Experimental design.

(G) Total neutrophil number.

(H) Number of IL-1B* neutrophils. n = 4-6 pooled mice ears.

Representative plots (A) or cumulative data (B) of 2 experiments. Graphs represent mean + SEM. Representative data from 3 (C and D) or 2 (E) experiments are
shown. Cumulative data (G and H) from 5 experiments are shown. *p < 0.05; Mann-Whitney U-test (C-E, G, and H). See also Figures S2 and S4.

(Brifault et al., 2017), although CD163 expression in monocytes
and macrophages is suppressed by lipopolysaccharide, inter-
feron (IFN)-y and tumor necrosis factor alpha (TNF-a) (Buechler
et al., 2000). Hence, the magnitude of CD163*CD91* macro-
phages participating in the inflammatory environment created
after vector bites may be underestimated in this study. Our
data indicate that other macrophage subsets, including mono-
cyte-derived macrophages, also phagocytose RBCs following
sand-fly-mediated vascular damage. An in-depth genomic char-
acterization is needed to better elucidate the nature of the re-
maining macrophage subsets and their involvement in erythro-
phagocytosis and HO-1 induction in skin after vector bites.
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Moreover, whether an increase in temperature due to the acute
inflammatory conditions at the bite site contributes to the induc-
tion of HO-1, a heat shock protein, should also be determined.

Injecting CORM-2 at the time of Leishmania transmission
enabled us to demonstrate that CO decreases the percent of
IL-1B™ neutrophils. We have previously established that IL-1B
promotes the continued infiltration of neutrophils to the bite
site (Dey et al., 2018). Our present data extend this observation,
demonstrating that HO-1 induction may be a central mechanism
in controlling acute inflammation resulting from bites of blood-
feeding arthropods. IL-1B production by neutrophils after in-
fected sand fly bites is mediated by gut microbes that activate



Cell Reports

the NLRP3 inflammasome (Dey et al., 2018). It is possible that
CO and other anti-inflammatory byproducts of the HO-1 reaction
may reduce IL-1B production by directly inhibiting cell inflamma-
somes. A recent study of experimental autoimmune encephalo-
myelitis demonstrated that IL-1R1 signaling suppresses HO-1
expression by blood brain barrier endothelial cells, revealing a
direct antagonistic association between HO-1 and IL-1 (Haupt-
mann et al., 2020). More studies are needed to elucidate how
CO and other byproducts of the HO-1 reaction exert their well-
established anti-inflammatory effect on cells and whether damp-
ening the inflammatory response will have a long-term effect on
the development of the adaptive immune response.

Collectively, our study reveals a universal mechanism trig-
gered by blood-feeding arthropods that regulates inflammation
at the bite site of disease vectors with broad implications for
pathogenesis of vector-borne disease.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-HO-1 abcam Cat#ab13243; RRID: AB_299790

Rabbit anti-HSP90

Goat anti-rabbit secondary antibody
conjugated to horseradish peroxidase

Goat anti-IBA-1

Rabbit anti-myeloperoxidase

Rat anti-mouse TER-119 (clone TER-119)
AF488 Donkey anti-rabbit

AF594 Donkey anti-mouse

AF680 Donkey anti-goat

Biotinylated Donkey anti-rat

Streptavidin AF750

TruStain FcX anti-mouse CD16/32 (clone
93)

PE-Cy7 anti-mouse/human CD11b (clone
M1/70)

FITC anti-mouse Ly6C (clone HK1.4)
PE anti-mouse Ly6G (clone 1A8)
PerCP anti-mouse F4/80 (clone BM8)

PE anti-mouse CD163/M130 (clone
TNKUPJ)

PE anti-mouse CD91 (clone EPR3724)

APC anti-mouse IL1-B pro-form antibody
(clone NJTEN3)

APC anti-mouse TER-119 (clone TER-119)

Cell Signaling Technology
Cell Signaling Technology

abcam

abcam

BD Biosciences
Thermo-Fisher Scientific
Thermo-Fisher Scientific
Thermo-Fisher Scientific
Novus Biologicals
Thermo-Fisher Scientific

Biolegend

Biolegend

Biolegend
Biolegend
Biolegend
Bioss Antibodies

abcam

eBioscience

Biolegend

Cat#4877S; RRID: AB_2233307
Cat#7074S; RRID: AB_2099233

Cat#ab107159; RRID: AB_10972670
Cat#ab9535; RRID: AB_307322
Cat#550565; RRID: AB_393756
Cat#A-21206; RRID: AB_2535792
Cat#A-21203; RRID: AB_141633
Cat#A-32860; RRID: AB_2762841
Cat#NBP1-75379; RRID: AB_11027475

Cat#S21384; Temporary PRID:
AB_2876869

Cat#101320; RRID: AB_1574975

Cat#101216; RRID: AB_312799

Cat#128006; RRID: AB_1186135
Cat#127608; RRID: AB_1186099
Cat#123126; RRID: AB_893483
Cati#tbs-2527R-PE; RRID: AB_11062797

Cat#ab225060; Temporary PRID:
AB_2876868
Cat#17-7114-80; RRID: AB_10670739

Cat#116212; RRID: AB_313713

Chemicals, Peptides, and Recombinant Proteins

Low Phytoestrogen Rodent Diet Teklad global-Envigo Cat#2919
Liberase TL Research Grade Roche Cat#5401020001
Tin Protoporphyrin IX dichloride (SnPPIX) Enzo Life Science Cat#ALX-430-051-M025
Tricarbonyldichlororuthenium (Il) dimer Sigma-Aldrich Cat#288144
(CORM-2)

Pierce RIPA Lysis and Extraction Buffer Thermo-Fisher Scientific Cat#89901
Phenylmethylsulfonyl Fluoride solution Sigma-Aldrich Cat#93482

Halt Protease Inhibitor Cocktail Thermo-Fisher Scientific Cat#87786
Peanut Agglutinin (PNA), Unconjugated Vector Laboratories Cat#L-1070
Critical Commercial Assays

Pierce BCA Protein Assay Kit Thermo-Fisher Scientific Cat#23227
Mouse Heme Oxygenase 1 ELISA Kit abcam Cat#ab204524
Mouse Hemoglobin ELISA Kit abcam Cat#ab157715
Flash Western Chemiluminescence Azure Biosystems Cat#AC221
PureLink RNA Mini kit Invitrogen -Thermo-Fisher Scientific Cat#12183020
cDNA reverse transcription kit Applied Biosystems - Thermo-Fisher Cat#4368813
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

TagMan gene expression master mix Applied Biosystems - Thermo-Fisher Cat#4369016
Scientific

High Pure PCR Template Preparation Kit Roche Cat#11796828001

LIVE/DEAD Fixable Yellow Dead Cell Stain Thermo-Fisher Scientific Cat#L.34959

Kit

Fixation/Permeabilization Solution Kit BD Biosciences Cat#554714

Experimental Models: Cell Lines

Leishmania major WR 2885 strain LMVR/NIAID/NIH N/A

Originally isolated from a US soldier
deployed to Iraq

Experimental Models: Organisms/Strains

Mouse: C57BL/6

Charles River Laboratories

Strain Code #027

Mouse: C57BL/6 R26°™ERT2 (B6.129-Gt The Jackson Laboratory Cat#008463

(ROSA)26Sortm1 (cre/ERT2)Tyj/J)

Mouse: Hmox1™" Instituto Gulbenkian de Ciéncia; (Ramos N/A
et al., 2019)

Mouse: R26CeERT2/CreERT2) o f/fl Instituto Gulbenkian de Ciéncia: (Ramos N/A

(Hmox 17261/ etal., 2019)

Mouse: C57BL/6 Hmox17265/A Instituto Gulbenkian de Ciéncia; (Ramos N/A
et al., 2019)

Mouse: Hmox1'®/1ox Instituto Gulbenkian de Ciéncia; (Ramos N/A
et al., 2019)

Lutzomyia longipalpis (Jacobina colony) LMVR/NIAID/NIH N/A

Phebotomus duboscqi (Mali colony) LMVR/NIAID/NIH N/A

Aedes aegypti (Liverpool strain) LMVR/NIAID/NIH N/A

Anopheles gambie (G3 strain) LMVR/NIAID/NIH N/A

Ornithodorus turicata (Florida strain) LMVR/NIAID/NIH N/A

Oligonucleotides

Leishmania forward primer JW11 (5'- (Dey et al., 2018) N/A

CCTATT TTACACCAA CCCCCAGT-3)

Leishmania reverse primer (Dey et al., 2018) N/A

JW12 (5'-GGGTAGGGGCGT

TCTGCGAAA-3)

Leishmania TagMan probe (Dey et al., 2018) N/A

(5’- [Aminoc6+TxRed] RA
AARKKVRTRCAGAAAYCC
CGT [BHQ2]-3')

Software and Algorithms

FlowJo 10 Software

Imaged.exe 1.52a Software
Prism 8 Software

Imaris x64 9.5.0 Software

EndNote X9 Software

FlowJO, LLC

NIH
GraphPad Prism

Oxford Instruments

Web of Science Group

https://www.flowjo.com/solutions/flowjo/
downloads

https://imagej.nih.gov/ij/download.html

https://www.graphpad.com/
scientific-software/prism/

https://imaris.oxinst.com/
microscopy-imaging-software-free-trial

https://endnote.com/downloads/

Other

Schneider’s Drosophila Medium
Heat Inactivated Fetal Bovine Serum
Penicillin/Streptomycin

Rabbit defibrinated blood

GIBCO
GIBCO
GIBCO
Spring Valley Laboratories

Cat#21720001
Cat#16140-071
Cat#15140122
N/A
(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

iBlot 2 Transfer Stack 0.45 um nitrocellulose Thermo-Fisher Scientific Cat#1B23001
membrane

NuPAGE 4-12% Bis-Tris protein precast Thermo-Fisher Scientific Cat#NP0335BOX
gels

NuPAGE LDS Sample Buffer (4X) Thermo-Fisher Scientific Cat#NP0007
NuPAGE Sample Reducing Agent (10X) Thermo-Fisher Scientific Cat#NP0009
NuPAGE MES SDS Running Buffer (20X) Thermo-Fisher Scientific Cat#NP0002

BOND Dewax Solution

BOND Epitope Retrieval Solution 2
Normal Donkey Serum
Streptavidin Blocking Solution
Biotin Blocking Solution

M.O.M.® (Mouse on Mouse)
Immunodetection Kit, Basic

Mouse Fc-Receptor Blocking Reagent
Protein Blocker

ProLong Gold Antifade Mountang
DAPI

Medicon 50 pm

Filcon 50 pm

Cell Staining Buffer

ACK Lysing solution Buffer

Leica
Leica

Jackson ImmunoResearch

Vector Laboratories
Vector Laboratories
Vector Laboratories

Miltenyi Biotec

Agilent Dako

Invitrogen
Thermo-Fisher Scientific
BD Biosciences

BD Biosciences
Biolegend

GIBCO

Cat#DEWAX-SOLUTION
Cat#EPITOPE-RETRIEVAL-SOLUTION-2
Cat#017-000-121

Cat#SP-2002

Cat#SP-2001

Cat#BMK-2202

Cat#130-092-575
Cat#X0909
Cat#P36930
Cat#62248
Cat#340591
Cat#340602
Cat#420201
Cat#A10492-01

RESOURCE AVAILABILITY

Lead contact

Further information and requests regarding resources and reagents should be directed to and will be fulfilled by the Lead Contact,
Shaden Kamhawi (skamhawi@niaid.nih.gov).

Materials availability

This study did not generate new unique reagents or mouse lines.

Data and code availability

This study did not generate any unique datasets or code. No custom code was used to analyze these data and all methods used are
cited in the STAR Methods section. Original source data for figures in the paper is available (https://data.mendeley.com/datasets/
b6kj7rj6vb/draft?a=c8c9a806-d7{2-408f-8008-6e9ad3da780b).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Female wild-type C57BL/6 mice (6-8 weeks old) were purchased from Charles River Laboratories and maintained under pathogen-
free conditions at the NIAID Twinbrook animal facility in Rockville, MD. C57BL/6 HMOX1R26A’A and HMOX1"*'** were kindly
provided by Dr. Miguel P. Soares (Instituto Gulbenkian de Ciéncia, Oeiras, Portugal). C57BL/6 R26°°ERT2 mice were obtained
from the Jackson Laboratory (B6.129-Gt (ROSA)26Sortm1 (cre/ERT2)Tyj/J, #008463). Briefly, R26°"°F""2 mice were crossed to
HMOX1™X/flox The R26 locus allows for the expression of CreERT2 ubiquitously. The CreERT2 consists of mutated estrogen receptor
(ERT2) fused to the Cre recombinase. The chimeric protein is inactive, but can be activated by Tamoxifen, which binds to ERT2 and
promotes the nuclear translocation of Cre-ERT2, allowing for excision of target gene, here the HMOX 1o _Gonditional gene dele-
tion (HMOX1R26A’A) was achieved in 4-5 weeks old mice, fed ad libitum with Low Phytoestrogen Diet (Teklad Global-Envigo; #2919)
for 2 weeks followed by administration of Tamoxifen (Sigma-Aldrich) suspended in sterile corn oil (Sigma) (gavage, 4.5mg per mouse,
1x every second day, 10x). Alternatively, Tamoxifen was provided by ad libitum intake of Rat/Mouse diet with Tamoxifen (M-Z, Low
phytoestrogen; 360 mg/kg TAM Citrate + Sucrose flavour, 10mm Soybean free diet, sterilized 25 kGy; Ssniff Spezialdidten GmbH) for
4 weeks. HMOX1 deletion was assessed by gRT-PCR in whole blood and HMOX1R26A’A mice were shipped to NIAID 8 weeks after
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the last Tamoxifen gavage or 6 weeks after removal of Tamoxifen enriched diet. Control HMOX1 ™1X mice were treated with the
same protocol (Figure S3B; Ramos et al., 2019). Studies were conducted with female mice with the exception of HMOX1 conditional
deletion experiment where male and female were used due to availability and randomly assigned to experimental groups. All animal
experiments were approved by NIAID Animal Care and Use Committee under animal protocol LMVR4E. The NIAID DIR Animal Care
and Use Program complies with the Guide for the Care and Use of Laboratory Animals and with the NIH Office of Animal Care and Use
and Animal Research Advisory Committee guidelines.

Parasites

L. major (WR 2885) parasites originally isolated from a US soldier deployed to Iraq were maintained by serial passage in BALB/c mice.
Parasites were grown in Schneider’s medium (GIBCO) supplemented with 20% inactivated fetal bovine serum (GIBCO), 100U/mL
penicillin, and 100 pL/mL streptomycin (GIBCO), and L. major metacyclic promastigotes were purified from stationary cultures
(day 4-5) by negative selection of noninfective forms by incubating parasites with 20 uL of 2 mg/mL of peanut agglutinin (Vector Lab-
oratories) for 15 min at room temperature as described (Sacks et al., 1985).

Sand flies, mosquitoes, and ticks rearing

Lutzomyia longipalpis (Jacobina colony) and Phebotomus duboscqi (Mali colony) were reared using as larval food a mixture of fer-
mented rabbit feces and rabbit food. Adult sand flies were offered a cotton swab containing 30% sucrose prior and post-infection
and maintained at 26°C with 75% humidity with 12-h light/dark cycle until use. Aedes aegypti (Liverpool strain) mosquitoes and
Anopheles gambiae (G3 strain) were maintained at 28°C, 80% humidity, with a 12-h light/dark cycle and were provided a 10%
Karo syrup solution. Ornithodoros turicata ticks were originally obtained from Old Dominion University (ODU). Nymphal ticks were
allowed to feed in an artificial feeding set-up previously described (Oliver et al., 2016). After reaching the adult stage, ticks were
kept in aerated 50mL conical tubes containing wood chip mulch at 26°C with 75% humidity with 12-h light/dark cycle until use.
All vectors were reared and maintained at the Insectary Unit of Laboratory of Malaria and Vector Research, NIAID, NIH,

METHOD DETAILS

Sand fly infection

Four to six days old female P. duboscqi sand flies were artificially fed through a chicken skin membrane filled with rabbit defibrinated
blood (Spring Valley Laboratories) spiked with 1-2x10° L. major amastigotes/mL. After 2h, blood fed flies were separated and main-
tained at 26°C with 75% humidity until they developed a mature infection (1BM) with >75% metacyclic promastigotes, which was
assessed by Phase-contrast microscopy of dissect midguts. Infected sand flies generally reached a mature infection by 12-
20 days. For experiments undertaken to assess cutaneous leishmaniasis pathology, infected sand flies were subjected to a second
uninfected blood meal (2BM) by feeding on Swiss mice to generate a more homogeneous infection, and a mixture of 1BM and 2BM
flies were used to maximize transmission success (Serafim et al., 2018). At day 11 to 19 post-infection, sand fly midguts (n = 8-11)
were dissected and the number of parasites and percentage of metacyclic promastigotes per midgut were determined prior to
transmission.

Salivary gland homogenate

Salivary glands from Phlebotomus duboscqi (Mali colony) and Lutzomyia longipalpis (Jacobina colony) sand flies, Anopheles gambie
(G3 strain) and Aedes aegypti (Liverpool strain) mosquitoes, and Ornithodoros turicata ticks (Florida strain) were dissected and son-
icated for three cycles followed by centrifugation at 10,000xg for 3 min at 4°C. Supernatant was then collected and used for
experiments.

Mice exposure to vector bites or needle pokes

Mice were anesthetized by i.p. injection of a mixture of ketamine (100mg/kg) and xylazine (10mg/kg). For cutaneous leishmaniasis
pathology experiments, mice ears were exposed to 10 infected sand flies combining 1BM and 2BM flies (30%-50%) for 2 h in the
dark. Animals were kept for an extra hour when sand fly feeding could not be detected on randomly selected ears. For the remaining
experiments, mouse ears were exposed to 5-20 uninfected sand flies, 10 Aedes aegypti or Anopheles gambiae, or 3 soft ticks (Or-
nithodorus turicata) for 1h, in the dark. Midpoint of each exposure period was used to calculate time points after bites. The number of
fully blood-fed insects per mouse ear was determined for each experiment. To simulate mechanical damaged by vector probing,
mice ears were randomly poked at the mouse ear 10 times with a 32-gauge needle.

Immunoblotting and ELISA immunosorbent assays

Mice ears were harvested, split into dorsal and ventral halves, and placed in RIPA lysis buffer (Thermo-Fisher Scientific) supple-
mented with phenylmethylsulfonyl fluoride (PMSF) (Sigma-Aldrich) and Halt Protease Inhibitor Cocktail (Thermo-Fisher Scientific).
Next, mice ears were submitted to mechanical disruption using the Medimachine system (BD Biosciences). The soluble fraction
of the lysate was recovered after centrifugation. Protein concentration was determined by the Pierce BCA Protein Assay Kit
(Thermo-Fisher Scientific). Forimmunoblotting, proteins (20-40 ng) were denaturated in NUPAGE LDS Sample Buffer (Thermo-Fisher
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Scientific) supplemented with NUPAGE Sample Reducing Agent with DL-Dithiothreitol (DTT) (Thermo-Fisher Scientific) under 95°C
for 5 min. Then, proteins were separated by electrophoresis using NUPAGE 4%-12% Bis-Tris protein precast gels (Thermo-Fisher
Scientific) and transferred to an iBlot 2 Transfer Stack 0.45 um nitrocellulose membrane using the iBlot 2 Gel Transfer Device
(Thermo-Fisher Scientific). Membranes were blocked overnight at 4°C with Tris-Buffered Saline, 0.1% TWEEN 20 (TBST) in 5%
non-fat dry milk followed by the addition of rabbit anti-HO-1 antibody (abcam, Cat No. ab13243) or rabbit anti-HSP90 (Cell Signaling
Technology, Cat No. 4877S) at a 1:500 dilution. Membranes were washed three times with TBST followed by 30 min incubation with
Goat anti-rabbit secondary antibody conjugated to horseradish peroxidase (HRP) (Cell Signaling Technology, Cat No. 70745) at
1:10000. Each blot was developed by the addition of Flash Western Chemiluminescence Kit (Azure Biosystems) and the signal
was captured after 2 min with Azure c600 chemiluminescence imager (Azure Biosystems). For densitometry, HO-1 and truncated
HO-1 band densities were normalized against HSP90 band density on ImageJ 1.52a. Data were presented as fold change over naive
for experimental samples. For enzyme-linked immunosorbent assay (ELISA), HO-1 and hemoglobin levels from ear skin tissue lysates
were diluted at 1:20 and 1:10000, respectively. Quantification of proteins was performed using a Mouse HO-1 ELISA Set (abcam) and
Hemoglobin Mouse ELISA Kit (abcam) according to the manufacturer’s instructions.

Immunohistochemistry and confocal microscopy

Mouse ears exposed to infected or uninfected P. duboscqi sand flies bites were fixed with 10% buffered formalin phosphate solution
and paraffin embedded as previously described (Dey et al., 2018). Slides were stained with Hematoxylin and eosin (H&E) and images
were captured in REVOLVE4 Upright (Echo Laboratories) and acquired by an BF 12mp CMOS camera. Immunofluorescence (IF) of
paraffin embedded skin sections was performed on the Leica Bond-RX automated system. Tissue sections were heated to 72°C for
30 min in Bond Dewax Solution (Leica) and rehydrated with absolute alcohol washes and 1 x ImmunoWash (StatLab). Bond Epitope
Retrieval Solution 2 (Leica) was applied to sections and heated to 100°C for 20 min for Heat-Induced Epitope Retrieval (HIER). Tissues
were blocked for 15 min each with 5% Normal Donkey Serum (Jackson ImmunoResearch), Streptavidin Blocking Solution (Vector
Laboratories) and Biotin Blocking Solution (Vector Laboratories). Tissues were then blocked with Mouse on Mouse IgG Blocking Re-
agent (Vector Laboratories) for 60 min, 1:100 Mouse Fc-Receptor Blocking Reagent (Miltenyi Biotec) for 10 min, and Protein Blocker
(Dako) for 30 min. Thereafter, tissues were incubated with the following primary antibodies: IBA-1 (polyclonal, abcam, Cat No.
ab107159), HO-1 (polyclonal, abcam, Cat No. ab13243), myeloperoxidase (polyclonal, abcam, Cat No. ab9535), TER-119 (clone:
TER-119, BD biosciences, Cat No. 550565) antibodies, and stained with DAPI (Thermo-Fisher Scientific). Samples were rinsed
with ImmunoWash prior to a 30 min incubation in a cocktail mixture of donkey (Dk) host secondary antibodies. The secondary an-
tibodies include AF488 Dk anti-rabbit (Thermo-Fisher Scientific, Cat No. A-21206), AF594 Dk anti-mouse (Thermo-Fisher Scientific,
Cat No. A-21203), AF680 Dk anti-goat (Thermo-Fisher Scientific, Cat No. A-32860) and Biotinylated Dk anti-rat (Novus Biologicals,
Cat No. 75379). Tissues were further incubated in Streptavidin AF750 (Thermo-Fisher Scientific, Cat No. S21384) for 30 min. Slides
were counterstained with DAPI (Thermo-Fisher Scientific) at 1 ng/mL in 1x PBS for 2 min prior to mounting in ProLong Gold Antifade
Mounting media (Invitrogen). Images were acquired by Leica TCS SP8 X and analyzed on Imaris x64 9.5.0 software. Images contrast
was adjusted using a display adjustment window and a Gaussian filter was applied to each channel. Areas where macrophages were
erythrophagocytosing RBCs were selected on a plane view. Using the Orhtogonal Slicer tool we compiled the Z stacks of selected
areas (1-3) to show a transversal view through the cell adjusted on the slice orientation setting to XZ or YZ orthogonal view as
indicated.

SnPPIX and CORM-2 treatment

Tin Protoporphyrin IX dichloride (SnPPIX) from Enzo Life Sciences was diluted as described (Costa et al., 2016). Briefly, SnPPIX was
initially dissolved in PBS solution and full solubility was achieved by gradually adding droplets of NaOH 0.1M solution; pH was
adjusted to 7-7.4 and stocked as 10mg/mL at —80°C until use. Wild-type female C57BL/6 mice were treated i.p. with 5mg/kg/mouse
of SnPPIX or PBS the day before, the day of, and the day after vector-transmission. Tricarbonyldichlororuthenium (Il) dimer (CORM-2)
purchased from Sigma-Aldrich was diluted as previously described (Murray et al., 2012). Briefly, CORM-2 was diluted in PBS con-
taining DMSO (10mM), aliquots of 25mg/mL were kept on —80°C. Solution was further diluted prior to use and CORM-2 (1mg/kg/
mouse ear) or vehicle were administrated i.d. in the ear 2h after vector-transmission and ears were collected 6h after transmission.

Cytokine determination by quantitative RT-PCR

Cytokine expression in mice ears were determined by quantitative RT-PCR at 18h and 24h after vector-transmission. Briefly, total
RNA from individual mice ears were extracted using PureLink RNA Mini kit (Invitrogen™ — Thermo-Fisher Scientific). Aliquots
(300ng) of total RNA were reverse transcribed into cDNA using random hexamers from a high-capacity cDNA reverse transcription
kit (Applied Biosystems). The cDNA was amplified with the TagMan gene expression master mix (Applied Biosystems) and gene spe-
cific primer sets for IL1B, IL10, CXCL1, CCL2, CHI3L1, NFE2L2, SLC40A1, HMOX1, NOS2, PTGS2 and SOD1 using a CFX96 Touch
Real-Time System (BioRad). Data were analyzed with CFX Manager Software. The gene expression levels were determined by the
2-AACt method; samples were normalized to GAPDH RNA expression and the results are expressed relative to expression values
from naive mice. TagMan Gene expression Assay ID: IL1B Mm00434228_m1; IL10 Mm00439614_m1; CCL2 Mm00441242_mf1;
CXCL1 Mm04207460_m1; CHI3LT MmO00657889_mH; NFE2L2 MmO00477784_m1; SLC40A1 Mm01254822_m1; HMOX1
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MmO00516005_m1; NOS2 MmO00440502_m1; SOD1 Mm01344233_g1; PTGS2 Mm03294838_g1; GAPDH Mm99999915_g1
(Thermo-Fisher Scientific). Further details are provided in Table S1.

Flow cytometry analysis

Mouse ears were collected and placed in 1mL of PBS, then dorsal and ventral halves were separated and incubated in PBS contain-
ing Liberase TL (Roche) for 1h at 37°C and 5% CO.,. After digestion, ear sheets were placed in a Medicon (BD biosciences) and
processed by mechanical disruption using the Medimachine tissue homogenizer system (BD biosciences). Cells were filtered in a
70 um filcon (BD biosciences), and single cell suspensions were stained with anti-mouse CD16/32 (TruStain FcX, clone 93; Bio-
legend, Cat No. 101320) and CD11b (clone: M1/70, Cat No. 101216), LY6C (clone:HK1.4, Biolegend, Cat No.128006), Ly6G (clone:
1A8, Biolegend, Cat No. 127608), F4/80 (clone: BM8, Biolegend, Cat No. 123126), CD163/M130 (clone: TNKUPJ, Bioss, Cat No. bs-
2527R) and CD91 (clone: EPR3724, abcam, Cat No. ab225060) for 30 min. The cells were then fixed and permeabilized with BD
Cytofix/Cytoperm (BD Bioscience) followed by incubation of IL1-$ pro-form (clone: NJTENS; eBioscience, Cat No. 17-7114-80),
or TER-119 (clone: TER-119, Biolegend, Cat No. 116212), for an additional 30 min. Of note, extracellular red blood cells were lysed
with ACK solution (Sigma-Aldrich) for 60 s and prior to surface and intracellular staining with TER-119. Dead cells were excluded by
staining with LIVE/DEAD fixable yellow dead cell stain kit (Thermo-Fisher Scientific). Cells were acquired on MACSQuant flow cytom-
eter (Miltenyi Biotec) and data were analyzed with FlowJo 10 Software.

Lesion measurements
Weekly lesion measurements of mice exposed to infected sand fly bites were recorded using a digital caliper and the sum of all le-
sions diameter (mm) per ear were graphed.

Parasite load by quantitative real-time-PCR

A single cell suspension from mouse ears was used to establish parasite load quantification by gPCR as previously described (Dey
etal., 2018). Briefly, DNA was extracted from 200 pL of cell suspension following the manufacturer’s instructions from High pure PCR
Template Preparation Kit (Roche Diagnostics) and a total of 75ng of DNA was used as template. Amplification of kinetoplast minicircle
DNA of Leishmania was achieved using primers JW11 (5-CCTATT TTACACCAA CCCCCAGT-3), JW12 (5-GGGTAGGG
GCGTTCTGCGAAA-3'), and TagMan probe (5'- [Aminoc6+TxRed] RAAARKKVRTRCAGAAAYCCCGT [BHQ2]-3') (Dey et al.,
2018). A standard curve was produced by spiking naive mice ears with a known number of L. major metacyclic promastigotes purified
from sand fly midguts (Figure S3C). Standard curve was obtained by linear regression analysis of cycle threshold (Ct) values versus
known number of L. major parasites (log'®), and the slope, equation of the line, and R? values were calculated. The number of par-
asites from experimental samples was determined by fitting the cycle threshold (Ct) values in the equation of the line. All samples
were run in duplicate in CFX96 Touch Real-Time PCR Detection System, Bio-Rad.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Data were analyzed and graphed using GraphPad Prism 8.0 software. Graphs represent the mean + SEM or the median for Figure S2.
Data are representative of multiple independent experiments, unless otherwise specified in their figure legend. Further statistical
details of each experiment can be found at their respective figure legends. Kruskall Wallis with Dunn’s post hoc analysis, or
Mann-Whitney U-test statistical tests were performed using GraphPad Prism 8.0 software. *p < 0.05, **p < 0.01, **p < 0.001,
***p < 0.0001 were considered significant.
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