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Host cell invasion by Trypanosoma cruzi is a markedly silent process, with limited host transcriptional changes indicative of innate
immune recognition, except for a modest type I IFN (IFN-I) response. In this study, we show that T. cruzi�induced IFN-b production
was nearly abolished in primary murine cGAS2/2 or stimulator of IFN genes (STING)-deficient (STINGGt) macrophages and
fibroblasts. T. cruzi infection did not impact the ability of IFN-regulatory factor reporter macrophages to respond to classical
cGAS�STING agonists, indicating that the limited IFN-b induction is not due to active parasite suppression. cGAS2/2, STINGGt, and
IFN-a/b receptor2/2 (IFNAR2/2) macrophages infected with T. cruzi yielded significantly higher numbers of amastigotes compared
with wild-type macrophages; however, the impact of the STING pathway during infection in vivo is more complex. Despite an initial
increase in parasite growth, STINGGt and IFNAR2/2 mice ultimately had lower parasite burden in footpads as compared with wild-type
mice, demonstrating a role for IFN-I expression in potentiating parasite growth at the infection site. STING pathway activation had little
impact on parasite levels in the skeletal muscle; however, in the heart, cGAS2/2 and STINGGt mice, but not IFNAR2/2 mice,
accumulated higher acute parasite loads, suggesting a protective role of STING sensing of T. cruzi in this organ that was independent of
IFN-I. Together, these results demonstrate that host cGAS�STING senses T. cruzi infection, enhancing parasite growth at the site of entry,
and contributes to acute-phase parasite restriction in the heart, a major site of tissue damage in chronic T. cruzi infection. The Journal
of Immunology, 2023, 211: 1�11.

The initial events of host detection of a pathogen determine the
quality of innate immune defenses and provide crucial signals
in shaping the subsequent adaptive immune responses (1).

These events are a consequence of host cell detection of pathogen-
associated molecular patterns (PAMPs) of invading pathogens by
various cell-surface, vacuolar, and cytosolic pattern recognition
receptors (PRRs) and pathogen-driven measures that counteract
responses detrimental to their survival. Some of the earliest
host�pathogen interactions that occur even before the generation of
pathogen-specific immunity dictate the outcome of infection whether it
be pathogen clearance or establishment of persistent infection (2�8). A
better understanding of how immunological events resulting from
pathogen detection potentially affect the establishment of infection
has important therapeutic implications for persistent infections that
remain major public health concerns (9, 10).
With respect to intracellular pathogens, infection of host cells con-

sistently elicits a relatively rapid induction of host cell gene expression
indicative of host cell PRR engagement, usually within minutes to
hours of cell invasion (11). Host cell response to invasion by the
protozoan pathogen T. cruzi, the causative agent of Chagas disease,
is rather immunologically “silent” in comparison with many other
pathogens, representing a potential mechanism that favors its life-
long persistence in most hosts (12�15). Transcriptome analysis of
T. cruzi�infected cells shows minimal induction of proinflammatory
cytokines throughout the invasion process both in vitro and in vivo

at the site of infection (16, 17). Although various T. cruzi PAMPs
have been characterized, the cell-invasive trypomastigote form appears
to lack potent PAMPs exposed on its surface, likely explaining the
weak host response to trypomastigote invasion (18�21). This stealth
invasion can lead to the limited ability of hosts to rapidly detect and
mount immune responses to new T. cruzi infections, or infections at
new sites in an already infected host, thus likely impeding control of
existing infections or resistance to reinfection, and thus the potential
for vaccines to induce protection (15, 22).
Despite the lack of a strong proinflammatory response to host cell

invasion, T. cruzi infection reproducibly elicits a modest type I IFN
(IFN-I) response, which is reflected as the most notable change in
host transcriptional activity at 24 h postinfection (hpi) both in vitro
in immune and non-immune cells and in vivo at the site of intrader-
mal infection (16, 17). It has been previously demonstrated that the
IFN-I response to T. cruzi infection is generated independently of
MyD88, TIR-domain-containing adapter-inducing IFN-b, and mito-
chondrial antiviral-signaling protein signaling, which together encom-
passes signaling via known cell-surface and endosomal TLRs, and
intracellular dsRNA sensing machinery (23). However, it was only
recently shown that the stimulator of IFN genes (STING) pathway, a
key mechanism for cytosolic DNA sensing, is involved in generating
the T. cruzi�elicited IFN-I response in an TBK1 and IFN-regulatory
factor (IRF) 3�dependent manner (23, 24). In addition, transfected
T. cruzi DNA can stimulate STING in IRF reporter cells (24), yet
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the relevant T. cruzi stimulus that activates STING in vivo has not
been identified to date. We have recently observed that after T. cruzi
invasion of some host cells, an asymmetric division of the trypomas-
tigote results in the release of the parasite flagellum and its associated
kinetoplast DNA (kDNA), the DNA of the single parasite mitochon-
drion, into the host cell cytoplasm (25). This released kDNA is
potentially accessible to host cytosolic DNA sensors such as cGAS,
which could drive the STING-dependent, IFN-I response in some
T. cruzi�infected host cells (26). In addition to the well-characterized
induction of IFN-I, increasing evidence reveals other functions of
cGAS�STING activation during infection, including the induction
of autophagy in myeloid cells, contributing to the sequestration and
clearance of DNA and cytosolic pathogens (27, 28).
The STING pathway is activated by a wide range of pathogens with

contrasting outcomes for the host. Activation of the STING pathway
has been shown to favor effective immune responses against both
DNA and RNA viruses (29�31), and its role in bacterial infections
is reported to be either protective or detrimental depending on the
infection (32�35). Concerning protozoan pathogens, the exposure
of dead parasite genomic DNA is thought to trigger the cGAS�STING
pathway in Plasmodium and Toxoplasma infections and to play a
role in host defense (36�39). Recently, cytosolic delivery of purified
kDNA into THP-1 macrophages infected with Leishmania major was
demonstrated to increase parasite numbers in macrophages, implying a
potential mechanism of parasite modulation of the host cGAS�STING
pathway for their benefit (40).
It was recently reported that T. cruzi�infected mice deficient in

STING have increased parasite numbers in mouse cardiac tissue
(24). However, apart from this study, the role of the cGAS�STING
pathway in the detection of T. cruzi infection in other relevant sites
of infection in vivo and its potential impact in dictating the overall
outcome of infection remain largely undefined. Therefore, in this study,
we assessed the involvement of cGAS in the induction of IFN-I in
T. cruzi infection via STING, and we observed distinct consequen-
ces of the STING pathway in the restriction of tissue parasite loads
within tissues relevant to infection.

Materials and Methods
Mice, parasites, and infections

C57BL/6N mice were purchased from Charles River Laboratories. IFN-a/b
receptor subunit 1−/− (IFNAR1−/−) mice were a gift from B. He (University
of Georgia [UGA]) and were originally purchased from The Jackson Laboratory
(Bar Harbor, ME). Goldenticket (Tmem173Gt; C57BL/6J-Sting1gt/J) mice and
cGAS −/− [Cgastm1d(EUCOMM)Hmgu] mice were purchased from Jackson
Laboratory. cGAS−/− mice were crossed with STING-deficient (STINGGt) mice
and IFNAR1−/− mice to generate cGAS−/−STINGGt and cGAS−/−IFNAR1−/−

mice, respectively. All mice used in experiments were sex and age matched.
Mice were maintained in the UGA Animal Facility under specific pathogen-
free conditions. All animal use was performed following the protocol approved
by the UGA Institutional Animal Care and Use Committee.

For T. cruzi infections, mice were infected with tissue culture trypomasti-
gotes of CL, Colombiana, or Brazil strains. Parasites were maintained in culture
using serial passage through Vero cells. Florescent or luciferase-expressing
parasites were generated by transfection with a pTREX-plasmid containing
tdTomato and red-shifted firefly luciferase (41). Brazil A4 strain parasites
expressing mNeon green in the nucleus (H3-mNeon Green) were generated
by the expression of T. cruzi Histone 3 (TcCLB.509471.59) in fusion with
the mNeon green gene.

Cell culture

Vero, HeLa cells (both from ATCC, Manassas, VA) and Raw Lucia ISG
(IFN-stimulated gene) cells (Invivogen, San Diego, CA) were cultured in
DMEM with 10% FBS containing 2% penicillin-streptomycin (pen/strep).
Cultures were maintained at 37◦C with 5% CO2 in a humidified incubator
and tested periodically for mycoplasma contamination.

Microscopic detection of cGAS activation

HeLa cells were infected with Brazil A4 strain expressing H3-mNeon Green
at a parasite/cell ratio of 10:1 for 3 h and fixed at various time points postin-
fection. Cells were stained with the mouse cGAS polyclonal Ab (Proteintech,
Rosemont, IL) followed by a goat anti-mouse IgG (H1L) Alexa Fluor 594
(ThermoFisher Scientific, Waltham, MA) followed by DAPI to stain nuclear
and kDNA. Cells mounted with ProLong Diamond anti-fade mounting solu-
tion (ThermoFisher Scientific) were imaged using the laser-scanning confo-
cal microscope LSM 710 attached to an EXFO Xcite series 120Q lamp and
a digital Zeiss XM10 camera.

Primary murine macrophage culture and quantification of IFN-b
mRNA levels

Mouse bone marrow�derived macrophages (BMDMs) were generated by
flushing the hind limb tibias and femurs of 8- to 12-wk-old mice with cold
DMEM, and the recovered bone marrow progenitor cells were cultured in
DMEM supplemented with 10% FBS in the presence of recombinant murine
M-CSF (10 ng/ml; PeproTech, Cranbury, NJ) for 6 d, with frequent replace-
ment of media containing cytokine every few days. BMDMs were infected
with Brazil strain parasites at a parasite/cell ratio of 10:1 for 3 h, and total
RNA was harvested 24 hpi using the Tri Reagent (Sigma-Aldrich, St. Louis, MO)
and RNA clean and concentrator 5 (Zymo Research, Irvine, CA). cDNA was
synthesized using the SuperScript III first-strand synthesis system (Invitrogen,
Carlsbad, CA) using an Oligo (dT)20 primer. cDNA templates were used for
a quantitative real-time PCR using iQ5 Multi-Color real-time PCR detection
system with iQ5 Standard Edition Optical System Software version 2 (both
from Bio-Rad, Hercules, CA). Primers used for IFN-b were 59-GACCAA-
CAAGTGTCTCCTCCAAA-39 (forward) and 59-AGCAAGTTGTAGCTCAT
GGAAAGAG-39 (reverse).

Mouse fibroblast culture and IFN-b ELISA assay

Mouse fibroblasts were isolated and cultured from ear tissue clips. In brief,
1- to 2-mm pieces of ear clips from mice were sequentially rinsed well with
Betadine (antimicrobial), 70% ethanol, and PBS (with pen/strep). Under ster-
ile conditions in a six-well plate, each tissue was minced finely with a scalpel
in 0.25 ml of Liberase TM (5 mg/ml in HBSS with Ca and Mg; Roche, Indi-
anapolis, IN). An additional 0.25 ml collagenase mixture was added to the
well and incubated for 30 min at 37◦C, 5% CO2. Six milliliters of DMEM
(10% FBS 1 pen/strep) was added and incubated continually at 37◦C, 5%
CO2 for 7�10 d with frequent replacement of media until cells have prolifer-
ated and were confluent. Mouse fibroblasts were infected with Brazil strain
parasites at a parasite/cell ratio of 10:1 for 3 h, and the supernatants were col-
lected at the indicated time points postinfection to assay the level of secreted
IFN-b protein using the mouse IFN-b DuoSet ELISA kit (R&D Systems,
Minneapolis, MN) according to the manufacturer’s protocol.

IFN-b�GFP telomerase-immortalized human fibroblasts reporter
cell assay

IFN-b�GFP telomerase-immortalized human fibroblasts (THF) reporter cells,
a gift from Dr. K. L. Mossman (McMaster University, Hamilton, ON, Canada),
were either infected or not with tdTomato-expressing CL strain parasites at
a ratio of 5:1, or transfected with polyinosinic-polycytidylic acid [poly(I:C)]
(Invivogen)/Lipofectamine 3000 (ThermoFisher Scientific) for 24 h under
IFNAR blocking conditions using the anti-mouse IFNAR1 Ab (MAR1-5A3;
BioXCell, Lebanon, NH). Cells were detached, and reporter activation was
assessed using flow cytometry.

Detection of luciferase activity from cell-culture medium

Raw Lucia ISG cells (Invivogen) were used to assess the ability of T. cruzi
to induce IRF activation under conditions of IFNAR blocking using the anti-
mouse IFNAR1 Ab (MAR1-5A3; BioXCell). Reporter cells were either infected
or not with Brazil strain parasites at a ratio of 5:1 for 16 h under IFNAR block-
ing conditions. Parasites and media were replaced and transfected with either
DNA (IFN Stimulatory DNA; ISD naked) or 2,3-cGAMP (both Invivogen)
using Lipofectamine 3000 (ThermoFisher Scientific) also under conditions
of IFNAR blocking. Reporter activity was assayed 24 h poststimulation by
the detection of secreted Lucia luciferase in 10 ml of culture medium after
the addition of 50 ml QuantiLuc substrate (Invivogen) and immediate man-
ual measurement of luciferase signal according to manufacturer’s protocol
using the Synergy H4 Hybrid plate reader (BioTek, Winooski, VT).

In vitro amastigote counting

Isolated BMDMs were infected with CL-tdTomato parasites at a parasite/cell
ratio of 5:1 or 10:1 for 3 h. Cells were washed and fixed at defined days
postinfection followed by DAPI staining. Images obtained using the Cytation
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5 or Lionheart imager (both BioTek) and amastigotes counts were obtained
using the Gen5 software.

In vivo imaging and quantification of parasite growth in the footpad

Mice were injected in the footpads with 250,000 tdTomato-expressing CL para-
sites per foot and anesthetized using 2.5% (v/v) gaseous isofluorane in oxygen
before imaging on a Maestro imager (CRi, Beverly, MA). Quantification of
fluorescence intensity and data analysis was performed using the Maestro
Software.

Mouse injections

Injection with mouse IFN-b carrier-free (PBL Assay Science) s.c. in the infected
footpads was at a dose of 2500 U per 10 ml. Anti-CCR2 mAb MC-21, a gift
from Dr. M. Mack (University Hospital Regensburg, Regensburg, Germany),
was administered by i.p. injection of 20 mg per mouse daily from 2 to 6 d
postinfection (dpi). Neutrophil depletion was carried out by the injection of
Anti-Ly6G (1A8; BioXCell) at a dose of 500 mg/mouse i.p. at 2 and 4 dpi.
Recombinant Mouse CXCL1 (KC) (carrier-free; BioLegend, San Diego, CA)
was injected s.c. to each infected footpad at 500 ng in 10 ml at 4 dpi.

Cell isolation and phenotyping

Mice were euthanized, and infected ears or hind footpad were collected at
6 dpi. Separated dorsal and ventral sheets of ears were incubated at 37◦C for
90 min in 2 ml of Hanks’ media with Ca21 and Mg21 containing 0.8 U/ml
Liberase TL (Roche) and 160 U/ml DNase I (DNase I from bovine pancreas;
Sigma). Ear tissue was dissociated by rubbing between two frosted glass
slides and filtered using 40-mm filters (Falcon), pelleted via centrifugation,
and stained for flow cytometry analysis. Cells were first stained for viability
with Live/Dead Fixable Aqua Dead Cell Stain Kit (Invitrogen). The following
anti-mouse Abs were used for staining: CD45.2-FITC (1:100; BioLegend),
CD11b-allophycocyanin-eF780 (1:100; eBioscience/Invitrogen), and Gr1-PerCP
Cyanine 5.5 (1;100; BioLegend). Samples were acquired using a CyAn flow
cytometer (Beckman Coulter) or Cytoflex (Beckman Coulter) and analyzed
with FlowJo (Tree Star) or FCS express software (De Novo).

Monitoring immune responses in peripheral blood

For assessing immune responses in the circulation of infected mice, blood was
collected from the tail tips of mice into Alsever’s solution and washed with
PBS with 1% BSA and 0.05% sodium azide (PAB) (both from Sigma). Eryth-
rocytes were selectively lysed medium of hypotonic ammonium chloride to
lyse RBCs. Abs used were anti-CD8 FITC (1:800), anti-CD4-PECy5 (1:400),
and CD44-eF450 (1:400) (all from BioLegend). TSKB20/Kb tetramers labeled
with allophycocyanin were synthesized at the Tetramer Core Facility (Emory
University, Atlanta, GA). Cells were stained at 4◦C for at least 30 min and
washed with PAB. Cells were acquired using a CyAn flow cytometer (Beckman
Coulter) and analyzed with FlowJo software (Tree Star).

Quantification of parasite burden

Parasite equivalents in tissue were determined as previously described. In brief,
mouse hind leg muscle tissue was collected and finely minced. Samples were
incubated at 55◦C in SDS�proteinase K lysis buffer. DNA was extracted twice
with phenol:chloroform: isoamyl alcohol (25:24:1), precipitated with 100%
ethanol, and resuspended in nuclease-free water. PCRs contained iQ SYBR
Green Supermix (Bio-Rad) and primers specific for T. cruzi or mouse genomic
DNA. Samples were analyzed on an iCycler (Bio-Rad), and T. cruzi equiva-
lents were calculated as the ratio of T. cruzi satellite DNA divided by the
quantity of mouse TNF-a DNA in each sample.

Imaging and quantification of parasite growth in the muscle

Mice were infected with 250,000 CL3-Luciferase parasites in the calf muscle.
For bioluminescent detection, mice were injected via an i.p. route with D-luciferin
(150 mg/kg; PerkinElmer, Waltham, MA) and anesthetized using 2.5% (v/v)
gaseous isofluorane in oxygen before imaging on an IVIS 100 imager (Xenogen,
Hopkinton, MA). Quantification of bioluminescence and data analysis were
performed using Living Image v4.3 software (Xenogen). Infected hearts were
clarified, processed, imaged, and quantified using light sheet microscopy as
previously described (42).

Statistical analysis

Statistical significance was calculated between two groups by two-tailed Student
t test, or between three or more groups by two-way ANOVA with Bonferroni
multiple-comparison test using Prism 9.0.0 software (GraphPad Prism, San
Diego, CA). Asterisks indicate values (mean ± SEM) that are significantly
different between specified groups (*p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001).

Results
T.cruzi infection activates the cGAS�STING pathway in murine
macrophages and fibroblasts to induce an IFN-I response

To determine whether activation of the cGAS�STING pathway was
instrumental in the IFN-I induction during T. cruzi infection, we first
assessed cGAS activation in HeLa cells, which are reported to have
a substantial basal expression of this sensor (43). Molecules of cGAS
are primarily diffused in the cytosol at steady state but, once stimu-
lated, aggregate to form puncta surrounding the DNA stimulus (44).
Activated cGAS then uses cellular ATP and GTP as substrates to form
the second messenger cGAMP, which binds to and activates STING.
However, infection of HeLa cells with T. cruzi trypomastigotes failed
to induce visible cGAS puncta formation, relative to cells transfected
with DNA (Fig. 1A). Although small punctate forms are occasionally
visible in infected cells, these were not at a significantly increased inci-
dence to that observed in uninfected cells (Supplemental Fig. 1A).
The failure to detect cGAS puncta by microscopy could be related

to the rather modest activation of this pathway by T. cruzi infection.
To further explore whether the cGAS�STING pathway was involved
in IFN-I production after T. cruzi infection, we compared the IFN-b
transcript levels in T. cruzi�infected primary BMDMs from STING-
deficient (STINGGt-Goldenticket), cGAS−/−, and wild-type (WT)
C57BL/6 (B6) mice at 24 hpi. Our laboratory and others have
observed that the primary host cell type infected by T. cruzi at the
initial site of infection in the skin is a resident macrophage, which
is also permissive to parasite growth (15, 45). T. cruzi infection
induced substantial amounts of IFN-b mRNA in WT macro-
phages, but macrophages from STINGGt or cGAS−/− mice had
∼4- to >10-fold lower levels (Fig. 1B). Furthermore, in infections
of nonimmune cells (primary murine fibroblasts), the absence of
either cGAS or STING completely abolished IFN-b secretion measured
at both 24 and 72 hpi (Fig. 1C). Together, these results demonstrate that
cGAS activation is largely responsible for the STING-dependent
induction of IFN-I during T. cruzi invasion.

Modest IFN-b induction during infection is likely a consequence of
limited stimulation, rather than active suppression of the STING
pathway

We next questioned whether the overall limited level of T. cruzi�
elicited IFN-I results from the modest triggering of the pathway in
most infected cells or the relatively strong induction in only a small
subset of infected cells; the latter demonstrated to be the case in cer-
tain viral infections (46�48). To quantify the frequency and level of
IFN-I�producing cells during T. cruzi infection, we used a THF cell
line with a stably integrated GFP reporter controlled by the IFN-b
promoter sequence (IFN-b�GFP THFs) (46). To directly assess
infection-driven IFN-I production without the interference from
IFN-I signaling, we assayed reporter activity under IFN-a/b receptor
subunit 1 (IFNAR1) blocking conditions using the MAR1-5A3 mAb.
When IFN-b�GFP THFs were infected with tdTomato-expressing
parasites under IFNAR blocking conditions, only a slight shift in
the GFP expression was consistently detected in infected cells at
16 hpi relative to the uninfected cells in the same sample. The
modest IFN-b levels observed during infection contrasts with the
vigorous induction levels observed in cells stimulated with the RIG
agonist poly(I:C) (Fig. 2A). Thus, T. cruzi invasion of host cells
consistently triggers a low-level IFN-I response.
The generally subdued host response to cell invasion by T. cruzi

has been attributed to parasite modulation of infected host cells
(49�51). To indirectly assess the potential for parasite interference
of cGAS�STING pathway activation, we investigated the ability of
T. cruzi�infected macrophages to respond to exogenous stimulation
by pathway agonists, relative to uninfected cells. For this, we used
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IRF reporter macrophages that respond to both IFN-I induction and
IFN-I signaling by the secretion of luciferase. To assess solely mod-
ulation at the level of IFN-I induction rather than IFN-I signaling,
we again assayed reporter activity in the presence of MAR1-5A3

blocking Ab. The extent of IFNAR blocking of these reporter cells
was assessed by the addition of increasing amounts of recombinant
murine IFN-b; >10 U/ml of the cytokine was effectively inhibited
(Supplemental Fig. 1B). Under conditions of IFNAR1 blocking,

FIGURE 1. T. cruzi activates the cGAS�STING pathway in primary cells to induce a modest IFN-I response. (A) Microscopic detection of cGAS activa-
tion in uninfected, DNA-transfected, and infected HeLa cells 8 h posttransfection and 8 and 16 hpi. Cells were transfected with DNA (2 mg/ml). Cells were
infected with transgenic T. cruzi overexpressing a histone 3 (TcCLB.509471.59)-mNeon green fusion protein, which localizes in the parasite nucleus. (B) The
IFN-b transcript levels of BMDMs from B6, STINGGt, and cGAS−/− mice infected with T. cruzi and measured by quantitative RT-PCR at 24 hpi. Values
reported are normalized to GAPDH transcript levels and expressed as a fold change compared with uninfected controls. Data are representative of two inde-
pendent experiments of n 5 3 infection replicates. (C) The levels of IFN-b in supernatants from infected primary mouse fibroblasts were quantified using
ELISA after 24 and 72 h. Data are representative of two independent experiments of n 5 2�3 infection replicates. *p < 0.05, **p < 0.01.

FIGURE 2. Modest IFN-b levels are
induced in all infected cells and are not
a consequence of active parasite suppres-
sion of the pathway. (A) IFN-b�GFP
reporter THF cells were infected with
tdTomato-expressing CL T. cruzi or
transfected with poly(I:C) for 16 h under
IFNAR blocking conditions. The level of
reporter expression in tdTomato −ve
(uninfected) or tdTomato 1ve (infected)
cell subsets within a representative infected
sample is displayed alongside levels of
reporter activation after poly(I:C) transfec-
tion as measured by flow cytometry. The
mean florescence intensities are displayed
(right). (B and C) IRF reporter macrophage
activation by transfected DNA (B) or
IFN-b (C) in previously infected (for
16 h) or uninfected cells to stimulation.
All data are representative of two or
more independent experiments of n 5 3
infection replicates. ****p < 0.0001.
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cells either infected for 16 h or uninfected responded equivalently to
transfection with various amounts of DNA (Fig. 2B). Moreover, after
direct STING activation with a nucleotide agonist 2939-cGAMP,
T. cruzi�infected cells responded to a higher level than uninfected
cells, demonstrating synergistic enhancement of IFN-I induction
upon STING activation after T. cruzi infection (Fig. 2C). Similar
results were observed when cells were infected and stimulated simul-
taneously with either DNA or 2939-cGAMP (Supplemental Fig. 1C,
1D). Because infection did not appear to limit cGAS�STING
pathway activation to exogenous stimulation, these data provide no
evidence of suppression of this pathway after cell invasion by T.
cruzi. Together with the limited microscopic detection of cGAS acti-
vation postinfection (Fig. 1A), and the ability to detect IFN-b tran-
script and protein levels postinfections with relatively high parasite/
host cell ratios (Fig. 1B, 1C), our data indicate that the modest
IFN-b induction is likely a consequence of limited induction of
the cGAS�STING pathway by T. cruzi infection of host cells.

Activation of the cGAS�STING pathway initially restricts amastigote
growth but ultimately promotes parasite expansion at the site of infection

The best-characterized impact of cGAS and STING activation is the
immune defense functions of ISGs induced downstream of this
pathway (29, 52). Therefore, we investigated the involvement of
cGAS�STING and IFN-I signaling on parasite growth in vitro in
primary macrophage cultures. As expected, in the deficiency of
cGAS, STING, or IFNAR1, intracellular amastigote growth was
significantly greater as compared with that in WT B6 macrophages
(Fig. 3A). In addition, supplementing IFN-b to infected cGAS−/−

or STINGGt macrophages reduced amastigote numbers to the levels
observed in WT B6 macrophages (Fig. 3B). These results confirm
that both cGAS and STING act to constrain amastigote numbers in
host cells through an IFN-I�dependent mechanism.
A growth restrictive impact of the cGAS�STING�IFN-I was also

evident in vivo, at least very early in infection (Fig. 3C). Parasite
growth at the site of inoculation in footpads was inferred by

FIGURE 3. Activation of the cGAS�STING pathway restricts intracellular parasite growth in vitro but promotes parasite expansion at the infection site.
(A) In vitro parasite growth in primary BMDMs from B6, cGAS−/−, STINGGt, and IFNAR1−/− mice with representative images at 3 dpi (left) and amastigote
counts (right). n 5 3 replicate infections. (B) Amastigote counts at 3 dpi with or without treatment of infected BMDMs with IFN-b (100 U/ml) added after
3 h of infection with parasites. n 5 3 replicate infections. (C) Differential parasite growth kinetics of STINGGt and IFNAR1−/− compared with B6 mice
infected with tdTomato-expressing parasites in each footpad and quantification of fluorescence intensity to assess parasite levels daily postinfection. Infected
footpads were imaged, and fluorescence intensity was quantified. Representative images of infected feet at different time points postinfection (top) and quan-
tification of mean fluorescence intensity (bottom). n 5 5�6 mice (10�12 footpads). (D) Parasite growth kinetics of STINGGt mice after footpad injections
with PBS or recombinant mouse IFN-b at 2 and 4 dpi (represented by black vertical bars). Values reported are from n 5 5 mice (10 footpads). All data are
representative of two or more independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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quantifying the change in fluorescence intensity of tdTomato-
expressing parasites. T. cruzi growth at the infection site is ini-
tially relatively synchronous, displaying two peaks of intensity
over 8�10 d in WT mice. The two peaks correspond to intracellu-
lar amastigote proliferation for 4�5 d, followed by trypomastigote
release, reinfection, and replication within a new set of host cells
(15). As expected, in the absence of STING and IFN-I signaling,
parasite growth was significantly greater during the first round of
host cell infection, peaking at day 4. Counterintuitively, in both
STINGGt and IFNAR1−/− mice, a second round of infection and
expansion was reduced or entirely unapparent. A detectable second
round of invasion and replication could be established in STINGGt

mice by administration of rIFN-b at the infection site (Fig. 3D).
These results demonstrate that the T. cruzi�induced, STING-
dependent production of IFN-I initially restricts but ultimately
promotes parasite expansion at the initial site of infection.

IFN-I�mediated parasite expansion at the inoculation site is correlated
with increased monocyte and decreased neutrophil infiltration

We next investigated the mechanism of the IFN-I�mediated parasite
growth enhancement or the otherwise improved parasite control in
the absence of this response. Previous studies demonstrate that the
induction and recruitment of parasite-specific CD41 and CD81

T cell responses rigorously control parasite numbers in B6 mice at
the initial site by 10�12 dpi (15). However, the generation of T. cruzi�
specific CD81 and activated CD41 T cells was not accelerated in
STINGGt or IFNAR1−/− mice (Supplemental Fig. 2A, 2B) (53), sug-
gesting that STING impacts parasite growth before the development
of these adaptive immune effectors. Resident macrophages are
infected and permissive to T. cruzi amastigote growth at the site of
infection (15), and one downstream effect of IFN-I is the recruitment
of monocytes through the induction of monocyte chemoattractants
such as CCL2 and CCL7 (54), both of which are also upregulated at
the T. cruzi infection site (17). We thus hypothesized that IFN-I acts
to recruit infection-permissive monocytes to the initial site of infec-
tion, and in the absence of that STING-driven IFN-I production, the
second round of parasite expansion at the site is reduced.
To address this hypothesis, we first phenotyped immune cells

recruited to the site of infection in the ear pinnae in the presence and
absence of STING and IFN-I signaling using markers previously
used for identification of distinct immune subsets (Supplemental Fig.
3) (15). We consistently observed a decreased proportion of inflam-
matory monocytes (CD451CD11bHiGr1Int) recruited to the site in
STINGGt, and even more so in the absence of IFN-I signaling, at day
6 postinfection (Fig. 4A). This reduction is also evident in the infected
cell populations, because there were also significantly fewer T. cruzi
tdTomato1�infected monocytes at the infection site in STINGGt and
IFNAR1−/− mice (Fig. 4B). Also notable is the increased proportion
of recruited and infected neutrophils at the site in IFNAR1−/− (Fig.
4A, 4B). Similar results were observed with absolute counts of total
and infected subpopulations as well. These results suggest a positive
correlation of parasite growth with monocyte recruitment in both
STINGGt and IFNAR1−/− strains and in the absence of monocytes,
the influx and infection of neutrophils in IFNAR1−/− mice.

Depletion of differentially infiltrating cells had a minimal impact on
parasite growth at the infection site

We next specifically depleted inflammatory monocytes in B6 mice
to determine whether the loss of recruited monocytes in STINGGt

and IFNAR1−/− was the limiting factor for parasite expansion.
Administration of an anti-CCR2 mAb MC-21 (55) to B6 mice
decreased the proportion of inflammatory monocytes recruited to the
site by >50% at day 6 postinfection (Fig. 5A), yet surprisingly, this
depletion did not significantly alter parasite growth (Fig. 5B).

Conversely, we asked whether the observed increase in neutrophil
influx in STINGGt and IFNAR1−/− mice is responsible for improved
parasite control in these mice, because neutrophils are known to be
key players in indirectly enhancing effector function of infected cells
such as macrophages or directly killing extracellular parasites via a
mechanism like neutrophil extracellular trap formation (56). Deple-
tion of neutrophils in STINGGt using the anti-mouse Ly6G mAb
1A8 resulted in >70% reduction of circulating neutrophils (Fig. 5C)
yet no detectable enhancement in parasite growth at the site (Fig. 5D).
Collectively, the lack of impact on parasite growth by Ab-mediated
depletion of inflammatory monocytes and/or neutrophils indicates that
either a more complete depletion of cell types must be achieved to
observe an impact on parasite growth, or that there is a more complex
interplay of multiple cellular effectors controlling parasite expansion at
the infection site.

STING activation does not impact the initial establishment of
infection or long-term parasite persistence but constrains acute
parasite load in the heart independently of IFN-I

We next explored the possible consequences of STING-driven
enhancement of T. cruzi expansion at the infection site and first
considered whether the reduction in parasite numbers at the
initial site of infection observed in the absence of IFN-I signal-
ing might compromise the establishment of a persistent, sys-
temic infection. To test this hypothesis, we infected mice with a
low number of parasites (five per animal), a dose we had previ-
ously determined would result in a systemic infection in the
majority of, but not all, WT mice (Supplemental Fig. 4A). How-
ever, the deficiency or absence of STING and IFN-I signaling
had no detectable impact on the successful establishment of
systemic infection as determined by detection of parasites in the
skeletal muscle after this low-dose infection (Supplemental Fig.
4B). Second, if STING pathway activation enhances parasite
numbers not only at the initial infection site but also at subse-
quent (systemic) sites of parasite development, then an overall
decrease in tissue parasite load systemically might be expected
in STINGGt mice. However, chronically infected STINGGt mice
displayed no significant difference in parasite loads in skeletal
muscle relative to WT mice (Fig. 6A). Thus, although STING
disruption alters the early kinetics of T. cruzi development at the
initial infection site, the deficiency or absence of STING or
IFNAR1 does not appear to impact the overall establishment or
skeletal muscle tissue-level persistence of T. cruzi in these
infection models.
However, in the heart, where parasite persistence is correlated with

the manifestation of clinical disease (57�59), a STING-dependent
impact on parasite numbers was observed during acute infection.
When parasite loads peak in the heart, previously determined to be
∼15 dpi in WT mice (42), infected STINGGt and cGAS−/− hearts
harbored significantly increased numbers of parasites and parasite-
infected cells compared with B6 counterparts, as detected by tissue
PCR and visualized by light-sheet fluorescent microscopy of whole
clarified hearts (Fig. 6B, 6C, Supplemental Fig. 4C). Surprisingly,
increased parasite levels were not observed in IFNAR1−/− mice,
which displayed comparable or decreased heart parasite loads to
B6 mice. In addition, the comparatively increased parasite numbers
in STINGGt mice were not observed in the hearts at day 7 or 35
postinfection, demonstrating that STING activation has a signifi-
cant, yet transient impact on the control of peak parasite burden in
the heart (Supplemental Fig. 4D). Furthermore, because parasites
are frequently found to persist in skeletal muscle tissue, we tracked
the kinetics of parasite growth after direct infection of the mouse
calf muscle (gastrocnemius) with luciferase-expressing parasites
(Fig. 6D). A significant IFN-I�dependent initial growth restriction
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followed by parasite growth enhancement was seen in the skeletal
muscle, with similar kinetics to that observed previously in the
footpads. However, a STING deficiency had no significant impact
on parasite levels in the skeletal muscle compared with B6 coun-
terparts. This result is consistent with the fact that skeletal
muscle tissue has a nearly undetected basal expression of STING
(Supplemental Fig. 4E) (60). Together, these data indicate that
the T. cruzi�elicited cGAS�STING pathway activation serves to
restrict parasite levels in the heart before the generation and
recruitment of parasite-specific T cell effectors. However, STING

expression had no detectable impact on parasite control in the
skeletal muscle, a major site of parasite persistence during chronic
infection.

Discussion
The initial response of host cells to invasion by T. cruzi consists
primarily of a IFN-I�driven gene expression program, with IRGs
representing >30% of the total induced host genes (16, 17). During
the preparation of this manuscript, de Souza Vieira et al. (24) reported

FIGURE 4. STING activation at the infection site results in a differential infiltration of monocyte and neutrophils. Cells recruited to the ears of mice
infected at the site with tdTomato-expressing parasites were isolated at 5 dpi and immunophenotyped using the gating strategy described in Supplemental
Fig. 3A. Differences in the proportion of (A) total or (B) infected (tdTom1) CD451 leukocyte subsets in B6, STINGGt, and IFNAR1−/− are shown. Representa-
tive flow plots (top) denote populations of monocytes (CD451CD11bHiGr-1Int), neutrophils (CD451CD11bHiGr-1Hi), macrophages (CD451CD11bHiGr-1lo),
and DCs (CD451CD11bloGr-1lo). Pie charts (middle) show average (of n 5 4 mice) proportions of each population in the different mouse groups, and bar
graphs (bottom) show significant differences in the proportion and absolute count of monocyte and neutrophil subsets. Data are representative of two or more
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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that T. cruzi�elicited IFN-I induction is STING dependent. In this
article, we confirm this observation and further elucidate the mech-
anism of IFN-I induction, demonstrating the involvement of the
DNA sensor cGAS in the activation of the STING pathway during
T. cruzi invasion.
The T. cruzi�elicited IFN-I response is relatively modest, as indi-

cated by the absence of microscopic visualization of cGAS puncta,
but it appears to be uniformly triggered, because an IFN-b reporter
line showed low-level GFP expression in nearly all infected cells.
Both of these patterns are in contrast with the heterogenous yet
robust induction of IFN-b in a small subset of cells, as is the case
for some viral infections (47, 48). This modest response evident at
the individual cell level with T. cruzi infection is also observed at
the population level; the 2- to 20- fold ISG induction in T. cruzi�
infected cells (16) contrasts with the 4- to 150-fold increase in ISGs
induced in the same cell type by the DNA virus CMV (14).
Most importantly, the relative weakness of this IFN-I�driven

response in T. cruzi�infected cells is a result of a limited triggering
of the STING pathway, rather than an active suppression of the
pathway. This “failure to activate” model is in contrast with the

“trigger-and-suppress” mechanism of evading host cell responses
sometimes attributed to T. cruzi (49�51, 61) and employed by
other intracellular parasites. The best characterized of these, Toxo-
plasma gondii, uses a cadre of secreted effectors to inhibit various
host response molecules (reviewed in Ref. 62). These observations
add additional support to the evidence that T. cruzi infection of host
cells is a relatively quiet process that avoids a rapid and robust innate
immune response (15, 63, 64). However, the question of whether
T. cruzi lacks the potential to strongly activate host PRR, as we favor,
or actively evades intracellular detection is likely to remain active until
more is understood about amastigote biology and/or genome-wide
screens for potential suppressors of parasite detection are possible.
Although modest, the IFN-I response upon T. cruzi infection is

not inconsequential. However, the impact is quite complex. STING
activation constrains intracellular T. cruzi replication in vitro, and
during the initial round of replication, predominantly in resident
macrophages (15), in vivo. However, STING activation-driven
IFN-I at the initial infection site also modulates the site’s cellular
composition so as to enhance the overall parasite production therein
through the recruitment of additional monocyte/macrophages. In the

FIGURE 5. Specific depletion or augmentation of cellular recruitment had limited impact on parasite growth at the infection site. (A) Specific depletion of
monocytes in B6 mice by i.p. injection with either isotype control or anti-CCR2 (MC-21) Ab as demonstrated by representative flow plots of the cellular
infiltrate at the infection site at 6 dpi. (B) Parasite growth kinetics at the site of infection in WT mice with and without monocyte depletion, with black arrow-
heads representing the timing of treatment. n 5 4�5 mice/group. (C) Specific depletion neutrophils in STINGGT mice by i.p. administration of either PBS or
anti-Ly6G (mAb 1A8) at 2 and 4 dpi, demonstrated by peripheral blood staining at 5 dpi. (D) Parasite growth kinetics after neutrophil depletion postinfection,
with black vertical bars representing the timing of treatment. n 5 4�5 mice. Data are representative of two independent experiments.
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absence of STING activation, more neutrophils and fewer monocytes
are recruited, and parasite numbers at the site decline.
Trypomastigotes produced by these early rounds of cell infection

and parasite replication at the initial infection site seed other tissues,
generating a systemic infection. We hypothesized that the STING-
influenced amplification of parasites at the inoculation site might
increase the efficiency of establishment and propagation of infections
in hosts. However, we were unable to demonstrate such a consequence
using a low-infective dose regimen resembling natural infection; para-
sites successfully disseminated from the infection site, established sys-
temically, and persisted long term equally well in STINGGt and
WT mice. Whether increased parasite numbers at the initial infec-
tion sites might favor parasite establishment postinfection by other
relevant routes such as mucosal or oral routes, or perhaps impact
acute-phase tissue damage and thereby the overall progression of
disease throughout the infection, warrants further investigation.
Consistent with the findings of de Souza Vieira et al. (24), we

found that STING activation restricted T. cruzi parasite levels in the
heart, which is evident only at the peak of infection in that tissue.
Because the presence and number of parasites in the acute phase
has been associated with the severity of chronic phase disease in
mice (57, 65�67), it is conceivable that even modestly increased
parasite loads, and/or the associated inflammation, might impact dis-
ease manifestation in a vital organ such as the heart. Also, although
not often symptomatic in humans, acute-phase infection can result
in severe cardiac damage in both humans and other animals (68, 69).
In such cases, STING activation might be expected to reduce infec-
tion, disease development, and perhaps even acute-phase death.
The stimulus for STING activation in T. cruzi�infected cells is

not known. During host cell invasion, T. cruzi can undergo an
asymmetric division that results in the deposition of the trypomasti-
gote flagellum, and its associated DNA-containing kinetoplast, into

the host cell cytoplasm, making this kDNA a strong candidate for
the stimulus that drives the STING-dependent IFN-I response in T.
cruzi�infected cells (25). However, the infrequent detection of
cytoplasmic kDNA, as well as the limited ability to detect cGAS
activation in infected cells via microscopy, has made a direct
assessment of this possibility challenging. cGAS activation has also
been reported to be induced by extracellular vesicles purified from
the supernatants of T. cruzi�infected cultures and plasma of infected
patients (70), although the relevance of such a mechanism in the
induction of IFN-I during infection in vivo is unclear. The variable
basal expression of STING in different tissues [high in heart, moder-
ate in skin, and undetected in skeletal muscle and gut (71), the latter
two major sites of T. cruzi persistence in chronic infections (72)],
could impact tissue-specific parasite replication and persistence,
similar to that of other PRRs involved in immune surveillance at
barrier sites and in homeostasis and repair of infection-associated
damage within vital organs such as the heart (73�75). These results
highlight a previously undervalued tissue-specific impact of innate
sensors in the detection of and response to pathogens that may poten-
tially impact the overall outcome of infection, an important consider-
ation for pathogens displaying distinct tissue tropisms or prevalence.
This study supports our growing understanding of the general

stealth nature of the T. cruzi invasion that likely enables T. cruzi to
persist successfully for the lifetime of its hosts (15, 63). The model
that emerges from this and previous studies is that the relative quiet
infection mode of T. cruzi results in a muted innate response, allow-
ing systemic distribution of parasites from the initial infection site.
But this limited response to cell invasion has impact beyond the ini-
tial infection site and likely applies to any “new” foci of infection
that occur constantly throughout this persistent infection.
Altogether, our study demonstrates that detection of T. cruzi by

the STING pathway has distinct consequences in restricting parasite

FIGURE 6. STING activation does not impact the initial
establishment of infection or long-term parasite persistence
but constrains acute parasite load in the heart independently
of IFN-I. (A) The overall control of infection as determined
by quantification of parasite loads in the skeletal muscle
>300 d after footpad infection in B6 and STINGGt mice. n > 4
mice per group. The dotted line represents the threshold of
detection for the assay. (B) T. cruzi DNA in the hearts of B6,
STINGGt, and IFNAR1−/− mice infected i.p. with 200,000
Colombiana strain parasites as determined by quantitative
real-time PCR at 14 dpi. n 5 6 mice per group. (C) Light-
sheet microscopic detection of tdTomato-expressing parasites
in clarified hearts of B6, STINGGt, and IFNAR1−/− mice 14 dpi
with 200,000 Colombiana strain parasites. Representative
images (left) with quantification (right) of n 5 2 mice per
group. (D) Parasite growth kinetics in the calf muscle of B6,
STINGGt, and IFNAR1−/− after direct infection of the gastrocne-
mius with parasites expressing luciferase determined by biolumi-
nescence intensity. Representative images (left) and luminescent
intensity with time (right). n > 4 mice per infection. All data
are representative of two independent experiments. *p < 0.05,
**p < 0.01, ***p < 0.001.
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loads in different sites and tissues relevant to the infection process.
Apart from a significant STING-mediated restriction of T. cruzi in
the heart, the lack of an overall impact of T. cruzi�elicited STING
activation is perhaps due to multiple factors, including its rather
modest induction levels, the low basal expression of STING in most
distal sites that parasites frequently replicate in, and the lack of an
impact of the STING activation in affecting the generation of parasite-
specific effectors that are the ultimate controllers of infection. A further
understanding of the site-specific detection of T. cruzi infection
could reveal potential factors that lead to the prolonged persistence
and pathology of this infection and opportunities for therapeutic
interventions.
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67. Marinho, C. R., M. R. D’Império Lima, M. G. Grisotto, and J. M. Alvarez. 1999.
Influence of acute-phase parasite load on pathology, parasitism, and activation of
the immune system at the late chronic phase of Chagas’ disease. Infect. Immun.
67: 308�318.

68. Shikanai-Yasuda, M. A., and N. B. Carvalho. 2012. Oral transmission of Chagas
disease. Clin. Infect. Dis. 54: 845�852.

69. Rassi, A., Jr., A. Rassi, and J. A. Marin-Neto. 2010. Chagas disease. Lancet 375:
1388�1402.

70. Choudhuri, S., and N. J. Garg. 2020. PARP1-cGAS-NF-kB pathway of proinflam-
matory macrophage activation by extracellular vesicles released during Trypanosoma
cruzi infection and Chagas disease. PLoS Pathog. 16: e1008474.

71. de Oliveira, R. B., L. E. Troncon, R. O. Dantas, and U. G. Menghelli. 1998. Gastro-
intestinal manifestations of Chagas’ disease. Am. J. Gastroenterol. 93: 884�889.

72. Bustamante, J. M., B. E. White, G. K. Wilkerson, C. L. Hodo, L. D. Auckland,
W. Wang, S. McCain, S. A. Hamer, A. B. Saunders, and R. L. Tarleton. 2023.
Frequency variation and dose modification of benznidazole administration for the
treatment of Trypanosoma cruzi infection in mice, dogs, and nonhuman primates.
Antimicrob. Agents Chemother. 67: e0013223.

73. Zarember, K. A., and P. J. Godowski. 2002. Tissue expression of human Toll-like
receptors and differential regulation of Toll-like receptor mRNAs in leukocytes in
response to microbes, their products, and cytokines. J. Immunol. 168: 554�561.

74. Chao, W. 2009. Toll-like receptor signaling: a critical modulator of cell survival and
ischemic injury in the heart. Am. J. Physiol. Heart Circ. Physiol. 296: H1�H12.

75. de Kleijn, D., and G. Pasterkamp. 2003. Toll-like receptors in cardiovascular dis-
eases. Cardiovasc. Res. 60: 58�67.

The Journal of Immunology 11


