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Abstract

AIMS: The aim of the study was to evaluate the immune response triggered by the first contact of
human monocytes with two 7. cruzi strains from distinct discrete typing units (DTUSs) IV and V,
and whether co-infection with these strains leads to changes in monocyte immune profiles, which
could in turn influence the subsequent infection outcome.

METHODS AND RESULTS: We evaluated the influence of /in vitro single- and co-infection
with AM64 and 3253 strains on immunological characteristics of human monocytes. Single-
infection of monocytes with AM64 or 3253 induced opposing anti-inflammatory and
inflammatory responses, respectively. Co-infection was observed in over 50% of monocytes after
15 hours of culture, but this percentage dropped ten-fold after 72 hours. Co-infection led to high
monocyte activation, and an increased percentage of both IL-10 and TNF. The decreased
percentage of co-infected cells observed after 72 hours was associated with a decreased frequency
of TNF-expressing cells.

CONCLUSION: Our results show that the exacerbated response observed in co-infection with
immune-polarizing strains is associated with a decreased frequency of co-infected cells,
suggesting that the activated response favors parasite control. These findings may have
implications for designing new Chagas disease preventive strategies.
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INTRODUCTION

Chagas disease, caused by infection with the protozoan 7rypanosoma cruzi, is a major
health problem, with over 7 million infected and millions more at risk. During the chronic
phase, 60—70% of patients remain asymptomatic (indeterminate form), while about 30%
develop severe cardiac and/or digestive manifestations. Parasite and host-related factors play
key roles in defining clinical outcome (1, 2).

Inflammatory cytokines such as IFN-gamma and TNF-alpha, play a role in controlling
parasite infection, while IL-10 is crucial for preventing the exacerbation of the immune
response during the chronic indeterminate clinical form. Non-excluding hypotheses argue
that T-cell exhaustion is the cause of the severe clinical form of Chagas disease (3, 4), and
that the balance between the inflammatory (TNF) and anti-inflammatory (IL-10) cytokines
is crucial for the clinical outcome (5-13). Although T cells from Chagas patients can
produce TNF and IL-10 (11, 14, 15), monocytes are the main source of these cytokines in
Chagas disease (16).

The diverse 7. cruzipopulation is currently classified into six Discrete Typing Units (DTUs)
(17-19), which display distinct geographic and biological properties (19-22). The
heterogeneity of 7. cruzistrains has been considered a critical factor for the distinct clinical
evolution of Chagas disease (23-26). Although the majority of studies performed /n vitro
and in experimental models employ infections with single strains of 7. cruzi, different strains
coexist dynamically in nature. Infection with more than one strain has been described in
vectors (27, 28) and patients (25, 29, 30).

Initial contact of immune cells with the parasite is critical for shaping the subsequent
adaptive response during infection, and we have previously shown that the initial contact
with different 7. cruzi strains can interfere with monocyte and neutrophil immune profiles
(31, 32). We hypothesize that two strains from different DTUs, associated with mild or
severe clinical manifestations of Chagas disease, induce different immune responses in
human monocytes and may influence one another during co-infection. Thus, we used AM64
(DTU TclV, associated with mild disease) (33, 34) and 3253 (DTU TcV, associated with
severe disease) (19, 35), strains to infect human monocytes and evaluate their
immunological profile in single and co-infected cultures.

We observed that single infection with AM64 or 3253 strains induced opposing anti-
inflammatory and inflammatory cytokine profiles in human monocytes, respectively. Co-
infection led to high activation of monocytes, as shown by increased expression of TLR-2
and CD80. Interestingly, the frequency of both TNF and IL-10 were increased in co-infected
cells, as compared to single-infected ones. Although over 50% of monocytes were co-
infected after 15 hours, this percentage decreased ten-fold after 72 hours of infection. This
decrease was directly associated with a decrease in the percentage of TNF+ cells. Thus, the
phenotypic and functional activated profile generated by co-infection may favor parasite
control. These findings may aid in the design of new Chagas disease preventive strategies.
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HUMAN SAMPLES, MATERIALS AND METHODS

Human samples

Parasites

The donors included in our studies were non-Chagas healthy individuals (n=8), as
determined by negative specific serological test for Chagas disease. Individuals were from
the city of Belo Horizonte, state of Minas Gerais, Brazil, with ages ranging between 18 and
49 years (average + SD: 31.6+10.8). We excluded from our study individuals with any
chronic inflammatory disease, diabetes, heart and circulatory illnesses (including
hypertension) or bacterial infections. All individuals included in this work were volunteers
and provided written informed consent. This work was approved by the Ethical Committee
of the Universidade Federal de Minas Gerais, under the protocol# ETIC077/06. Peripheral
blood was collected from the donors by venipuncture.

Parasites used in the assays are isolates of AM64 and 3253 strains (36, 37). Tissue culture-
derived trypomastigotes (TCT) of AM64 (TclV) and 3253 (TcV) strains were isolated from
infected monolayers of Lewis-lung cells (LLC). LLCs were infected using five TCT/host
cells and kept in DMEM enriched with 1% with inactivated fetal calf serum (FCS),
supplemented with antibiotics (penicillin at 500u/mL and streptomycin at 0.5 mg/mL). After
approximately six days, the TCTs were collected from the supernatant, washed once by
centrifugation with phosphate-buffered saline (PBS) pH 7.2 at 1000 x g for 10 min at 4°C
and resuspended in RPMI to 6 x107 TCT/mL.

Trypomastigotes were labeled with Alexa Fluor 647 or CFSE. For the staining with Alexa
Fluor 647 (Thermo Fisher Scientific), 108 TCTs were incubated with 3.2ug of Alexa Fluor
647 for 30 min at 37°C under 5% CO». Labeled parasites were washed two times with PBS
by centrifugation at 1000g for 10 min at 4°C. Trypomastigotes were labeled with CFSE
(carboxyfluorescein diacetate succinimidyl ester — Molecular Probes C1157) using a
protocol previously reported by us (31). Briefly, 6,0 x 107 parasites were incubated with
5uM CFSE for 15 min at 37°C under 5% CO,. Labeled parasites were washed three times
with cold PBS + 10% of inactivated fetal bovine serum by centrifugation at 1000 x g for 10
min at 4°C.

Adherent cell preparation, infection and confocal analysis

Adherent cells were used solely to confirm the infectivity of monocytes by the different
strains using confocal microscopy. Peripheral blood mononuclear cells (PBMC) were
purified as previously done by us (9). Briefly, heparinized blood was diluted 1:1 with PBS
and applied over a Ficoll gradient. The mixture was centrifuged for 40 min at 600 x g.
PBMCs were collected at the interface between the plasma and the Ficoll. Cells were
washed three times by centrifugation (600 x g, 10min) with PBS and resuspended in RPMI
supplemented 5% of human sera, antibiotics (penicillin at 500U/ml and streptomycin at 05
mg/ml) and 1mM of L-glutamine. To obtain adherent cells, 2 x10% PBMC/well were plated
on 13-mm round coverslips in RPMI enriched with 5% of inactivated human sera, antibiotics
(penicillin at 500U/ml and streptomycin at 05 mg/mL) and 1mM of L-glutamine and
incubated for 3 hours at 37°C, 5% CO,. After incubation, non-adherent cells were removed
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by carefully washing the wells with warm PBS. As previously determined by us, adherent
cells obtained using this protocol are approximately 85% CD11b+ or CD14+(9).

The monocytes (adherent cells) were infected with TCTs from both strains previously
stained with Alexa Fluor 647 and CFSE (AMG64 and 3253 respectively) at a ratio of 5:5:1
(AM64/3253/monocytes) in triplicates and incubated for additional 3 hours. After the
incubation period, the monolayers were washed with PBS to remove extracellular TCTs and
re-incubated for 69 hours in RPMI enriched with 5% of inactivated human sera, antibiotics
(penicillin at 500U/mL and streptomycin at 05 mg/mL) and 1mM of L-glutamine,
completing a total of 72 hours of culture. At the end of the culture time, cells were fixed by
incubating the slides with 300 uL of paraformaldehyde for 15 min at room temperature,
washed three times with PBS, stained with 4’6’-diamino-2-phenylindole (DAPI) diluted
1:300 in PBS for 15 min at room temperature, and mounted using Vectashield (\Vector
laboratories). Confocal analyses were performed using a confocal Zeiss 5-live running ZEN
2009 coupled to an Axio observer Z1 using an oil immersion objective (63X, 1.2 numerical
aperture, Oberkochen, Germany).

Infection of peripheral blood cells

Infection of peripheral blood (2mL) was used for all experiments of surface molecule and
cytokine analysis. The single infection was performed using 10 TCT/cells. TCTs from
AMG64 and 3253 were previously stained with CFSE as described above, and used separately
to infect blood cells by incubation at 37°C in 5% CO, for 3 hours with RPMI enriched with
5% of inactivated human serum, antibiotics (penicillin at 500U/mL and streptomycin at 05
mg/mL) and 1mM of L-glutamine. After this period, samples were washed and re-incubated
for a total of 15 hours. These infections were used to evaluate the immunological
characteristics of single-infected cultures (Figures 1 and 2).

Co-infection was performed using 5 TCTs of each strain/cell. TCTs from AM64 and 3253
were previously stained with Alexa Fluor 647 or CFSE, respectively, as described above.
Cells and TCTs were incubated at 37°C in 5% CO, for 3 hours with RPMI enriched with
5% of inactivated human serum, antibiotics (penicillin at 500U/mL and streptomycin at 05
mg/mL) and 1mM of L-glutamine. After the incubation period, cells were washed by
centrifugation with PBS at 600 x g for 10 min at 4°C to remove extracellular TCTs. For the
incubation of “15 hours” and “72 hours”, we re-incubated the cultures for additional 12 and
69 hours, respectively, after washing off the free TCTs. Brefeldin A (1ug/mL) was added for
the last four hours of infection in both groups (15 and 72 hours) to prevent protein secretion.
These infected cultures were used to analyze immunological characteristics of single and co-
infected cells present in the same sample, using the strategy of analysis shown in Figure 3A
and B.

Analysis of expression of surface molecules and cytokines by peripheral blood cells using
flow cytometry

After 15 and 72 hours of incubation with parasite strains, the erythrocytes were lysed using
RBC “Lysing buffer” (Bio Legend) at 20mL/1mL of peripheral blood. The tubes were
incubated for 15 min at 20°C in the dark. After the incubation, cells were washed three times
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with PBS by centrifugation at 600 x g for 10 min at 4°C and resuspended in PBS to
107cells/ml. Cells were then immunostained and analyzed using multiparametric flow
cytometry. 250.000 cells were incubated for 15 min at 4°C with different antibody
combinations. Samples were washed three times in PBS-1% bovine serum albumin (BSA)
and fixed by 20-min incubation with 2% formaldehyde solution. After removal of the fixing
solution by centrifugation and washing once with PBS, we permeabilized the cells by
incubation for 10 min with 0.5% saponin solution, centrifuged, and incubated with
antibodies to intracellular molecules for 30 min at 20°C.

The antibodies to surface molecules used were: anti-TLR-2 clone TLR2.1 — labeled with PE;
anti-CD14 clone M5E2 — labeled with BV421; anti-HLA-DR clone L243 — labeled with
BV510 and anti-CD80 clone 2D10 — labeled with PE-Cy7. For intracellular staining we used
the following antibodies: anti-TNF-alpha clone Mab11 — labeled with PE and anti-IL-10
clone JES3-9D7 - labeled with PECY7. All antibodies were purchased from BioLegend
(San Diego, CA, USA). After intracellular staining, cells were washed and resuspended in
PBS and acquired using a FACSCanto Il (Becton & Dickinson, San Jose, CA, USA). A total
of 200,000 events were acquired and the parameters were analyzed in the monocyte
population using the FloJo software. Digital compensation matrices were performed for all
analysis, providing adequate compensation to eliminate any potential spill over. In order to
select the monocytes population, we gated on CDZ14high cells in plot of SSC versus CD14.
For the analysis of single infection we selected the monocytes population and further gated
on CFSE+ and CFSE- subpopulation (Figure 1A). For the analysis of mixed infection we
selected the monocytes population and further gated on Alexa Fluor 647 versus CFSE,
selecting non-infected monocytes (Alexa Fluor647-CFSE-) AM64 single-infected
monocytes (Alexa Fluor647+CFSE-), 3253 single-infected monocytes (Alexa Fluor647-
CFSE+) and double-infected monocytes (Alexa Fluor647+CFSE+) (Figure 3B). Appropriate
isotype controls, uninfected cells stained with the same antibody combinations as used in
infected cells, as well as unlabeled parasites were used in all experiments as controls of
unspecific binding.

Statistical analysis

RESULTS

We compared our results using One-Way Anova or Kruskal-Wallis test according to
Kolmogorov-Smirnov normality test. All analyses were performed using Graph Pad Prism
Software (La Jolla, CA, USA). Differences that returned p values equal or less than 0.05
were considered statistically significant from one another. For the principal component
analysis (PCA), we used Clustvis software (38).

Single infections with AM64 (TclV) and 3253 (TcV) induce polar responses by human

monocytes

To evaluate whether infection with strains belonging to DTUs TclV and TcV induce
different immune response in human monocytes, we infected human peripheral blood with
CFSE-labeled AM64 (TclV) and 3253 (TcV) strains individually. Figure 1A shows that
3253 (TcV) infected a higher frequency of monocytes in comparison with AM64 (TclV).
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Based on the expression of surface molecules associated with monocyte activation in CFSE+
cells, no differences were observed in the expression of HLA-DR or CD80 by infected

monocytes (Figure 1 C and D) regardless of the strain. Infection with either strain led to high
monocyte activation, as measured by the high intensity of expression of TLR-2 (Figure 1 B).

Although both strains led to a similar level of monocyte activation, we observed that their
induced cytokine profiles were distinct. AM64 induced high TNF expression as compared to
media. Infection with 3253 induced a higher TNF percentage in comparison with both media
and AM64 infection (Figure 1E). There was no statistical difference in the percentage of
IL-10 after single infection with either strain (Figure 1F). The ratio between the percentages
of the inflammatory cytokine, TNF, and the anti-inflammatory cytokine, 1L-10, showed that
infection with 3253 induced a more inflammatory response in infected monocytes, with a
greater TNF/IL-10 ratio (Figure 1G).

Mixed infection with AM64 and 3253 predominates in relation to single infection of human

monocytes

During natural transmission of 7. cruzi, the same vector could be infected with more than
one strain, therefore, the patient would have a mixed infection. It is possible that this mixed
infection would induce a different immune response compared to a single infection. Thus,
we sought to investigate how mixed infection with two strains (AM64 and 3253) that induce
polar cytokine profiles would affect the immune response of human monocytes upon initial
contact.

In order to perform the co-infection we stained TCT from the AM64 and 3253 strains with
Alexa Fluor 647 and CFSE, respectively, and incubated total human blood from non-Chagas
donors with trypomastigotes from both strains at the same time. It is important to note that
all cells were in contact with both 3253 and AM64 but, as expected, after the incubation
time not all monocytes were infected. Therefore, in the final culture it was possible to
identify monocytes that were non-infected (CFSE- and AF647-), infected with only AM64
(CFSE- and AF647+), infected with only 3253 (CFSE+ and AF647-) and infected with both
AMG64 and 3253 (CFSE+ and AF647+).

Figure 2A shows representative images, obtained by confocal microscopy, of monocytes that
were single infected with either AM64 or 3253, and monocytes that were double-infected.

Figure 2B shows the percentage, obtained by flow cytometry, of single and mixed infections.
After 15 hours of infection, the majority of monocytes were co-infected with both strains
(Figure 2B). Moreover, similar rates of single infected monocytes with AM64 or 3253 were
observed, while only 19% of the monocytes were not infected with either strain (Figure 2B).
After 72 hours of infection, we noted a shift in the monocytes infection profile, with 53%
uninfected monocytes, followed by 33% AM®64 single-infected monocytes (Figure 2B). The
percentage of monocytes infected with 3253 and double-infected monocytes decreased
drastically (Figure 2B).
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Double-infected monocytes display higher activation, as compared to single-infected

monocytes

Next we investigated if there was a difference in monocyte activation after mixed infection
with AM64 and 3253. To achieve this goal, we assessed the expression of TLR-2, HLA-DR
and CD80 in double-infected cells. Figure 3A and B shows the gating strategy employed in
these analyses. Our results show that after 15 hours, double-infected monocytes showed a
higher intensity of TLR-2 expression compared with single-infected and non-infected
monocytes (Figure 3C). Furthermore, single-infected monocytes with both strains also
displayed a higher intensity of TLR-2 expression compared to non-infected cells. In
addition, 3253 single-infected monocytes expressed higher intensity of TLR-2 compared to
monocytes single-infected with AM64 strain (Figure 3C). Regarding the intensity of HLA-
DR expression after 15 hours of infection, it was observed that double-infected monocytes
express higher intensity of this molecule when compared to AM64 single-infected
monocytes (Figure 3E). After 15 hours of infection, there were no differences in the
intensity of CD80 expression between single or co-infected cells (Figure 3G).

Analysis of the expression of activation molecules after 72 hours of infection showed a
greater intensity of TLR-2 expression in double infected compared to non-infected
monocytes (Figure 3D). 3253 single-infected monocytes induced a greater intensity of HLA-
DR expression compared to non-infected and AM64 single-infected monocytes (Figure 3F).
Finally, double-infected monocytes showed increased intensity of CD80 expression
compared to non-infected monocytes (Figure 3H).

Double-infected monocytes express a higher frequency of TNF and IL-10 producing cells

We then questioned whether monocyte activation triggered by infection had an influence on
the percentage of TNF and IL-10 producing cells, as examples of inflammatory and anti-
inflammatory cytokines, respectively.

3253 single-infected monocytes showed an increased percentage of TNF compared to non-
infected and AM®64 single-infected monocytes. However, an even greater percentage of TNF
positive cells was observed in double-infected monocytes (Figure 4A), as compared to all
other conditions, after 15 hours of infection. A significant decrease in TNF producing cells
was observed after 72 hours of infection as compared to 15 hours, and no statistical
difference was observed comparing the different groups after 72 hours of culture (Figure
4B).

Interestingly, an opposite profile was observed for the percentage of IL-10 producing cells,
regarding single-infected cells. AM64 single-infected monocytes exhibited a greater
percentage of IL-10 producing cells in comparison to non-infected and 3253 single-infected
monocytes (Figure 4C). A similar result was observed in double-infected monocytes. After
72 hours of infection, double-infected monocytes showed a much greater percentage of
IL-10 producing cells compared to all other conditions (Figure 4D). No differences were
observed in the MIF of TNF or IL-10.
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When we analyzed the ratio between TNF/IL-10 percentage, we observed that 3253 single
infected monocytes present an increased inflammatory profile compared to all other
conditions, with a much higher TNF/IL-10 ratio (Figure 4 E and F).

Principal Component Analysis (PCA) confirms distinct, non-overlapping, profiles between
monocytes infected with two polar T. cruzi strains

In order to evaluate the similarity between non-infected, single-infected and double-infected
monocytes we performed principal component analysis (PCA) using either surface molecule
expression or cytokine percentage. Figure 5A shows the PCA segregation for principal
component 1 (PC1) vs. principal component 2 (PC2) for activation molecules (TLR-2, HLA-
DR, CD80), while figure 5B shows the PCA segregation for cytokines (TNF and IL-10).
Overlapping populations are seen using analysis of surface molecules with greater similarity
between non-infected and AM64 infected monocytes, as compared to the double infected
and 3253 single-infected monocytes (Figure 5A). Strikingly, when performing PCA and
plotting the populations using cytokine production, a clear segregation (non-overlapping) is
seen between the 3253 and AM64 infected monocytes (Figure 5B). Moreover, co-infected
monocytes segregate from AM64 and non-infected monocytes, and are more similar -yet
separate from- 3253 infected monocytes. Figure 5 C and D show plots obtained from non-
instructed analysis (tSNE - t-distributed Stochastic Neighbor Embedding), which is an
unsupervised computer learning analysis that uses all characteristics analyzed to cluster the
different populations (single and co-infected, as well as non-infected) based on similarities.
Figure 5C shows the distribution of the 4 conditions, showing the double-infected cells in
between the single infected populations. Figure 5D clearly shows the bias of TNF and IL-10
into 3253 and AM64 populations, respectively.

DISCUSSION

The T. cruzipopulation is currently classified into six DTUs (named Tcl-VI1). In general,
different DTUs exhibit distinct biological properties, yet with some overlap between strains.
In this study, we evaluated the influence of single and co-infection with isolates belonging to
DTU TclV and TcV on the immunological characteristics of human monocytes. TclV
occurs in North and South America and is associated with human Chagas disease in
Venezuela and in the Brazilian Amazon (15, 21, 31, 34, 39-41). It is speculated that TclV
parasites are responsible for the low parasitemia and morbidity seen in chronic Chagas
disease in Amazonas State in Brazil, despite a high seroprevalence (34). It is also known that
Amazonian TclV isolates induce low parasitemia with less virulence and pathogenicity in
mice as compared to Tcll strains(33, 36). On the other hand, TcV is strongly associated with
human Chagas disease in the southern cone (19, 35, 42). TcV is also associated with
megacolon (35) and cardiac manifestations (19). Given that TclV strains are associated with
mild disease and TcV are associated with severe manifestations, we investigated if isolates
representative of these DTUs altered differently the immune profile of human monocytes,
whether alone or in a co-infection /n vitro system.

We demonstrated that AM64 and 3253 have different infection rates in monocytes. Also,
single infection with AM64 (TclV) and 3253 (TcV) induced an opposite TNF/IL-10
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balance. Infection with AM64 induced a more regulatory environment with low TNF/IL-10
ratios, while infection with 3253 induced high TNF/IL-10 ratios. Previous work from our
group and others have demonstrated that infection with strains from DTUs Tcl and Tcll also
induced distinct cytokine profiles in human monocytes (25, 31). We cannot rule out that the
difference in the cytokine profile induced after infection with either strain could be due to
the different infection rate observed. However, the inflammatory and anti-inflammatory
profiles induced by 3253 and AM®64, respectively, may be related to the clinical outcomes
reported to TcV and TclV strains, strengthening the hypothesis that the early interactions of
distinct parasites with the host may influence the clinical outcome of Chagas disease. Also,
these results indicate the possible use of immunological characteristics, in association with
the other biological characteristics already in use, as additional criteria for 7. cruzi
classification.

Evidence suggests that the majority of 7. cruzi populations isolated from hosts and vectors
are multiclonal (39, 43). The possibility of infections involving more than one DTU in the
same host is one of the most interesting and challenging aspects considering the clinical
outcome of Chagas disease. To assess whether the polar profiles of cytokine observed when
monocytes were single-infected with AM64 or 3253 would remain during a mixed infection,
we labeled AM64 with Alexa Fluor 647 and 3253 with CFSE. This strategy allowed us to
separate single-infected monocytes with AM64 or 3253 (AlexaFluor647+CFSE- and
AlexaFluor647-CFSE+) from double-infected monocytes and non-infected monocytes
(AlexaFluor647+CFSE+ and AlexaFluor647-CFSE-). These dyes stably label the parasites
with distinct fluorescent signals allowing for later identification on the flow cytometer.
Because they complex with cell components, once the staining is performed, it is stable.

Our results also showed that after 15 hours of infection the majority of monocytes were
infected with the two strains (Figure 2B). However, the percentage of double-infected
monocytes drastically decreased after 72 hours. The frequency of 3253 single-infected
monocytes also decreased, although not as much as double-infected cells. On the other hand,
the percentage of AM64 single-infected monocytes increased after 72 hours of infection
compared to 15 hours. This difference in the percentage of monocytes infected with the two
strains may represent compensation, but may also reflect a selection of the AM64 strain
during infection. This idea is in accordance with the paper by Pena et al., who demonstrated
a selection of Tcll strains during mixed infection with Tcl and Tcll using both human and
murine macrophages (44).

Interestingly, AM64 and 3253 single-infected monocytes, as well as double infected
monocytes showed greater expression of the activation molecule TLR-2. This is consistent
with the findings that TLR-2 is related to the internalization of trypomastigotes in murine
macrophages via activation of Rab-5 (40).

Surprisingly, the cytokine profile observed when the monocytes were infected only with
AMG64 or 3253 was significantly amplified in co-infected cells. The 3253 single-infected
monocytes exhibited high percentage of TNF and low percentage of IL-10, while the AM64
single-infected monocytes had the opposite profile. Double-infected monocytes did not
present an intermediate response. Instead, they presented an even higher percentage of
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percentage of both TNF and IL-10. The difference between the expression of activation
molecules and percentage of cytokines from infected monocytes exposed to only one strain
(Figure 1), and single infected monocytes that were exposed to both strains (Figure 3), could
be due to an amplification effect triggered by the presence of both strains at the same time
(Figure 3).

The fact that we observed a decrease in double-infected, as well as 3253 single infected
monocytes after 72 hours of culture suggests that this reduction is due to the high activation
profile, consistent with the high intensity of expression of the activation molecules TLR-2,
HLA-DR and a higher percentage of the pro-inflammatory cytokine TNF observed in those
cells. In fact, the decrease in infected cells was also accompanied by a decrease in TNF+
cells, suggesting that these cells may undergo apoptosis, as previous studies have shown that
TNF can induce apoptosis (41, 45). We have also shown that 7. cruz/infection induces
apoptosis in neutrophils, which is associated with TNF production (32). In addition to this
hypothesis, it is also possible that heavily infected cells are dying due to parasite-induced
rupture. If this is the case, it is interesting that it preferentially occurred with 3253 infected
cells.

To further analyze characteristics of the single and double infection monocytes, we
performed a principle component analysis (PCA) with activation molecules and cytokines.
PCA showed that 3253 single-infected and double-infected monocytes grouped together,
while AM64 single-infected and non-infected monocytes were more related to each other.
This was seen most dramatically when analyzing cytokine production by the subpopulations,
where the mixed infection population most closely resembles the 3253 infection. Moreover,
this analysis also confirms that infection by 3253 and AM®64 induce polar responses that are
clearly segregated based on the PCA analysis.

The results presented here showed that AM64, representative of the TclV DTU, which is
related to mild disease, induces a regulated profile in human monocytes, while 3253 (TcV)
strain, associated with severe disease, induces an inflammatory profile. This emphasizes the
importance of the parasite strain in influencing the immune response and, thus, disease
outcome. In addition, strains that induce less activation and production of anti-inflammatory
cytokines could be positively selected at the beginning of the infection, leading to parasite
persistence and milder disease, as suggested by the persistence of AM64 infected cells seen
here. We also found that mixed infection led to higher activation and percentage of
inflammatory cytokines, which may be inducing cell death and, as a consequence, may help
control early infection. Thus, it is possible that a mixed infection with polarizing strains
induces an activated response, which will lead to control of parasitemia, while selecting a
less pathogenic population, which in turn could be beneficial for the host. These findings
provide information about the role of 7. cruzistrains in the immune response that may
influence pathology, and shed light on how co-infection with different strains from 7. cruz/
may change the immune response during acute infection.
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Figure 1: Monocyte single infection with CFSE-labeled trypomastigotes from AM64 (Tc1V) and
3253 (Tc V) strains.

Total human blood samples from non-Chagas donors were cultured for 15 hours with either
AMG64 or 3254 trypomastigotes previously labeled with CFSE, and monocyte population
was analyzed by flow cytometry as described in the materials and methods section. (A) First
panel shows representative dot plot of CD14 expression versus granularity (SSC), indicating
the selection of monocytes (CD14N9M). Second plot shows representative histogram for
selection of CFSE+ monocytes. Graphs are gated in infected CFSE+ monocytes, and the %
of CFSE+ cells exposed to the different strains are shown in the third graph. (B) Mean
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fluorescence intensity (MFI) of TLR-2 expression in CFSE+ monocytes; (C) MFI of HLA-
DR expression in CFSE+ monocytes; (D) MFI of CD80 expression in CFSE+ monocytes;
(E) Percentage of TNF+ in CFSE+ monocytes; (F) Percentage of 1L-10 in CFSE+
monocytes and (G) Percentage of TNF/IL-10 ratio in CFSE+ monocytes. White boxes
represent total blood incubated with media; grey and black boxes represent blood incubated
in the presence of CFSE-labeled AM64 or 3253 trypomastigotes, respectively. Results are
expressed as box and whisker plots showing minimum and maximum values. Comparison
between groups were performed with using Kruskal-Wallis test as described in material and
methods section. *p<0.05, **p<0.01
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Figure 2: Percentage of human monocytes single- and co-infected with trypomastigotes from
AM®64 and 3253 strains.

Adherent cells obtained by plating PBMC for 1h (Panel A) or total human blood (Panel B)
from non-Chagas donors were co-cultured with AM64 or 3254 trypomastigotes previously
labeled with Alexa-Fluo or CFSE, respectively, as described in material and methods. (A)
shows representative confocal microscopy analysis, showing double infected monocytes
(first row, last figure - merged), CFSE-labeled 3253 single-infected (second row) and Alexa-
labeled AM64 single-infected (third row) monocytes after 72 hours of infection. Arrows
indicate monocytes co-infected with AM64 and 3253 (first row), single infected with 3253
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(second row) and single infected with AM64 (third row); (B) Percentage of infection after
15 or 72 hours of culture obtained in whole blood incubated with both strains and acquired
by flow cytometry. Results are expressed as average + standard deviation. Identical letters
indicate statistical significance, a: p= 0.04, b: p=0.043, c: p=0.007, d: p= 0.003, e: p=
0.005, g: p=0.036 and f: p=0.008.
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Figure 3: Intensity of expression of TLR-2, HLA-DR and CD80 by human monocytes single- and
co-infected with trypomastigotes from AM 64 and 3253 strains after 15 or 72 hours of infection.

Trypomastigotes from AMG64 and 3253 were stained with Alexa Fluor 647 and CFSE,

respectively, and co-cultured for 15 or 72 hours with whole blood from healthy donors as
described in material and methods. (A) shows representative plots of AlexaFluor 647- or
CFSE-labeled trypomastigotes, indicating the selection of trypomastigotes in a forward
(FSC) and side scatter (SSC) graph. In the histograms, the grey-shaded lines represent media
control with no staining and white lines show representative staining for AM64 labeled with
Alexa fluor 647 (top histogram) and 3253 labeled with CFSE (botton histogram); (B)
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Representative figure of gating strategy for the experiments with mixed infection. First plot
shows the selection of monocytes that was performed in a similar way to the single-infection
analysis (SSC versus CD14, selecting CD14M9" cells). After selection of monocytes, we
divided the subpopulations of non-infected double negative monocytes (DN — AF647-
CFSE"), AM64 single infection (AM64+: AF647*CFSE"), 3253 single infection (CFSE+:
AF647-CFSE™), and double infected, double positive (DP - AF647+*CFSE*) monocytes
using the plot AF647 versus CFSE. Plots show representative selection of the four
subpopulations in blood incubated with media and with both strains (top and bottom plot
respectively). In graphs C-H striped box show media incubation, white, light grey, dark grey
and black plot show DN, AM64 single infected, 3253 single infected and double-infected
monocytes from incubation with AM64 and 3253 in the same tube. (C) Mean fluorescent
intensity (MFI) of TLR-2 expression in monocytes after 15 hours of infection; (D) MFI of
TLR-2 expression in monocytes after 72 hours of infection; (E) MFI of HLA-DR expression
in monocytes after 15 hours of infection. (F) MFI of HLA-DR expression in monocytes after
72 hours of infection. (G) MFI of CD80 expression in monocytes after 15 hours of infection.
(H) MFI of CD80 expression in monocytes after 72 hours of infection. Results are expressed
in box and whisker plots showing minimum and maximum values. Comparisons between
groups were performed with using Kruskal-Wallis test as described in material and methods
section. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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Figure 4: Percentage of TNF and |L-10 expression by human monocytes single- and co-infected
with trypomastigotes from AM 64 and 3253 strains after 15 or 72 hours of infection.

Trypomastigotes from AMG64 and 3253 were stained with Alexa Fluor 647 and CFSE,
respectively, and co-cultured for 15 or 72 hours with whole blood from healthy donors as
described in material and methods. The percentage of cytokine expression in each
subpopulation was evaluated. (A) shows the gating strategy employed, where monocytes
were selected using the plot SSC x CD14 (first plot) followed by the selection of the
subpopulations of double-negative (DN), AM64 single-infection (AM64+), 3253 single-
infection (3253+) and double-positive (DP) through the plot Alexa-Fluor 647 versus CFSE
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(second plot); histograms show the isotype control for intracellular staining (dashed lines),
as well as a representative curve for IL-10 and TNF expression (solid grey curves).
Determination of percentage of (B) TNF+ in monocytes after 15 hours of infection (C) TNF
+ in monocytes after 72 hours of infection; (D) IL-10+ in monocytes after 15 hours of
infection; (E) IL-10+ in monocytes after 72 hours of infection; (F) TNF/IL-10 ratio in
monocytes after 15 hours of infection; (G) TNF/IL-10 ratio in monocytes after 72 hours of
infection. Results are expressed in box and whisker plots showing minimum and maximum
values. Comparisons between groups were performed with using Kruskal-Wallis test as
described in material and methods section. *p<0.05, **p<0.01, ***p<0.001 and
***%0<0.0001.
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Figure5: Principal component and t-distributed stochastic neighbor embedding (t-SNE) analysis
of non-infected, AM 64 single-infected, 3253 single-infected and double-infected monocytes.

Principal component analysis (PCA) was performed with data collected after 15 hours of
incubation with AM64 and 3253 trypomastigotes. (A) shows cluster associations between
intensity of expression of activation molecules (TLR-2, HLA-DR and CD80), and (B) shows
cluster associations between percentage of cytokines (TNF and IL-10) for non-infected
(purple), AM64 (blue) and 3253 (red) single-infected or double-infected cells (green). (C)
shows tSNE plot identifying the distribution of the single and double infected, as well as
non-infected samples and (D) shows the bias of TNF and IL-10 toward 3253 and AM64

strains, respectively.
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