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Immunomodulatory proteins
from hookworms reduce cardiac
inflammation and modulate
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model of chronic Trypanosoma
cruzi infection
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Introduction: Hookworms are parasitic helminths that secrete a variety of proteins
that induce anti-inflammatory immune responses, stimulating increased CD4
+Foxp3+ regulatory T cells and IL-10 production. Hookworm-derived
recombinant proteins AIP-1 and AIP-2 have been shown to reduce inflammation
in mouse models of inflammatory bowel disease and inflammatory airway disease
by inducing CD4+Foxp3+ cells and IL-10 production. In contrast, chronic infection
with the protozoal parasite Trypanosoma cruzi, the causative agent of Chagas
disease, leads to chronic inflammation in tissues. Persistence of the parasites in
tissues drives chronic low-grade inflammation, with increased infiltration of
inflammatory cells into the heart, accompanied by increased production of
inflammatory cytokines. There are no current antiparasitic drugs that effectively
reduce or prevent chronic myocarditis caused by the onset of Chagas disease, thus
new therapies are urgently needed. Therefore, the impact of AIP-1 and AIP-2 on
myocarditis was investigated in a mouse model of chronic T. cruzi infection.

Methods: Female BALB/c mice infected with bioluminescent T. cruzi H1 strain
trypomastigotes for 70 days were treated once daily for 7 days with 1mg/kg AIP-1
or AIP-2 protein by intraperitoneal injection. Control mice were left untreated or
treated once daily for 14 days with 25mg/kg aspirin in drinking water. At 84 days
of infection, splenocytes, cardiac tissue and serum were collected for evaluation.

Results: Treatment with both AIP-1 and AIP-2 proteins significantly reduced cardiac
cellular infiltration, and reduced cardiac levels of IFNy, IL-6 and IL-2. AIP-2 treatment
reduced cardiac expression of COX-2. Further, while incubation with AIP-1 and AIP-
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2 proteins did not induce a significant upregulation of an immunoregulatory
phenotype in dendritic cells (DC), there was a modest upregulation of CD1ic
+CD11b+MHCII+SIRPo+ expression, suggesting a regulatory phenotype. Ex-vivo
stimulation of splenocytes from the treatment groups with AIP-1 loaded DC induced
reduced levels of cytotoxic and pro-inflammatory T cells, stimulation with AIP-2
loaded DC specifically induced enhanced levels of CD4+CD25+Foxp3+ regulatory T
cells among treatment groups.

Discussion: All in vivo and in vitro results demonstrate that hookworm-derived
AlIP-1 and AIP-2 proteins reduce T. cruzi induced cardiac inflammation, possibly

through multiple anti-inflammatory mechanisms.

KEYWORDS

hookworm, anti-inflammatory, Trypanosoma cruzi, myocarditis, immunomodulatory

Introduction

Over long-term co-evolution in the host, helminths have
developed sophisticated mechanisms to evade host immunity and
establish chronic infections through secreting proteins with
immunomodulatory functions (van Riet et al., 2007; McSorley
et al, 2013). These immunomodulatory proteins manipulate host
immune responses by inducing Ty2-bias as well as inducing
production of IL-10 and TGFp cytokines that promote regulatory
T cell responses (Nair and Herbert, 2016). This regulatory response
inhibits host inflammatory responses that would promote helminth
expulsion, thereby ensuring long-term survival of the parasites and
chronic infection (van Riet et al., 2007). While this is an evolutionary
advantage for survival of the parasite, it provides an added benefit of
protection for the host against other inflammatory diseases
(McSorley et al, 2013). The immunoregulatory prowess of
helminth infections has been exploited to develop novel
therapeutics for preclinical models of allergic and autoimmune
inflammatory diseases, ultimately providing significant relief from
severe clinical disease (Elliott et al., 2007; Hiibner et al., 2012; Li et al.,
2017). Hookworms are blood-feeding intestinal nematode parasites
that secrete an abundance of proteins at attachment sites on the
intestinal mucosa, the interface between the parasite and the host, to
facilitate feeding and suppress host immune responses as a survival
strategy. Controlled hookworm infections have been used in clinical
trials for treatment of inflammatory intestinal conditions, including
inflammatory bowel disease and celiac disease (Croese et al., 20065
Croese et al,, 2015). Hookworm secreted proteins have also been
effective at inducing regulatory responses and suppressing allergic
inflammatory and autoimmune conditions in animal models
(Ruyssers et al., 2009; Ferreira et al., 2013). Among hookworm
secreted proteins, we previously identified two tissue inhibitor of
metalloprotease (TIMP)-like proteins, designated Ac-TIMP-1 and
Ac-TIMP-2, as major proteins secreted by the adult dog hookworm
Ancylostoma caninum (Zhan et al., 2002; Zhan et al., 2008). In vitro,
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Ac-TIMPs induced a regulatory phenotype in bone marrow-derived
dendritic cells (BMDC) with increased production of IL-10 and
TGEFp. Further, naive CD4+ and CD8+ T cells incubated with Ac-
TIMP-1 treated BMDC induced differentiation of both CD4+ and
CD8+CD25+Foxp3+ T cells that expressed IL-10, and functionally
suppressed proliferation of both naive and activated CD4+ cells in
vitro (Cuellar et al., 2009). Hookworm-derived TIMP-1 was later
redesignated as anti-inflammatory protein-1 (AIP-1), and the
homologous protein from the human hookworm Necator
americanus (Na-AIP-1) reduced acute inflammation in the colon in
a mouse model of trinitrobenzoylsulfonic acid-induced colitis in a
CD11c+ cell-dependent manner (Ferreira et al., 2017; Buitrago et al.,
2021). Intraperitoneal (IP) administration of Na-AIP-1 increased the
production of IL-10 and TGFp, and reduced TNFaq, IL-13 and IL-
17A production while reducing COX-2 expression (Ferreira et al,
2017; Buitrago et al., 2021). Similarly, Ac-TIMP-2, redesignated as
AIP-2, administered by IP injection induced mesenteric CD103+
regulatory DC and Foxp3+ regulatory T cells which reduced airway
inflammation in a mouse model of allergic airway disease (asthma)
(Navarro et al., 2016). Together, these data confirm that hookworm-
secreted AIP-1 and AIP-2 perform immunomodulatory functions to
exert anti-inflammatory effects in the host.

In contrast to helminth infection, chronic infection with the
protozoal parasite Trypanosoma cruzi causes an inflammatory
cardiomyopathy which results in scarring and gross changes in
cardiac morphology, clinically known as chronic Chagasic
cardiomyopathy (CCC) (Rossi et al, 2003; Alvarez et al, 2014).
Invasion of parasites into cardiomyocytes causes cellular hypertrophy
and recruitment of inflammatory cells into tissues, including
macrophages, neutrophils, CD4+ and CD8+ T cells (Higuchi Mde
et al, 1993; Higuchi et al, 1997). Pro-inflammatory cytokines,
including IFN7y, TNFo and IL-6, are elevated in cardiac tissue and
in the serum of patients with CCC and correlate with disease severity
(Reis et al., 1997; Laucella et al., 2004; Guedes et al., 2012; Magalhées
et al, 2013; Sousa et al,, 2014; Sousa et al, 2017). Additionally, a

frontiersin.org


https://doi.org/10.3389/fpara.2023.1244604
https://www.frontiersin.org/journals/parasitology
https://www.frontiersin.org

Jones et al.

recent study showed that CD4+CD25"&"Foxp3+ regulatory T cells
(Tregs) were significantly reduced, while cytotoxic CD4+ cells were
significantly increased in CCC patients compared to healthy controls
(Almeida et al., 2022). Overall, appropriate host immune responses
are critical for controlling both the parasite burden and the resulting
inflammatory response that leads to tissue damage and dysfunction.
Initially, a T;1-driven immune response with high levels of IFNy and
TNFa is essential for activating parasite killing mechanisms (Wirth
et al., 1985; Silva et al., 1992; Vespa et al., 1994; Aliberti et al., 1996;
Camargo et al., 1997). Further, parasite-specific effector CD8+ T cells
and macrophages (M¢) infiltrate the heart and eliminate extracellular
parasites as well as cardiac cells harboring intracellular parasites
(Tarleton, 1990; Abrahamsohn and Coffman, 1996; Tzelepis et al.,
2006; Tarleton, 2007). Classically activated M1 Mes are efficient at
phagocytosis and killing pathogens at sites of infection, by
upregulation of inducible nitric oxide synthase (iNOS) and
subsequently nitric oxide (NO) production in response to
inflammatory cytokines (Sheel and Engwerda, 2012; Ginhoux and
Guilliams, 2016). Additionally, inflammatory processes are mediated
in part by cyclooxygenases (COX) enzymatic activity (Thwe and
Amiel, 2018). Two isoforms are well characterized and designated
COX-1 and COX-2, with COX-1 being constitutively active while
COX-2 is induced at sites of inflammation (Dubois et al., 1998). It has
been previously shown that acute T. cruzi infection induces
inflammatory markers in cardiac tissue, including endothelin-1 and
COX-2 expression (Corral et al, 2013). Importantly, it has been
shown that pharmacologic inhibition of COX-1 and COX-2
enzymatic activity significantly inhibited invasion of both cardiac
cells and macrophages by T. cruzi in vitro, concomitantly enhancing
the production of NO (Malvezi et al., 2014a; Malvezi et al., 2014b).
Thus, novel therapeutics that target key inflammatory pathways
induced by T. cruzi could produce desirable therapeutic outcomes.
After sufficient control of T. cruzi burden is achieved, the regulatory
immune response, with increased production of IL-10, IL-17 and
Tregs is necessary to control tissue inflammation and prevents
further damage (Mariano et al., 2008; Santos et al., 2020). These
data suggest that in chronic T. cruzi infections, preservation of
cardiac function is at least partially dependent on effective
regulation of inflammatory immune responses that induce tissue
damage. Importantly, a key proof-of-concept study in mice
experimentally co-infected with the helminth parasites Schistosoma
mansoni and T. cruzi showed that cardiac inflammation was
significantly decreased in co-infected mice compared to T. cruzi-
only infected mice (Rodrigues et al., 2017). Further, co-infected mice
had significantly higher expression of IL-10 and lower IFNYy in the
heart compared to T. cruzi-only infected mice (Rodrigues et al,
2017). Together, these data provide strong evidence that helminth
derived proteins have immunomodulatory effects that can reduce
inflammatory responses in both infectious and non-infectious
inflammatory diseases.

In the current proof-of-principle study, we investigated the role
of hookworm-derived proteins AIP-1 and AIP-2 in reducing
cardiac cellular infiltrate, production of cardiac pro- and anti-
inflammatory cytokines, and expression of inflammatory genes in
a mouse model of chronic T. cruzi infection. We also studied the
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role of these proteins in modulating the phenotype of antigen-
presenting DC and the impact of those DC in modulating
downstream T cell responses.

Materials and methods
Ethics statement

Animal experiments were performed in full compliance with
the Public Health Service Policy and the National Institutes of
Health Guide for the Care and Use of Laboratory Animals, 8th
edition, under a protocol approved by Baylor College of Medicine’s
Institutional Animal Care and Use Committee, assurance number
D16-00475 (Council, N. R, 2011).

Mice and parasites

Female BALB/c mice (BALB/cAnNTac) and male ICR-SCID
(ICRSC-M) were obtained at 5-6 weeks of age from Taconic
(Taconic Biosciences, Inc) and allowed to acclimate for one week
prior to any manipulation. Mice were housed in groups of 4 in small
microisolator caging, with ad libitum food and water and a 12 hr
light/dark cycle. Male ICR-SCID mice were infected with 5000
blood form bioluminescent T. cruzi H1 trypomastigotes transfected
with the pTRIX2-RE9h plasmid containing PpyRESh, the
thermostable, red-shifted firefly luciferase gene (Ruiz-Sanchez
et al., 2005; Branchini et al., 2010; Lewis et al,, 2015), by IP
injection. Blood form trypomastigotes were collected at
approximately 28 days of infection to generate sufficient virulent
parasites for experimental infections.

Expression and purification of
recombinant protein

DNA encoding Ac-AIP-1 (AIP-1) (GenBank accession number
AF372651) with a hexa-histidine tag added at the C-terminus was
amplified from total cDNA of adult A. caninum worms and cloned
into the Pichia pastoris expression vector pPICZoA (Invitrogen)
using Xhol and Xbal restriction sites. DNA encoding Ac-AIP-2
(AIP-2) (GenBank accession numbers: EU523698) was codon
optimized based on yeast codon usage preference and synthesized
by GenScript (NJ, USA) before being cloned into pPICZoA without
any tag expressed. The correct open reading frame (ORF) was
confirmed by sequencing using the vector flanking primers o-factor
and 3’AOXI1 genes. Both recombinant AIP proteins were expressed
in P. pastoris X-33 under induction of 0.5% methanol for 72 hours.
Secreted AIP-1 was purified from culture supernatant by
immobilized metal affinity chromatography (IMAC) and AIP-2
was purified by HiTrap QXL anion exchange (ThermoFisher). The
purified proteins were buffered to PBS, pH 7.4 by dialysis and stored
at -80°C.
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Preparation of parasite lysate

Soluble lysate from bioluminescent T. cruzi parasites was
prepared as previously described (Villanueva-Lizama et al., 2020).
Briefly, bioluminescent H1 T. cruzi trypomastigotes were harvested
from tissue culture and washed, followed by four freeze-thaw cycles.
The solution was then sonicated three times for 15 seconds and
cooled on ice for 10 seconds. Parasite lysate was collected from the
supernatant after centrifugation at 14,000 x g for 30 minutes. The
lysate concentration was determined by Pierce BCA Protein Assay
Kit (ThermoFisher).

Preparation of bone marrow-derived
dendritic cells

Bone marrow cells were flushed from BALB/c mouse tibia and
femur and cultured in AIM-V containing 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin-amphotericin antibiotic-
antimycotic (anti-anti) (Invitrogen) supplemented with 50ng/mL
murine granulocyte-macrophage colony-stimulating factor (mGM-
CSF) and 10ng/mL murine interleukin-4 (mIL-4) (R&D Systems) for
3 days. Cells were cultured in a humidified chamber at 37°C with 5%
atmospheric CO2. The culture medium was removed and replenished
with an equal volume of fresh medium supplemented with cytokines
on day 3. On day 5, the cells were replenished with fresh AIM-V
containing 10% mouse serum and 1% anti-anti and supplemented with
additional mGM-CSF to 50ng/mL and mIL-4 to 10ng/mL. Immature
DC were harvested on day 6, counted, and incubated with 50pg/mL
hookworm derived AIP-1 (herein referred as AIP-1 DC) or AIP-2
(AIP-2 DC) proteins or 10ng/mL T. cruzi parasite derived lysate (T.
cruzi DC) for three hours in AIM-V media supplemented with 5%
mouse serum as described previously (Konduri et al,, 2016; Konduri
et al,, 2017; Liang et al,, 2017). After 3 hours of antigenic incubation,
DC were gently washed with PBS, allowed to mature for 48 hours in
AIM-V supplemented with 10% mouse serum and a pro-inflammatory
cytokine cocktail of 50ng/mL GM-CSF, 10ng/mL IL-4, 10ng/mL IL-1§
(R&D Systems), 10ng/mL tumor necrosis factor alpha (TNFo) (R&D
Systems), 15ng/mL IL-6 (R&D Systems), and 1ug/mL prostaglandin
E2 (PGE2) (Sigma-Aldrich). Control DC were not loaded with T. cruzi
lysate, AIP-1 or AIP-2 proteins but were matured with pro-
inflammatory cytokine cocktail.

Aspirin treatment

Following the protocol by Molina-Berrios et al (IMolina-Berrios
etal,, 2013), all mice were weighed prior to initiation of treatment and
the average weight was calculated at approximately 25g (0.025kg).
Mice were observed to consume approximately 4mL of water per day
ad libitum. Based on these observations, aspirin (acetylsalicylic acid,
Sigma-Aldrich) was dissolved to a final concentration of 160ug/mL in
deionized water and provided ad libitum to mice in drinking water to
achieve an approximate dose of 25mg/kg.
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Study design

BALB/c mice were infected with 5000 bioluminescent blood
form T. cruzi H1 trypomastigotes (bft) by IP injection. Naive age-
matched mice were left uninfected as controls. Blood was collected
by tail vein microsampling from all mice at approximately 28 days
post infection (DPI) to confirm parasitemia by quantitative PCR.
After approximately 70 days post infection, mice were weighed and
randomly assigned to treatment groups of n=10 mice each. Mice
were treated with 1mg/kg recombinant AIP-1 or AIP-2 protein by
IP injection once daily for 7 days, 25mg/kg aspirin in drinking water
ad libitum for 14 days or left untreated (Figure 1). All mice were
humanely euthanized at 84 days post infection, and whole blood,
hearts, and spleens were collected for in vitro analyses.

Samples collected at the endpoint were evaluated for
parasitemia and parasite burden as well as immunological assays
including gene expression by RT-PCR, Luminex cytokine analysis,
histopathology, ELISA, and co-culture of splenocytes with dendritic
cells. Approximately 5pL of blood was added to 100uL of nuclease-
free water and stored in -20°C. Cardiac tissues were cut in half and
one-half was utilized for histopathologic analysis while the other
half was trimmed into three sections and stored frozen at -80°C for
further processing.

ELISA for serum antibody levels

Whole blood was collected into serum separator tubes and
allowed to clot at room temperature (RT) for at least 30 minutes.
Tubes were centrifuged at 10,000xg for 5 minutes at RT to separate
serum, after which serum was transferred to a cryovial and frozen at
-80°C until use in ELISA assays. To measure the mouse antibody
response after receiving treatment of AIP-1 and AIP-2 (Navarro et al.,
2016), 96-well Nunc-Immuno Maxisorp plates (ThermoFisher) were
coated with 100uL of recombinant AIP-1 or AIP-2 at a concentration
of 5.0ug/mL in coating buffer (KPL) overnight at 4°C. The coated
plates were blocked with 1.0% BSA in PBST (PBS +0.05% Tween-20),
then incubated with 2-fold serially diluted serum samples, starting at
1:200 dilution, in 0.1% BSA in PBST for 2 hours at room temperature.
Horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG
(1:6,000 in PBST) was used as secondary antibody. Sure Blue TMB
(KPL) was added as the substrate. The reaction was stopped by
adding 100pL 1M HCI, and the absorbance was measured at 450nm
using a spectrophotometer (BioTek).

Parasitemia and parasite burden

DNA was extracted from blood and sections of frozen cardiac
tissue using the PDQeX Nucleic Acid Extractor and PreGem Universal
kits (MicroGem International) according to the manufacturer’s
protocol. Blood and tissue levels of T. cruzi were quantified using
Tagman primers and probes for the T. cruzi satellite DNA and mouse
GAPDH (Supplemental Table 1) as previously described (Piron et al,,
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cruzi BL H1 parasitemia
Once daily treatment
with AIP-1 or AIP-2
Day 0 Day 28 Day 71 Day 77 Day 84
Group | Infection | Treatment | Dose Route Frequency
#1 None None N/A N/A N/A
#2 5000 bft None N/A N/A N/A
#3 5000 bft | AIP-1 1mg/kg IP Once daily for 7 days
#4 5000 bft | AIP-2 1mg/kg IP Once daily for 7 days
#5 5000 bft | aspirin 25mg/kg | Drinking water Ad libitum for 14 days
FIGURE 1

Study timeline and treatments. Bft stands for Blood form trypomastigotes. N/A, Not Applicable. Image created with Biorender

2007; Villanueva-Lizama et al., 2020). Samples were amplified using a
QuantStudio 3 real time thermocycler (Applied Biosystems). The
observed CT mean for each sample was normalized to calculate the
parasite per mL blood and parasite burden per mg tissue using the
equation derived from the standard curve.

RNA extraction and RT-PCR

Total RNA was isolated from frozen cardiac tissue by
homogenization with gentleMACS M Tubes (Miltenyi Biotech)
followed by RNA isolation using the RNeasy Mini Kit (Qiagen),
following the manufacturers’ protocols. Total RNA was quantified
with the NanoDrop 2000C Spectrophotometer (Thermo Fisher) and
was diluted to 100ng/uL for RT-PCR. Diluted RNA was reverse
transcribed using High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher) and T100 Thermocycler (Bio Rad). The cDNA was
then diluted 10-fold and gene expression evaluated using the
QuantStudio 3 (Applied Biosystems) for QPCR. Genes of interest were
evaluated using Tagman (Life Technologies) primers and probes as
shown in Supplemental Table 2. Gene expression levels were measured
using the comparative Ct method. The difference between the observed
Ct mean of each gene and the GAPDH (ACt Mean) was calculated
followed by the difference between the averaged Ct mean of the naive
group as it is used as a blank (AACt Mean). Copy number determination
and gene expression levels were then calculated by 2/-(AACt Mean).

Cardiac lysate and Luminex

To obtain total proteins, cardiac lysate was isolated from frozen
sections of cardiac tissue by lysis in RIPA Lysis and Extraction Buffer
(Thermo Fisher) followed by homogenization using gentleMACS M
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Tubes (Miltenyi Biotech). The collected lysate was diluted 1:10 to
prepare sample with a final concentration of 250pg for quantification
using a Pierce' " BCA Protein Assay Kit (Thermo Fisher). Both
cardiac lysate and sera were evaluated for IFNy, TNFa, IL-10, IL-4,
IL-17, IL-13 using MILLIPLEX MAP Mouse Cytokine/Chemokine
Magnetic Bead Panel (Millipore Sigma). Cytokine levels were
determined by the observed concentration in each sample using the
Minimal Detectable Concentrations (MinDC) indicated in the
manufacturer’s instructions. If the observed concentration was
lower than the MinDC + 2SD, the value was set as the MinDC.

Histopathology

Formalin-fixed paraffin embedded tissues were sectioned for
histopathology analysis. Sections were stained with Hematoxylin &
Eosin (H&E) and Picrosirius red to analyze for inflammation and
fibrosis, respectively. Three representative images of the left ventricles
were taken of each slide at 10x magnification using the AmScope 40X-
2000X Professional Biological Microscope (AmScope). Images were
analyzed for inflammation and fibrosis using the Fiji Image ] software
(National Institutes of Health). White background was removed from
the image total pixels (18095808) to determine the tissue fraction and
then the respective staining colors were selected. Inflammation was
determined by the selection of purple nuclei whereas fibrosis was
selected as blue regions within the cardiac tissue.

Splenocyte preparation and stimulation

Spleens were harvested from the mice (n=10) from each of the five
treatment groups (uninfected, infected untreated and infected treated with
AIP-1, AIP-2, aspirin). Harvested spleens were further combined into 3
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biological replicates (3 spleens for replicate 1, 3 spleens for replicate 2 and 4
spleens for replicate 3) per group. After thorough homogenization,
combined splenocytes were filtered, counted using hemocytometer by
diluting the cells in trypan blue and cultured together with mature BMDC
(Control DC, AIP-1 DC, AIP-2 DC and T. cruzi DC) at a ratio of 10:1
(Splenocytes: DC) in 24-well flat-bottomed tissue culture plates with
RPMI-1640 supplemented with 10% mouse serum. 250,000 DC were
cultured with 2.5 million splenocytes per well. Culture supernatants were
collected after 48 hours of co-culture for serum cytokine analysis by
Luminex. After five days of co-culture, the cells were supplemented with
50Units/mL murine IL-2 every alternate day followed by stimulation with
the respective mature DC on day 9. While stimulation with T. cruzi-loaded
DC served as antigenic re-challenge, stimulation with AIP-1 and AIP-2
loaded DC served as a treatment boost. IL-2 was added again on day 10
and every alternate day until day 13.

Flow cytometry analysis

Samples were analyzed on either an LSR II or LSR Fortessa flow
cytometer with a high throughput sampler attachment (BD
Biosciences). Panels of the fluorochrome-conjugated antibodies used
for analysis are listed in Supplementary Table 3. For both DC and T
cell surface staining, 5x10° cells were added to wells of a 96-well U-
bottom plate (VWR) and stained with 1-2ul of each antibody
resuspended in a total volume of 100ul of 2% FBS in PBS for 30
minutes at 4°C. Subsequent intracellular staining of T cells was
performed with the Foxp3 Transcription Factor Staining Buffer Set
kit (ThermoFisher) according to the manufacturer’s instructions. After
the final washing step, cells were fixed with 2% paraformaldehyde in
PBS and acquired on the flow cytometer at <2,000 events per second.
Data analysis was conducted on 50,000 events per sample with FlowJo
software version 10.8.1 (Tree Star Inc.).

Statistical analysis

For each parameter measured, data were plotted using GraphPad
Prism software, version 10.0.2 (GraphPad). Groups were analyzed for
normality, then parametric or non-parametric statistical analyses were
performed as appropriate. Individual treatments were compared to
controls using a Student’s 2 tailed T test or the Mann-Whitney test,
depending on normality of the data. Multiple group comparisons were
performed using either one-way ANOVA with Tukey’s pairwise
comparisons tests for parametric analyses or Kruskal-Wallis with
Dunn’s multiple comparisons tests for non-parametric analyses. P
values < 0.05 were considered statistically significant.

Results

Hookworm-derived proteins
reduce Trypanosoma cruzi-induced
cardiac inflammation

To investigate the impact of the hookworm derived proteins AIP-
1 and AIP-2 on T. cruzi-induced cardiac inflammation, we quantified
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the infiltration of leukocytes into cardiac tissue in representative
H&E-stained sections of the left ventricle after treatment. Figures 2A,
B, F) shows that mice that were infected and left untreated had
significantly increased infiltration of leukocytes compared to age-
matched uninfected mice. However, infected mice that were treated
with either AIP-1 (Figures 2C, F) or AIP-2 (Figures 2D, F) had
significantly reduced infiltration of leukocytes into cardiac tissue
compared to infected untreated controls. As expected, infected
mice treated with the anti-inflammatory drug aspirin also had
significantly reduced infiltration of leukocytes into cardiac tissue
(Figures 2E, F). Chronic infection with T. cruzi also induces
significant fibrosis in cardiac tissues, as evidenced by the
accumulation of collagen fibers (Rossi et al., 2003). Therefore, we
also quantified collagen deposition in representative picrosirius red
stained sections of left ventricles in chronically infected mice after
treatment. Figure 3 shows that mice that were infected and left
untreated had significantly increased collagen deposition compared
to age-matched uninfected mice (Figures 3A, B, F). Treatment with
either AIP-1 or AIP-2 did not significantly impact the level of
collagen deposition induced by chronic T. cruzi infection
(Figures 3C, D, F). However, aspirin treatment did significantly
reduce collagen deposition compared to infected untreated controls
(Figures 3E, F). Collectively these data suggest that AIP-1 and AIP-2
treatment reduces infiltration of inflammatory cells into cardiac
tissue, modulating the inflammatory response and partially
ameliorating the pathology induced by chronic T. cruzi infection.

Hookworm-derived proteins
modulate Trypanosoma cruzi induced
inflammatory responses

Next, we quantified the cardiac inflammatory response
modulated by AIP-1 and AIP-2 treatment by measuring levels of
cytokines in cardiac tissue lysates. Figure 4 shows that infected
untreated mice had significantly elevated levels of IFNy, IL-2 and
IL-6 (Figures 4A, B, D, respectively) when compared to age-
matched uninfected controls. Importantly, treatment with AIP-1
significantly reduced levels of IFNY, IL-2 and IL-6 (Figures 4A, B, D,
respectively), while treatment with AIP-2 also significantly reduced
levels of IFNy and IL-2 (Figures 4A, B, respectively). Similarly,
aspirin treatment significantly reduced levels of IFNy and IL-2
(Figures 4A, B, respectively). Cardiac levels of IL-4, IL-10 and TNFa.
were not significantly affected by infection or treatment (Figures 4C,
E, I, respectively). To compare tissue-specific levels of cytokines to
circulating cytokines, we measured cytokine levels in the serum. As
shown in Figure 5, serum levels of IFNy and IL-10 (Figures 5A, E,
respectively) were significantly elevated in infected untreated mice
when compared to age-matched uninfected controls, whereas levels
of IL-2 were significantly decreased in infected untreated mice
(Figure 5B). Treatment with AIP-1 significantly increased serum
levels of IL-2 (Figure 5B) when compared to infected untreated
mice, however there were no other differences in serum levels of
IFNY, IL-4, IL-6, IL-10 or TNFa. resulting from any treatment. We
also measured AIP-1 and AIP-2 specific serum IgG levels. The
results show that mice intraperitoneally administered with AIP-1
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FIGURE 2

Cardiac cellular infiltrate in heart tissues stained with Hematoxylin and Eosin (H&E). Representative images of left ventricular sections from

(A) Uninfected (B) Infected Untreated (C) AIP-1 (D) AIP-2 (E) aspirin treated mice. Bar = 100pm (F) Graph of cellular infiltration in cardiac tissues.
Data from individual mice are shown. n=10. Statistical Analysis = Mann-Whitney, p<0.05. Each treatment group is compared to the Infected
Untreated group and error bars are defined by Mean with SD. ***p < 0.001; ****p < 0.0001.

produced limited IgG antibody in their sera, however, mice that
received AIP-2 produced higher level of IgG antibody than mice
which received AIP-1 (Supplemental Figure 1). The results indicate
AIP-2 possesses stronger immunogenicity than AIP-1, possibly
because the yeast-expressed AIP-2 is highly glycosylated. There
was no cross-reaction between AIP-1 and AIP-2 observed in the
serological ELISA results.

Finally, we quantified the expression of several inflammatory
genes known to be upregulated in the cardiac tissue of mice
experimentally infected with T. cruzi, including Argl, MMP9,
NOS2, COX-2, NFkB and STAT1 (Corral et al., 2013; Wan et al.,
2016; Hoffman et al., 2021). Figure 6 shows that while there was no
difference in the expression of Argl and Mmp9 (Figures 6A, B,
respectively), expression of NOS2 (iNOS) was significantly
increased in mice treated with AIP-1 or aspirin compared to
infected untreated controls (Figure 6C). In contrast, expression of
COX-2 was significantly reduced by treatment with AIP-2
(Figure 6D). Neither treatment with AIP-1 nor AIP-2
significantly impacted the expression of NFkB (Figure 6E) or
STAT1 (Figure 6F). Together, these data suggest that AIP-1 and
ATP-2 may modulate T. cruzi-induced inflammatory responses by
regulating the expression of inflammatory genes, specifically NOS2
and COX-2. Altogether, these data show that chronic infection with
T. cruzi significantly increases cardiac inflammatory responses
which are modulated by treatment with either AIP-1 or AIP-2.
These effects were seen without any significant reduction of cardiac
or circulating parasite burdens (Figures 7A, B). This suggests that
AIP-1 and AIP-2 treatment directly modulate host inflammatory
responses in a mouse model of chronic T. cruzi infection, similar to
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what has previously been demonstrated in mouse models of allergic
asthma and inflammatory bowel disease (Navarro et al., 2016;
Ferreira et al., 2017; Buitrago et al., 2021).

Hookworm protein pulsed DC prime T
cells towards a regulatory phenotype

To assess the role of hookworm-derived proteins AIP-1 and AIP-
2 on the immune modulation of innate antigen presenting cells, and
to evaluate the resulting phenotypic changes, bone marrow-derived
immature DC were loaded with AIP-1 (AIP-1 DC) and AIP-2 (AIP-2
DC) proteins and compared with control DC and DCs loaded with T.
cruzi parasite lysate (T. cruzi DC). Control DC were not loaded with
T. cruzi lysate, AIP-1 or AIP-2 proteins but were matured similarly
with pro-inflammatory cytokine cocktail. The gating strategy for the
flow cytometry analysis is indicated with FSC/SSC and single-cell
gates (Supplemental Figure 2A) and representative flow plots are
shown (Supplementary Figure 3). Results indicated that compared to
the control or T. cruzi DC, there was no significant upregulation in
the CD11c+CDI11b+ subset among AIP-1 DC and AIP-2 DC
(Supplemental Figure 2B). Similarly, there was no significant
difference in the expression of maturation markers (CD80+CD86+)
between the groups (Supplemental Figure 2C). However, although
not significant, there was a slight increase in the MHC II and Signal
Regulatory Protein o expression (MHCII+SIRPai+) levels within the
CD11c+CD11b+ subset (Supplemental Figure 2D) indicative of a
slight enhancement in the immunoregulatory phenotype. While
inflammatory DC prime cytotoxic T cells and generate Ty;1-skewed
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F Cardiac Fibrosis

FIGURE 3

Cardiac fibrosis in heart tissues stained with Picrosirius Red. Representative images of left ventricular sections from (A) Uninfected (B) Infected
Untreated (C) AIP-1 (D) AIP-2 (E) aspirin treated mice. Bar = 100pm (F) Graph of the percentage of fibrosis in cardiac tissues. Data from individual
mice are shown. n=10 Statistical Analysis = Mann-Whitney, p<0.05. Each treatment group is compared to the Infected Untreated group and error
bars are defined by Mean with SD. **p < 0.01; ***p < 0.001.
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FIGURE 4

Pro- and anti-inflammatory cytokines measured in cardiac tissue lysate. The concentration of (A) IFNy, (B) IL-2, (C) IL-4, (D) IL-6, (E) IL-10, and

(F) TNFo. were measured by Luminex. Data from individual mice are shown. n=10. Statistical Analysis = Mann-Whitney, p<0.05. Each treatment group
is compared to the Infected Untreated group and error bars are defined by Mean with SD. **p < 0.01; ***p < 0.001; ****p < 0.0001.

Frontiers in Parasitology 08 frontiersin.org

10.3389/fpara.2023.1244604



https://doi.org/10.3389/fpara.2023.1244604
https://www.frontiersin.org/journals/parasitology
https://www.frontiersin.org

Jones et al.

10.3389/fpara.2023.1244604

A B (&7
IL-2 IL-4
IFN-y
50 kK * ¥k 200
80 I N
jar E 40] ] E 1501
E kel A 2 30 2100 A
D 60 o1 c 5 . T v
T 2 N 2 2
2 g 10 g
g4 R £ £ 254
€ = 8 5 g
3 2 5 S pr— " 0
g = i Py T 8 8 =
o | 0 T T T
re D> > N v &
T T T T @ & ” 3 &8
& R & Rl & & & «* 8
& & S
& S o
& &
& N
N
D E F
IL-6 IL-10 TNFa
_ 1200 N _ 2500 I - 40
- =)
E 900 E D E 354
S 600 v S 2000 5 .
2 £ 900 v . =
§ 4 § 00 §10 A
E 1504 E E
i : e =) 1] e FH e o
g o Ll 8 __._a.L_E <
S s 01 S
o o o
T T T T T T T T T T T
'S S N & & > N 2 & & D N ¥ S
g g 9 & & 4 3 & R &
P LA P A
o Q & S & Ql
> > >
¢ & 5
s &
« <

FIGURE 5

Pro- and anti-inflammatory cytokines measured in serum. The concentration of (A) IFNy, (B) IL-2, (C) IL-4, (D) IL-6, (E) IL-10, and (F) TNFa were
measured by Luminex. Data from individual mice are shown. n=10. Statistical Analysis = Mann-Whitney, p<0.05. Each treatment group is compared
to the Infected Untreated group and error bars are defined by Mean with SD. **p < 0.01; ***p < 0.001; ****p < 0.0001.
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FIGURE 6

Relative quantification of gene expression levels in cardiac tissues. Expression of (A) Argl, (B) Mmp9, (C) Nos2, (D) Cox2, (E) NFkB, and (F) STAT-1
MRNA levels were measured from cardiac tissues by RT-PCR. Data from individual mice are shown. n=10. Statistical Analysis = Mann-Whitney,
p<0.05. Each treatment group is compared to the Infected Untreated group and error bars are defined by Mean with SD. *p < 0.05; **p < 0.01;

****p < 0.0001.
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pro-inflammatory immune responses, immunoregulatory DC
dampen Tyl responses and prime regulatory T cell responses.
These results indicate that hookworm proteins AIP-1 and AIP-2
modulate the antigen-presenting DC slightly towards an
immunoregulatory phenotype.

To determine the effect of hookworm protein antigen presentation
by DC on downstream T cell responses, AIP-1 DC, AIP-2 DC, and T.
cruzi DC were incubated with splenocytes isolated from uninfected,
infected untreated, AIP-1 treated, AIP-2 treated, and aspirin treated
mice. Splenocytes from the treatment groups were also incubated with
control DC for background levels of DC-mediated stimulation. Culture
supernatants were analyzed after 48 hours of incubation and assayed
for inflammatory cytokines. As seen from Figure 8A, in the uninfected
group, compared to incubation with control DC and T. cruzi DC,
incubation with AIP-1 DC and AIP-2 DC resulted in significantly
lower levels of secretion of pro-inflammatory cytokines like IFNy, and
IL-17A. Similar results were seen in the infected-untreated, AIP-1
treated and AIP-2 treated (Figures 8B-D respectively) groups. In the
aspirin treated group, there was a significantly lower level of secretion
of IFNyand IL-4 (Figure 8E). Significantly lower levels of IL-4 secretion
were also seen among the untreated and AIP-2 treated groups while
lower levels of TNFo. were seen in the untreated group (Figures 8B, D,
respectively). However, there was no discernable difference in the levels
of IL-10 among the different treatment groups. Overall, the results
indicated that compared to the stimulation with control DC and T.
cruzi DC, stimulation with AIP-1 DC or AIP-2 DC resulted in
significantly lower levels of pro-inflammatory cytokine production
highlighting the anti-inflammatory responses meditated by the
hookworm proteins.

Further, T cells stimulated with the DC were phenotyped after 13
days of co-culture and compared with the baseline levels prior to DC
stimulation. Splenocytes were gated to represent the T cell population
(Figure 9A) and representative flow plots are shown (Supplemental
Figures 4-7). As shown in Figure 9B, in the uninfected group,
compared to the pre co-culture (Day 0) baseline levels, stimulation
with DC groups (control DC, T. cruzi DC, AIP-1 DC and AIP-2 DC)
resulted in a trend towards elevated levels of proliferation (Ki67+),
cytotoxicity (Gzm+) and inflammation markers (TNFoi+) within the
CD8+ T cell population. However, compared to stimulation with
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either control DC, T. cruzi DC or AIP-2 DC, stimulation with AIP-1
DC resulted in a trend towards down regulation of proliferating,
cytotoxic and pro-inflammatory T cells suggesting the anti-
inflammatory role of the AIP-1 hookworm protein. Also, there was
a trend towards elevation of CD4+CD25+Foxp3+ T cells with both
AIP-1 DC and AIP-2 DC stimulation compared to the baseline or
stimulation with control DC and T. cruzi DC, suggesting the role of
the hookworm proteins in skewing a regulatory T cell phenotype. A
similar trend was seen in the untreated (Figure 9C), AIP-1 treated
(Figure 9D), AIP-2 treated (Figure 9E) and aspirin treated (Figure 9F)
groups, where stimulation with AIP-1 DC resulted in a trend towards
skewing an anti-inflammatory response and stimulation with AIP-1
DC and AIP-2 DC resulted in a trend skewing towards a regulatory T
cell phenotype. In the untreated group, stimulation with AIP-1DC
resulted in significant downregulation of proliferation and
cytotoxicity markers while stimulation with AIP-2 DC resulted in
elevated inflammation markers Granzyme B and TNFa. in the CD8+
T cell population (Figure 9C). These results suggest that the two
hookworm proteins AIP-1 and AIP-2 might act through different
pathways to generate a regulatory phenotype that is not skewed
towards pro-inflammatory Tyl responses. While AIP-1 in general
showed a tendency towards slightly dampened pro-inflammatory
response, AIP-2 showed a tendency towards slightly elevated
regulatory phenotype. The precise mechanisms through which
these two proteins mediate immunoregulation need further
investigation using a larger sample size.

Discussion

Here we investigated the immunomodulatory effects of two
recombinant hookworm-secreted proteins, AIP-1 and AIP-2, on
inflammatory responses in a mouse model of chronic T. cruzi
infection. Both AIP-1 and AIP-2 significantly reduced cellular
infiltrate into cardiac tissue, suggesting reduced inflammation
similar to what was previously observed with AIP-1 treatment in
mouse models of colitis and with AIP-2 treatment in mouse models
of allergic airway disease (Navarro et al., 2016; Ferreira et al., 2017;
Buitrago et al., 2021). Concurrent with reduced cardiac cellular
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Parasite burdens. Parasite burdens were measured at the end of the study in (A) blood and (B) cardiac tissue by quantitative PCR (qPCR). Data from
individual mice are shown. n=10. Statistical Analysis, Mann-Whitney; p<0.05. Error bars are defined by Mean with SD.
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FIGURE 8

Secreted cytokines from in vitro restimulated splenocytes. Splenocytes from uninfected (A), Infected untreated (B), AIP-1 treated (C), AIP-2 treated (D),
and aspirin treated (E) mice were harvested, and co-cultured with DC incubated with AIP-1, AIP-2 proteins or T. cruzi lysate. 48-hour culture
supernatants were then evaluated for pro and anti-inflammatory cytokines (IFN-y, IL-4, IL-10, IL-17a TNFa,) by Luminex analysis. Statistical analyses was
performed using ANOVA with Tukey’s multiple comparison test comparing the mean of each column to the mean of every other column *p < 0.05;

**p < 0.01; ***p < 0.001. Error bars are defined by Mean with SD.

infiltrate, both AIP-1 and AIP-2 significantly reduced cardiac levels of
IFNYy, while AIP-1 also significantly reduced cardiac IL-6 levels.
Serum levels of both IFNy and IL-6 are significantly elevated in
patients with CCC and correlate with disease severity (Lopez et al,
2006; Keating et al., 2015). Thus, the impact of both AIP-1 and AIP-2
on reducing inflammatory cytokine levels in cardiac tissues suggests
that these proteins may ameliorate clinical symptoms of cardiac
disease. In addition to measuring cytokine levels in tissue, we
measured cardiac expression of key inflammatory markers by RT-
PCR. Both AIP-1 and aspirin increased the expression of NOS2 in
cardiac tissue (Figure 6). NOS2, the gene for inducible Nitric Oxide
Synthase (iNOS), is a key signaling molecule in the induction of NO.
NO has been shown to have both beneficial and detrimental effects on
T. cruzi infection (Fresno and Girones, 2021). NO activates
macrophage-killing mechanisms and can be protective against T.
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cruzi infection (Mufnioz-Fernandez et al.,, 1992; Lee et al., 2017). In
fact, mice defective in iNOS signaling are unable to control T. cruzi
parasite burdens and succumb to infection (Holscher et al., 1998).
However, it has also been shown that myeloid-derived suppressor
CD11b+Ly6C+Ly6G™ cells (MDSC) are present in the spleens and
hearts of T. cruzi-infected mice, they express iNOS and Argl, and
they induce expansion of Foxp3-expressing regulatory T cells (Huang
et al, 2006; Fresno and Girones, 2021). Further, induction of NO by
iNOS interferes with IL-2R signaling and alters the stability of IL-2
mRNA (Bronte and Zanovello, 2005). In our model, we showed that
AIP-1 treatment increased cardiac NOS2 expression (Figure 6C),
which could be due to expression in cardiac MDSC. Further, AIP-1
treatment significantly reduced IL-2 in cardiac tissue (Figure 4B).
Thus, the effects of AIP-1 on T. cruzi inflammatory responses may be
due to the combined effects of inducing MDSC which may play a role
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FIGURE 9

Immunophenotype of T cells before and after co-culturing splenocytes with DC. Splenocytes harvested from uninfected-untreated, infected-untreated,
AlP-1 treated, AIP-2 treated, or aspirin-treated mice were co-cultured with DC loaded with AIP-1 protein, AIP-2 protein, T. cruzi lysate, or no protein
(control DC). Flow cytometry analysis was performed on pre-co-culture, unstimulated splenocytes (baseline) and DC-stimulated splenocytes after 13
days of co-culture. The overall gating strategy for flow cytometry analysis is shown in (A). Splenocytes were analyzed for proliferation (CD8+KI67+),
cytotoxicity (CD8+GranzymeB+), inflammation (CD8+TNFo+) and regulatory phenotypes (CD4+CD25+Foxp3+). Comparisons were made between all
groups among uninfected untreated control mice (B), infected untreated mice (C), infected AIP-1 treated mice (D), infected AIP-2 treated mice (E) and
infected aspirin treated mice (F). Statistical analyses was performed using Kruskal-Wallis with Dunn’s multiple comparisons tests comparing the mean
rank of each column to the mean rank of every other column. Error bars are defined by mean with SD. * p<0.05.

in the reduced number of cardiac infiltrating leukocytes. Additionally,
we found that AIP-2 treatment significantly decreased the expression
of COX-2 (Figure 6D). Cyclooxygenase (COX) enzymatic activity
converts arachidonic acid to various lipids, including prostaglandins

Frontiers in Parasitology

12

and thromboxanes, which mediate inflammatory processes (Dubois
et al, 1998). Increased cardiac expression of COX-2 has been
observed in mice acutely infected with T. cruzi (Corral et al., 2013).
Additionally, thromboxane A2 (TXA2) is increased in the plasma of
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chronically infected mice, where it mediates cardiac tissue damage by
exacerbating myocyte apoptosis and enhancing cardiac dysfunction
(Cardoni and Antunez, 2004; MaChado et al., 2011). Further,
treatment of chronically infected mice with the COX inhibitor
acetylsalicylic acid (aspirin) reduced levels of circulating
prostaglandins and improved cardiac function (Mukherjee et al,
2011). Wild type mice acutely infected with T. cruzi had COX-2
expressing CD11b+ cells that infiltrate cardiac tissue, whereas mice
deficient in COX-2 signaling had reduced cardiac infiltration of
macrophages and DC, as well as reduced expression of
inflammatory cytokines IL-6, IFNy, and TNFa compared to wild
type mice, demonstrating a key role for COX-2 signaling in T. cruzi-
induced myocarditis mediated by CD11b+ cells (Guerrero et al,
2015). Our data corroborate the T. cruzi-induced inflammatory
mediators in cardiac tissue, including increased levels of cardiac
inflammatory cytokines IL-6 and IFNYy as well as increased
expression of NOS-2 and COX-2. Importantly, we presented
evidence that the hookworm-derived proteins AIP-1 and AIP-2
modulate cardiac inflammatory responses in NOS2 and COX2-
dependent manners, respectively. Our data suggest that AIP-1 and
AIP-2 may ameliorate T. cruzi-induced cardiac dysfunction, and this
will be investigated in future studies.

The immunomodulatory role of hookworm-derived proteins in
chronic inflammation has been studied in the past. In colitis and
asthma, reduced inflammation by hookworm proteins was
mediated by tolerogenic CDI11c+ cells, reduced levels of
inflammatory cytokines and upregulation of regulatory T cells.
Dendritic cells (DC) are one of the key immune cell types
involved in both innate and adaptive immune responses, by
initially phagocytosing pathogens at infection sites to control the
spread, and subsequently stimulating lymphocytes in immune
tissues, such as spleen and lymph nodes, to initiate development
of the adaptive immune response (Sheel and Engwerda, 2012; Dos-
Santos et al., 2016; Ginhoux and Guilliams, 2016; Cerban et al.,
2020). During innate immune responses, DC upregulate iNOS and
subsequently NO production in response to inflammatory stimuli,
resulting in pathogen killing (Lee et al, 2017; Thwe and Amiel,
2018). Additionally, DC are the most efficient antigen-presenting
cell (APC) for initiating adaptive immune response. Within
immune tissues, DC can be polarized to generate a pro-
inflammatory Tyl response where they present antigen to naive
CD8+ T cells on MHC Class I molecules and to naive CD4+ T cells
on MHC Class II molecules, simultaneously providing co-
stimulatory molecules CD80 and CD86, and secreting pro-
inflammatory cytokines, such as IL-1B, IL-6, TNFa, and IL-12,
which are critical to inducing activation and proliferation of naive T
cells into antigen-specific effector cells (Blum et al, 2013; Gil-
Jaramillo et al., 2016). While Tyl polarization of DC induces an
inflammatory response, it is the tolerogenic regulatory DC that
dampen the inflammation-induced tissue damage by stimulating
regulatory T cells. In this study, we investigated the regulatory
effects of hookworm-derived proteins on dendritic cell phenotype
and the subsequent effect on downstream T cell function. We have
demonstrated that compared to incubation with T. cruzi protein
lysate, incubation with hookworm proteins AIP-1 and AIP-2
induced a slight upregulation of CD11c¢+CD11b+MHCII+SIRPo+
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cells indicative of an immunoregulatory phenotype (Supplemental
Figure 2D). The CD11b+CDIllc+ DC subset has earlier been
reported to play a role in generating tolerogenic and regulatory
responses against chronic inflammation and hence is exploited to
treat autoimmune diseases (Li et al., 2008). SIRPa. is expressed by
macrophages and DC and upon binding to CD47, sending an
inhibitory signal to the phagocytic cells that results in inefficient
phagocytosis (Willingham et al., 2012). Anti-SIRPo antibodies that
target CD47-SIRPo. axis have been reported to show promise in
promoting anti-tumor immunity (Wu et al., 2022). The slight
upregulation of this phenotype (MHCII+SIRPo+CD11c+CD11b
+) is suggestive of immunoregulatory DC that mediate regulatory T
cell responses. Increasing the antigenic incubation time from 3
hours to 6 -16 hours as reported by other studies might result in a
significant upregulation of this phenotype compared to the
relatively slight upregulation that was seen in the current study
(Cuellar et al., 2009). Further, when these DC were used to stimulate
splenocytes derived from the uninfected/infected and treated mice,
there was a significant down regulation of inflammatory cytokine
secretion in all the treated groups with AIP-1 DC and AIP-2 DC
stimulation (Figure 8). T cell phenotypic changes were also evident
especially in the CD8 compartment where stimulation with AIP-1
DC resulted in a downregulation of proliferating, cytotoxic and pro-
inflammatory CD8 T cells (Figure 9). However, stimulation with
both AIP-1 DC and AIP-2 DC seemed to have a modest effect on
the regulatory compartment of CD4+ CD25+Foxp3+ T cells
(Figure 9). Similar results have been reported in the past where
treatment of DC with hookworm-derived metalloprotease
inhibitors has resulted in a tolerogenic DC phenotype and
generation of regulatory and suppressive T cells (Cuellar et al,
2009). In a mouse model of allergic asthma, suppression of airway
inflammation was dependent on both mesenteric CD103"DC and
Foxp3™ regulatory T cells (Tregs). AIP-2 induced expansion of
mesenteric lymph node DC resulting in the generation of Tregs that
homed to the mucosa promoting long-term protection against
allergic asthma (Navarro et al., 2016). It is possible that the
hookworm-derived proteins AIP-1 and AIP-2 act through
independent pathways to dampen Tyl responses and promote
regulatory responses.

Hookworm-secreted AIP-1 and AIP-2 share structural homology
with tissue inhibitor of matrix metalloproteases (TIMPs) and are
known to inhibit the function of some human MMP (Zhan et al.,
2008; Cuellar et al., 2009). Activated DC and macrophages upregulate
MMPs to launch an inflammatory response and inhibition of MMPs
has been a therapeutic option for chronic conditions. Blocking MMP-
13 in DC has been shown to reduce the surface MHC-I expression,
and antigen presentation, resulting in changes to the cytokine/
chemokine profile of DC and subsequent reduction in CD8+ T cell
activation (Bartmann et al, 2016). In a mouse model of collagen-
induced arthritis (CIA), inhibition of MMP-9 significantly blocked
DC trafficking and delayed CIA (He et al,, 2018). In another study,
hookworm protein Na-AIP-1 significantly suppressed CIA when
used either as a monotherapy or in combination with methotrexate
(MTX) (Langdon et al, 2022). However, the precise mechanisms
through which specific hookworm-derived proteins inhibit the
various MMPs and the specific interactions mediating their
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function is not clearly understood and need further investigation.
Further, several studies suggest that the immunoregulatory
phenotype of DC leading to downstream regulatory T cell
responses depends upon TGFp signaling. The role of TGFf in
generating this immunoregulatory phenotype has not been
explored in the current study. Overall, the current proof of
principle study demonstrates that hookworm-derived proteins
mediate an immunoregulatory effect via modulating DC and T cell
responses, in a mouse model of CCC. However, the specific and
precise mechanisms through which the hookworm-derived proteins
induce DC-mediated immunoregulatory phenotype needs
further investigation.

In this study, we present strong evidence for the beneficial
immunomodulatory effect of hookworm derived anti-inflammatory
proteins on CCC. However, some study limitations were acknowledged
and are under careful consideration for future evaluation. In this study,
we evaluated endpoint cardiac pathology 14 days after treatments were
initiated to determine the efficacy of AIP-1 and AIP-2 on improving
cardiac health. While this study design allowed us to determine the
immediate treatment effects, a longer timeline in future studies will be
necessary to determine the duration of treatment effects. We showed
that both AIP-1 and AIP-2 reduced cardiac cellular infiltrate, and in
future studies identification and quantification of CD4+ and CD8+ T
cells, as well as CD4+CD25+Foxp3+ cells, will better characterize the
inflammatory cell infiltrate and determine the correlation between
tissue-specific T cell responses and peripheral T cell responses
evaluated from splenocytes. Further, while we showed that both AIP-
1 and AIP-2 significantly reduced cardiac inflammation, there was no
apparent effect on cardiac fibrosis, which is another key pathology of
CCC (Rossi et al, 2003). Cardiac fibrosis is progressive in mouse
models of chronic infection (Hoffman et al, 2019), thus evaluating
tissue pathology at later times after infection and treatment will reveal if
AIP-1 and AIP-2 treatment results in immediate reduction of
inflammation, and later reduction of fibrosis. We evaluated the
impact of AIP-1 and AIP-2 treatments in a female mouse model of
chronic T. cruzi infection. However, male sex is a risk factor for more
severe CCC in humans (Basquiera et al., 2003; Sabino et al,, 2013), thus
evaluation of treatment in both male and female mice will be necessary
to determine the extent of treatment efficacy. Our results also showed
that both AIP-1 and AIP-2 induced skewing towards regulatory
BMDC which stimulated slightly elevated CD4+CD25+Foxp3+
splenocytes, agreeing with previously published results (Cuellar et al,,
2009). Future studies with longer antigen incubation times are
warranted. Quantification of regulatory cytokines, including IL-10
and TGEp, specifically from AIP-1 and AIP-2 treated BMDC will
further define the immunomodulatory effects of these proteins in our
model of chronic T. cruzi infection. Further, alternatively activated M2
macrophages are another key source of IL-10 and TGFP and serve to
regulate tissue damage (Mantovani et al., 2013; Shapouri-Moghaddam
et al,, 2018). Thus, future studies to specifically define the impact of
AIP-1 and AIP-2 on macrophages and cytokine production will better
define the mechanisms of efficacy for these proteins.
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Patients with CCC have higher levels of cardiac inflammation
than Chagas patients with mild disease and asymptomatic patients,
and ultimately have a worse prognosis than patients with non-
inflammatory cardiomyopathies (Higuchi et al., 1987; Bestetti and
Muccillo, 1997). Unfortunately, only two antiparasitic drugs are
licensed to treat infection, benznidazole and nifurtimox, and both
have prolonged treatment courses and induce significant side
effects, resulting in many patients terminating treatment early
(Viotti et al., 2009; Jackson et al., 2010; Urbina, 2010; Molina
et al, 2015). Further, anti-parasitic treatment does not address
the underlying deleterious host responses that lead to clinical
disease and cardiac death (Morillo et al., 2015). Therefore,
improved treatment strategies, and specifically strategies that
modulate host responses, are urgently needed. The data presented
here suggest that treatments that reduce host inflammatory
responses, such as hookworm-derived anti-inflammatory proteins,
are an important tool for reducing cardiac pathology, and may serve
to improve clinical outcomes for the almost 7 million individuals
with Chagas disease globally (Disease et al., 2016; GBD 2016 Disease

and Injury Incidence and Prevalence Collaborators, 2017).
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