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Pathogens can cause inflammation when inoculated into the skin. The vector-transmitted
protozoan parasite Trypanosoma cruzi induces poor cellular-infiltration and dissemi-
nates, causing high mortality in the experimental model. Here, we characterized the
inflammatory foci at the parasite inoculation site and secondary lymphoid organs using
a murine model. While no macrophages and few neutrophils and monocytes (Mo)
were recruited into the skin, T. cruzi infection elicited the mobilization of Ly6C* Mo
to draining lymph nodes and spleen. Over time, this population became enriched in
CD11b*Ly6C*CD11ct*MHCII*CD86™ cells resembling inflammatory dendritic cells (DCs).
Adoptive transfer of Ly6C* Mo purified from the bone marrow of CD11c-GFP transgenic
mice confirmed the monocytic origin of Ly6C* DCs found in the spleen of infected ani-
mals. Isolated Mo-derived cells not only produced TNF-« and nitric oxide, but also IL-10
and displayed a poor capacity to induce lymphoproliferation. Ablation of Mo-derived cells
by 5-fluorouracil confirmed their dual role during infection, limiting the parasite load by
inducible nitric oxide synthase-related mechanisms and negatively affecting the devel-
opment of anti-parasite T-cell response. This study demonstrated that consistent with
their antagonistic properties, these cells not only control the parasite spreading but also
its persistence in the host.
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Introduction
Trypanosoma cruzi is an intracellular protozoan parasite that

affects millions of people in Latin America. During the last decade,
it has been increasingly detected in North America and many
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European countries. Symptoms are variable, and Chagas disease
occurs in one third of the infected patients. Experimental infec-
tion in mouse can be lethal. Nevertheless, a common feature in
human and mouse infection is the anti-parasite response delayed
in time [1].

In the host, T. cruzi trypomastigotes (Tp) invade nucle-
ated cells. Macrophages (MC) are permissive to T. cruzi and
are considered one of the first targets for parasite multiplica-
tion [2, 3]. However, the events occurring immediately after
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T. cruzi deposition in mucous membranes or injured skin remain
unknown.

Efficient elimination of T. cruzi is dependent on TNF-a, IL-
12, IFN-y and effector Thl response [4, 5]. Early IFN-y activates
inducible nitric oxide synthase (iNOS) and nitric oxide (NO) pro-
duction by MC with trypanocidal activity [6, 7]. INOS has also
been involved in partial inhibition of T cells by myeloid-derived
suppressor cells (MDSCs) [8, 9]. MDSCs are not fully differenti-
ated cells released by the bone marrow (BM) and found in dif-
ferent pathological settings including cancer, autoimmunity and
infections [9-11].While these cells share some similarities with
granulocytes or inflammatory-monocytes (Mo), they can be highly
suppressive by NO production, L-arginine depletion and regulatory
T-cell (Treg cell) induction [9].

Myeloid cell heterogeneity has led to considerable confusion
[12] since markers previously described for a particular group
of cells are shared by different subsets. For example, in cancer
the normal pathway of Mo differentiation towards dendritic cells
(DCs) or MC can be altered [13], CD11c is expressed commonly by
pulmonary MC [14], a subset of splenic MC are CD11b"°% [15], and
F4/80 can be detected in DCs [16]. In addition, Mo can migrate
to inflamed tissues [17, 18], and differentiate into professional
antigen-presenting cells (APCs) [19]. In conclusion, not only the
phenotype but the origin, the localization and the functionality
define the myeloid cell type [20].

After skin infection APCs and phagocytes, including DCs, can
reach the dermis and/or the dLNs [21]. Furthermore, under
inflammatory conditions such as infections or injury, an additional
subset of DCs differentiated from Mo, can be identified in local tis-
sue or lymphoid organs [22].

Trypanosoma crugi alters the immunogenicity of DCs in vitro
[23, 24], and recently we have demonstrated that intradermal
infection fuels immunoregulatory mechanisms involved in parasite
persistence [25]. Nevertheless, the early events at T. cruzi portal
of entry remain unknown.

Here, we describe a poor mobilization of leukocytes into the
skin when injected with T. cruzi. However, the infection promoted
rapid traffic of Mo to secondary lymphoid organs. Phenotypic-
functional studies demonstrated that Mo-derived cells recruited
into the spleen consisted in a heterogeneous population of Mo-
derived cells including Mo-DCs. Mo-derived cell depletion by 5-
FU confirmed their dual role during infection, limiting parasite
multiplication by iNOS-dependent mechanisms and promoting
T. cruzi persistence by impairing the development of an anti-
parasite specific response.

Results

Low skin infiltrate after T. cruzi intradermal
inoculation

The skin constitutes a complex network. While Langerhans cells
(LCs) are the only APCs in epidermis, DCs, Mo and MC can be

found in dermis [26].
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After ear intradermal (id) inoculation of T. crugzi, there was no
visible inflammation either soon or at 3 or 7 days post-infection
(dpi) by macroscopic examination (Fig. 1A and Supporting Infor-
mation Fig. 1A). At 72 h post-injection of Tp or PBS (not-infected
controls, NI), microscopic analysis showed focal accumulation of
cells in the skin of infected animals. Remarkably, only one to two
fields out of 100 screened per slide showed cellular infiltrates
between epidermis and dermis (infiltrated versus not-infiltrated
skin, right and left panels; Fig. 1B). After skin enzymatic diges-
tion, we found more CD457CD11b* leukocytes gated in R2 in
Tp-inoculated ears compared to NI by flow cytometry (Fig. 1C).

When analysing the myeloid compartment in epidermis, most
of the CD11b* cells co-expressed CD207, MHCII and CD11c™,
compatible with LCs, both in NI or infected animals (gate R3, Fig.
1D and Supporting Information Fig. 1B). However, an increas-
ing percentage of GR-17 cells were detected in the epidermis of
the Tp-injected ears particularly at 2 and 24 hours post-infection
(hpi) (GR-1 versus CD11c panel, Fig. 1D). In addition to GR-1"
cells, epidermis from Tp-injected mice showed two populations of
CD207 cells with high or intermediate marker expression (CD11b
versus CD207 panel, Fig. 1D). CD11bM¢"CD207™ cells could con-
stitute short-term LCs developed from Mo that repopulate the
LC compartment [27]. Of note these cells presented low MHCII
expression (CD11b versus MHCII panel, Fig. 1D).

Additionally in the dermis, more myeloid cells were also
detected in infected than in control animals, including GR-1* (bot-
tom, Fig. 1E) with enhanced expression of Ly6C and low levels of
MHCII particularly at 24 hpi (upper and lower histograms, respec-
tively; Fig. 1E), compatible with Mo.

In spite of the transient recruitment of myeloid cells into the
skin, no amastigotes nests were detected until 7 dpi (data not
shown), suggesting that T. cruzi seemed to pass almost unno-
ticed through the inoculation site. Cellular infiltrates were clearly
detected in the auricular lymph node (LN), as previously described
for popliteal LN after intradermoplantar inoculation of the
parasite [25].

Early Mo mobilization to dLNs and changes in DC
subsets

Mo recruitment into the skin and LNs followed by DCs differen-
tiation at the site of infection has been previously reported for
protozoan parasites such as Leishmania major and Trypanosoma
brucei [21, 28].

After T. cruzi injection in hind feet or ears, popliteal and auric-
ular dLNs presented swelling and enhanced cellularity (data not
shown and Fig. 2A). By flow cytometry, we found that CD11b*"
cells infiltrated dLNs gradually, peaking at 8 dpi (Fig. 2B and C).
The recruited population was negative for the granulocytic marker
Ly6G, expressed F4/80™, Ly6CMeh but low CCR2 compatible with
Mo-derived cells (Fig. 2B and C, and data not shown). Strikingly,
Ly6C* cells presented CD115"°% expression (Fig. 2D), in con-
trast to the blood-circulating counterpart (Supporting Information
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Figure 1. T. cruzi inoculated in the skin induces low and focal mobilization of leukocytes. C3H/HeN mice were intradermally (id) injected in
ears with trypomastigotes (Tp) or PBS (NI). (A) Macroscopic examination of ears (white arrow shows the inoculation site). (B) Skin response was
analysed by optic microscopy in samples stained with Hematoxylin and Eosin (black arrow, focal infiltrates between epidermis and dermis). Two
representative images with two treatment conditions of six independent experiments are shown. Original magnification x 100 and x 400. Scale
bars represent 20 pm. (C-E) Gating strategy for leukocytes (CD45") and myeloid cells (CD11b") detection in skin-cell suspension by flow cytometry
at different times post-infection. (C) Percentage of CD45"CD11b™ in total skin cells at 72 h post-infection (hpi). Langerhans cells (CD11b*CD207%),
DCs (CD11c"), Mo and granulocyte (GR-1%) quantification and analysis of the expression of MHCII in NI or at 2 (left), 24 (middle) and 72 (right)
hpi in epidermis (D) and Langerhans cells, DCs, and Mo (Ly6C") identification in NI (left) and at 24 (middle) and 72 (right) hpi in dermis (E). Data
are shown as mean + SEM of one experiment representative of five independent assays with two mice per group per assay. p < 0.05 (one tailed,
unpaired Student's t-test), compared to NI controls.
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Figure 2. Ly6C*t Mo recruitment into dLNs after intradermal T. cruzi inoculation. (A) Absolute cell number in popliteal LN (dLN) after Tp idp
infection. (B-F) Gating strategy and characterization of the myeloid population in dLNs at different time points by flow cytometry. (B and C)
Identification of myeloid population (CD11b"); granulocytes (Ly6G*) and Mo-derived cells (Ly6C*TF4/80%) until 14 dpi. Data are presented as mean
+ SEM of five independent experiments. One representative experiment with two mice per sample is shown. Identification of (D) Mo (CD115%)
and (E) Mo-DCs (CD11c") in dLNs. (F) Characterization of Mo-derived cells by Ly6C and CD11c expression in R2. Gating strategy for Mo (G1), and
Mo-derived cells (G2 and G4). One of five independent experiments with two mice per sample is shown.

Fig. 2), increased CD11c (Fig. 2E) and downregulated Ly6C
expression (G1-G4, Fig. 2F).

Under steady state, at least five subsets of DCs have been
described in LNs, and injury or infection can modify the reper-
toire. Migratory in contrast to resident DCs, express CD11c¢™ and
MHCIIM#" under steady state but this changes during inflamma-
tion [16]. Here, Tp-injection incremented the number of CD11c™
cells in dLNs, particularly the CD11b* subset (Fig. 3A). On the con-
trary, no increment was observed in CD11b~CD11c*, including
the CD8at classical (c)DCs, plasmocytoid and CD4~CD8~ dou-
ble negative (DN) DCs until 8 dpi (Fig. 3A and data not shown).
Remarkably, no migratory CD103" DCs were found and most of
the CD11b* DCs displayed the Ly6C marker (Fig. 3B), resembling
previously described iDCs [16, 29]. Strikingly, under the infection
all DC populations described presented lower expression of MHCII
than in the steady state, except for the Mo-derived iDC-like subset
and CD8a™" ¢DCs, the latter at 3 dpi (Fig. 3C).

Traffic of Ly6C*Mo and enlarged CD11c* population
in the spleen of infected mice

Mo can reconstitute tissue MC and DCs following trauma or infec-
tion [30, 31]. Trypanosoma cruzi infection incremented the abso-

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

lute cell number in the spleen (Fig. 3D), and particularly the
myeloid compartment (Fig. 3E). At 8 dpi, recruited cells were
mostly granulocytic (Ly6G™) or monocytic (Ly6C*). The latter
were sustained at least until 14 dpi (right panel, Fig. 3E) and
more than a half of these cells co-expressed CD11c (P2, Fig. 3F).

We and others have previously reported myeloid cell recruit-
ment into the spleen of T. cruzi infected mice [8, 25, 32]. Here
we found that along the acute infection myeloid Ly6CM" and
Ly6C*CD11c" cells were particularly recruited into secondary
lymphoid organs (Figs. 2D, 4A and B). However, only a small
percentage of CCR2" inflammatory-Mo were detected in spleen
at 8 dpi (Fig. 4C), but consistent with a migratory phenotype
[33, 34], more than a half of the Ly6C*CD11lc" population
expressed CD62L (G2, Fig. 4D).

Under steady state, Ly6C* Mo population in the spleen was
small (G1) and Ly6C*CD11c" cells (G2) were practically absent
(Fig. 4B). During infection, Mo-derived cells that reached the
spleen lost CD115 (Fig. 4E), downregulated Ly6C and gained
CD11c (Fig. 4B and E), MHCII and CD86 expression, resembling
previously described Mo-derived/iDCs [31]. Cells gated in G1
and G2 upregulated CD64, consistent with activated Mo and Mo-
derived cells (Fig. 4E). Furthermore F4/80"MerTK* Mo-derived
MC, normally associated to wound repair, were also detected at
14 dpi (G3, Fig. 4E).
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Figure 3. Mo-DCs mobilization to secondary
lymphoid organs in infected mice. (A-C) Identi-
fication of CD11c* DCs in dLNs after idp injec-
tion of Tp by flow cytometry. (A) Absolute DC
number (left panel), percentage (middle) and pro-
portion of myeloid and non-myeloid DCs (right).
'p < 0.05, “p < 0.01 (one-way ANOVA and Bon-
ferroni’s post-test), compared to NI controls. (B)
Kinetics of total myeloid and Ly6C* DCs in dLNs
during acute infection. Data are represented as
the mean + SEM of five independent experi-
ments with two mice per group per experiment.
(C) Expression of MHCII in CD11b* ¢DCs, Ly6C*
Mo-DCs, CD8a" cDCs and CD11b-CD8u~ sub-
sets (including CD8 CD4~ DN DCs and pDCs).
One representative experiment of five indepen-
dent assays with two mice per experiment is
shown. (D-F) Characterization of myeloid cells in
spleen during infection. (D) Absolute cell number
of splenocytes expressed as the mean + SEM of
five independent experiments. (E) Gating strategy
for the identification of myeloid cells in spleens
(left-middle panels) and kinetics of granulocyte
(Ly6G*) and Ly6C* Mo-derived cells (right) dur-
ing the acute infection. Mean + SEM of five inde-
pendent experiments with two mice per group.
p <0.05, "p <0.01 (one-way ANOVA and Tukey's
post-test), compared to NI controls. (F) Granulo-
cyte (Ly6G), Mo (Ly6C) and DCs (CD11c) identifica-
tion in two GR-1" myeloid populations (P1 and P2)
in NI mice or at 8 dpi. One representative result
of five independent experiments pooled from two
mice per group per experiment is shown.

ferred the CD11b*Ly6C"8"CD115+Ly6G~CD11c GFP~ population
to avoid the transfer of immature DCs (Supporting Information
Fig. 3B). At day 4 post cell transfer, spleens from NI or infected
animals were harvested and analysed to detect GFP™ Mo-DCs.
We observed the traffic of CD11cGFP" cells only in the spleen
of infected animals (Fig. 4F). These cells displayed CD11c and
also Ly6C expression, confirming their monocytic origin (Fig.
4G). In addition, while Zbtb46 expression was absent in Ly6Chsh
sorted-Mo, the transcription factor was slightly upregulated in
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Figure 4. T. cruzi infection promotes the traffic of Mo-DCs into the spleen. (A) Kinetics of total, myeloid and Mo-DCs in R2 gated splenocytes (as
shown in Fig 3). Mean + SEM of seven independent experiments and pooled from two mice per experiment. (B) CD11c expression in CD11b*Ly6C*
cells in R3 (excluding Ly6G™ granulocytes) and quantified by flow cytometry. Representative results of five independent experiments with two mice
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dataset representative of three independent experiments with two mice per group per experiment is shown. (E) Phenotypic marker expression
in G1-G4 subpopulations from the spleens of NI (black histograms) or infected (14 dpi, red histograms) mice. One dataset representative of
seven independent experiments with one mouse per experiment is shown. (F-G) BM-Mo adoptive transfer experiments. (F) Expression of GFP in
splenocytes from negative (WT) and positive (CD11c-GFP) control mice (upper panels), and from NI or 3-day infected WT recipient mice adoptively-
transferred with BM-Mo from CD11c-GFP transgenic donors (lower panels), (see also Supporting Information Fig. 3). The frequency of CD11cGFP*
cells was determined by flow cytometry. (G) Flow cytometric analysis of GFP* gated cells from NI (black line and top) and infected (red line and
bottom) transferred-mice by CD11c and Ly6C staining. (F and G) One representative experiment of three independent assays with similar results
performed with two mice per group is shown.
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CD11cGFP™* cells obtained from the transferred-infected-animals
(Supporting Information Fig. 3C), confirming Mo commitment to
DC during infection [36, 37].

Reduced capacity to induce ex vivo
lymphoproliferation in splenic Mo-derived cells from
infected mice

Inflammatory-Mo and Mo-DCs have been described in the context
of several infections [17, 38]. Both can display TNF-a, iNOS acti-
vation and access to T cell areas [32]. Mo does not express CD11c,
MHCII and CD86 [18, 19, 31, 39], however adoptively transferred
cells can differentiate into DCs that progressively lose Ly6C and
acquire MHCII during inflammation [40].

Hence, we proceeded to better characterise in vitro the func-
tional properties of CD11b*Ly6C+Ly6G™~ cells recruited into the
spleen of infected animals. More than 50% of the sorted cells dis-
played CD11c!" (Fig. 5A). Zinc finger transcription factor ZBTB46
is expressed in ¢DCs and not in Mo or other immune cells [41].
However, it was recently shown that Ly6CM&" Mo can differentiate
into ZBTB46™ Mo-DCs [37]. Previous studies reported the dispens-
able role of GM-CSF in the development of Mo-DCs in inflamed
tissues [42], but it was later confirmed that the differentiation of
fully-functional Mo-DCs from Mo is optimal in response of GM-
CSF and IL-4 [36, 37]. Here, we observed no Zbtb46 in Ly6C*
Mo, but a low expression in the CD11b*Ly6C*CD11c" subset in
comparison with myeloid cDCs, confirming Mo-DCs differentia-
tion from Mo (Fig. 5B). Ex vivo, Ly6C* sorted-cells cultured alone
or with GM-CSF showed little change in Ly6C and CD11c marker
expression, but enhanced cell dead (Fig. 5C and D).

NO is one of many mediators involved in inflammation, and it
can be immunosuppressive when being produced by MDSCs [9].
The activation of immunomodulatory mechanisms, including NO
production by MDSCs, has been described for T. cruzi infection
[8,11,43].Ly6C™ cells from infected animals produced nitrite that
was reduced in cultures with GM-CSF (Fig. 5E). TNF-a and IL-10
were also found in culture supernatants and while no difference
in TNF-a production was detected, less IL-10 was secreted in the
presence of GM-CSF (Fig. 5F).

Next, we analysed the capacity of Mo-derived cells to induce
T-cell proliferation. As expected, Mo from naive mice and Mo-
derived cells from the infected mice did not stimulate T cells
as cDCs, and measured by Ki-67 expression (Fig. 5G). However,
when CD11c" cells were depleted from the Ly6C* population
(Ly6C*CD11c™), T cells displayed enhanced proliferation mea-
sured by CFSE dilution (Fig. 5H), suggesting population functional
heterogeneity.

Consistently incubation with aminoguanidine (AG), a selec-
tive inhibitor of iNOS, reduced nitrite concentration detected in
cultures of CD3* T cells with total Ly6C* (Fig. 5I). Although
treatment with AG did not restore T-cell proliferation in these cul-
tures (data not shown), as previously described for splenocytes
from iNOS deficient mice [8], it boosted IFN-y secretion indepen-
dently of Ly6C™ cell identity. Moreover, AG reduced IL-10 levels
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in cultures of T cells with total Ly6C™ cells (Fig. 5I). These results
confirmed the heterogeneous nature of Mo-derived cells, and sug-
gested an immunosuppressive role for Mo-DCs.

Mo-derived cells control parasite clearance but impair
T-cell activation

5-fluorouracil (5-FU) is a chemotherapeutic drug described to
mediate myeloablation by reduction of Mo in mice [44]. In addi-
tion, it was reported to induce anti-tumour response by selectively
depleting myeloid suppressor cells without affecting other cell
types [45]. To study the role of Mo-derived cells in vivo, mice
were treated with 5-FU on day 3 post-infection and the effect was
followed over the course of the infection. 5-FU reduced spleen
size (data not shown), and splenocyte cell-counts in infected mice
(Fig. 6A). As previously reported, splenic B cells, T cells, DCs, total
myeloid cells, Mo and granulocytes were not affected by 5-FU in
NI mice (Fig. 6B, C and Supporting Information Fig. 4A). How-
ever, 5-FU severely reduced the number of CD11b* cells during
infection (R3, Fig. 6B), in accordance with a previous report [11].
Strikingly, 5-FU treatment partially restored Zbtb46 expression
in the spleen, which was severely affected during infection (Fig.
6C). This effect was accompanied by a reduction in the Ly6C*
population from the BM and blood (Supporting Information Fig.
5A) and with the loss of a discrete subpopulation of Ly6CTCCR2"
inflammatory-Mo from the circulation (Supporting Information
Fig. 5B).

Mo-derived cells depletion by 5-FU (Fig. 6D), affected TNF-a
and IFN-y production by splenocytes (Fig 6E), the latter not from
T-cell source (Fig. 6F). Consistently, 5-FU downregulated iNOS
mRNA, protein expression (Fig. 6G) and NO production (Fig. 6H)
in the spleen of infected mice. To test the effect of Mo-derived cell
depletion in the outcome of the infection, we analysed parasitemia
and mortality in treated and control mice, after confirming no
side effects of 5-FU in parasite survival and multiplication in vitro
(Supporting Information Fig. 4B and C). Myeloablation by 5-FU
led to an increased parasitemia and high mortality beyond the
acute phase of the infection (Fig. 6I). This could be explained by
the downregulation of IFN-y and NO, both critical for parasite-
killing [7]. Ex vivo culture of splenocytes from 5-FU treated mice
displayed a high number of free parasites (Fig. 6J), and more
infected MC compared with untreated, confirming the importance
of Mo-derived cells in the control of early T. cruzi dissemination
during infection.

In vitro/ex vivo results suggested a suppressor property for
the recruited cells, especially the Mo-DCs. In vivo, the elimina-
tion of Mo-derived cells highlighted their critical role in the con-
trol of the parasite load during the acute infection. Nevertheless,
treatment with 5-FU induced enhanced T-cell response, detectable
at 40 dpi during the chronic infection (Supporting Information
Fig. 5C). The differences in T-cell subsets found between infected
animals treated or not with 5-FU (Fig. 6K), were independent of
Tregs (Supporting Information Fig. 5D), and could be explained
by the shift in the proportion of cDCs versus Mo-DCs. Although
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cells purified from spleen by cell-sorting. (A) CD11b, Ly6C and CD11c expression. (B) Zbtb46 transcript levels in Mo (CD11b*Ly6chi€h), Mo-DCs
(CD11b*Ly6C*CD11c*) and control CD11b* DCs from spleen of infected animals by RT qPCR and normalize to GAPDH. Means + SEM from three
independent experiment set in triplicates are shown. (C) Ly6C and CD11c expression after 48 h culture with (right panel) or without (left panel)
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NI Mo. (F) TNF-a and IL-10 detection in cultured supernatants with or without GM-CSF by ELISA. ND: not detected, *p < 0.05 (one tailed, unpaired
Student’s t-test). (G) Expression of Ki-67 in T cells (CD3*) cultured with Mo-derived cells or NI DCs and T-cell proliferation (H) measured by
CFSE dilution in anti-CD3 plate-bounded assay by flow cytometry. Data are representative of three independent experiments with similar results
consisting of samples from two mice in each independent experiment. (I) Nitrite detection in culture supernatants from T cells with NI Mo and
total or CD11c-depleted Ly6C™* cells from the spleens of infected mice (8 dpi). AG: aminoguanidine. Data are presented as mean + SEM from three
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IL-10 detection in culture supernatants from (I) by ELISA. Data are shown as mean + SEM of three independent experiments with two samples per
experiment, p < 0.05 (one-way ANOVA and Tukey's post-test).

no specific IFN-yTCD4" T cells were detected in the spleen until
the chronic infection, a higher number was found in mice that
received the myeloablation (Fig. 6L). These results demonstrate
that immunosuppression exceeds the presence of Mo-derived
cells.

In conclusion, we confirmed that myeloid cells recruited to
secondary lymphoid organs during T. cruzi acute infection consist
of a heterogeneous population of Mo-derived cells that include
Mo-DCs. In addition, we demonstrated a dual role for these cells,
controlling parasite multiplication and interfering with the devel-
opment of a specific anti-parasite response.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Discussion

In the present study, we identify a population of myeloid cells con-
sisting in a heterogeneous group of Mo-derived cells that infiltrate
LNs and spleen, early after T. cruzi infection. We demonstrate that
Mo-derived cells gradually differentiate into Mo-DCs and display
a dual role in parasite control.

Previous reports demonstrated the importance of IFN-y and NO
to resist T. cruzi acute infection [7]. However, it was also described
the presence of MDSCs and the activation of immunomodulatory
mechanisms in order to counteract inflammation [8], not only in

wWww.eji-journal.eu



Eur. J. Immunol. 2017. 0: 1-13

Immunity to infection

4x109 1.00
A * B NI+5-FU Inf+5-FU c Xy
4.20%
% 3x10° gws
<
=
8 2etoe & 0.50
[-% E ke
&
z 2
S 1x108 o 0.25
= = R
s
o o P.TIS: 0.00 3
» SOd g
0“‘:&6 \&"b
500 *
Inf Inf+5-FU 9 dpi+5-FU
323% 400
£ 30
)
& 200
*
100 >
ND
S 8o
oSS
Q\bQ\
—o— Inf
H I -®- Inf+5-FU J
& —~ 2.5%10°- 100+ 15 "
+ + - Inf g? 'E _ b E
= ® = GFU e S 20x10° g ; g
T iNes T s E 57 & %10
[———(-act _ig 4 .g 1.5%10°1 3 . B
23 D 1.0x10°- g ¥ .- Fos
2 F] 2 £
@ o5 o
1 £ 0.5x10° 5] =
0 a & | plopg we  oWW
@ L O 8
3 0 10 20 30 40 50 60 2§
. -3
dpi 2
9dpi 9 dpi+5-FU 40dpi+5-FU L ) )
0,167%|16,1% 0,224% 2% 0,276% 40 dpi 40 dpi+5-FU
2,55% 2,61%
=
fa) ] -
860 1370
14,2% !‘39,9%}e 13.9% 52,3‘}3@ 26.2% = »
: : - : ; cieel - oy
CD8

Figure 6. Depletion of Mo-DCs by 5-FU impairs parasite clearance but enhances T-cell response. Characterization of the effect of 5-FU in spleen.
(A) Absolute cell number in NI or in 5-day infected mice as described in materials and methods. Data are expressed as mean + SEM from three
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not detected. 'p < 0.05 (one tailed, unpaired Student’s t-test), 9 dpi compared with 9 dpi+5-FU. (F) Intracellular IFN-y in splenocytes from infected
(left) and infected and 5-FU treated (right) by flow cytometry. One result from three independent experiments with two samples per experiment
is shown. (G) iNOS transcript level in splenocytes was determined by RT gPCR and normalized to GAPDH (mean + SEM, left) and iNOS protein
detection by immunoblot, g-actin was measured as loading control (right). Data are representative of three independent experiments. 'p < 0.05
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(L) Relative number of antigen-specific IFN-y*CD4* T cells 40 dpi in mice treated or not with 5-FU. Intracellular detection of IFN-y was performed
by flow cytometry. Plots are representative of three independent experiments with two mice per group.

the context of acute myocarditis [43], but also in liver inflamma-
tion [11]. Accordingly, here we describe the rapid appearance of
myelomonocytic cells and their traffic to dLNs and spleen after
Tp-injection into the skin.

The proper identification of Mo-derived cells, including DCs,
macrophages, and MDSCs on functional basis in vivo, is a hard
task [20]. Given the classification proposed by Guilliams and col-

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

leagues, we could identify the cells described here as suppressor
MCs since in general they functionally resembled MDSCs.
Inflammatory-Mo are central for pathogen clearance, on the
contrary MDSCs can prevent pathogenic side effects in inflam-
mation. Both, microenvironment and pathogens can condition
myeloid cell plasticity. The occurrence of inflammatory-Mo and
Mo-derived cells, including MDSCs and Mo-DCs, was confirmed
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under pathological settings. Regarding Mo-DCs and MDSCs, while
it is proposed that both share a common origin [46], they can be
functionally opposite [9, 21]. However, assays conducted in vitro
are not always representative for the in vivo facts. For example,
in a model of sepsis MDSCs can be inflammatory and harmful
early, while suppressive and protective against immunoreactivity
in a late phase of the infection. Only initially, authors found an
enhanced number of inflammatory cells with intermediate expres-
sion of CD11c, in addition to production of TNF-a and NO [47].
In the present work, we show that T. cruzi triggers the recruit-
ment of Mo-derived cells that gained CD11c marker during the
course of the infection. These cells produced IL-10, TNF-a and
NO ex vivo and in vivo and displayed low capacity to induce
T-cell response. In Leishmania major infection, Mo-DCs recruited
into the inflamed skin are infected and transport antigens to
T-cell areas [48]. On the contrary and similar to our findings,
in Plasmodium chabaudi infection a population of Ly6C*CD11clo¥
cells described as Mo that presented TNF-a production and iNOS
activity, were responsible for the clearance of the parasite and
displayed poor antigen-presenting capacity [39]. During T. brucei
infection, Mo recruitment into the liver and their differentiation
in to TNF-a"iNOS™ iDC-like resulted in detrimental inflammatory
pathology with no changes in parasitemia [38].

Recent reports, based on the study of transcriptional pro-
files, confirmed the heterogeneity of Ly6C™ Mo and the check-
points involved in the differentiation of MC versus Mo-DC under
steady state [36], in addition to the programs controlling cross-
priming in cDCs and Mo-DCs [37]. Pathological conditions could
add complexity to the scene. Supported by our observations,
the phenotypic and functional heterogeneity observed in Mo-
derived cells brings to light the fact that under infection, the fate
of Mo-derived cells takes place outside the BM. This fuels the
idea that both Mo-DCs and those resembling M-MDSCs during
T. crugzi infection could be two sides of the same coin.

Previous work from our group demonstrated that T. cruzi
impairs immunity via endogenous mechanisms by fostering the
tolerogenic dialog between DCs and other cell types [24, 25, 32].
Here we described that T. cruzi is able to silently access through
mouse skin. However, early after infection the parasite induces
the recruitment of Mo-derived cells to secondary lymphoid organs.
The ablation of Mo-derived cells and their differentiation into Mo-
DCs confirmed the contribution of these cells in parasite killing
by iNOS-dependent mechanisms and, in agreement with previous
results, their negative influence in the development of an anti-
parasite effector response. Given Mo-derived cells heterogeneity,
further advances in the field will enable a better classification of
these cells and their use as targets for therapy.

Materials and methods

Mice, infection

B6.FVB-Tg (Itgax-DTR/EGFP) 57Lan/J transgenic and wild type
mice, referred as CD11c-GFP and WT respectively, were purchased

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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from The Jackson Laboratory (Bar Harbor, ME). C57BL/6 WT or
CD11c-GFP and C3H/HeN mice were maintained in the animal
facilities of IMPaM UBA-CONICET, Facultad de Medicina, Univer-
sidad de Buenos Aires, and bred under sanitary barrier in specific-
pathogen-free conditions. Eight-to-ten week old male mice were
injected with 500 blood-purified Tp from RA strain in the ear or
the hindfoot. Parasite load and mortality were daily recorded [25].

All experiments were performed according to protocols CD N°
04/2015 approved by the University of Buenos Aires’s Institutional
Committee for the Care and Use of Laboratory Animals (CICUAL)
in accordance with the Council for International Organizations of
Medical Sciences (CIOMS) and International Council for Labora-
tory Animal Science (ICLAS) international ethical guidelines for
biomedical research involving animals.

Antibodies and cell sorting reagents

The following monoclonal antibodies (Abs) were used: isotype
controls, anti-CD11b and anti-CD45.2 (APC, M1/70 and ALI-4A2;
Ligatis Biotech Argentina), anti-CD103 (FITC, M290), anti-Gr-
1 (FITC, RB6-8C5), anti-CD11b (APC, M1/70), anti-CD4 (FITC,
L3T4), anti-CD8 (APC, Ly-2), anti-CD3 (PerCP, 145-2C11), anti-
CD62L (PE, MEL-14), all from BD Biosciences; anti-MHC II
(PE-Cy5, M5/114.15.2) from eBioscience; anti-Ly6G (FITC,
1A8), anti-MHCII (FITC, M5/114.15.2), anti-CD115 (biotin,
AFS98), anti-CD207 (PE-Vio770, caa8-28H10), anti-CD11c (PE,
N418), anti-CD11b (APC, M1/70.15.11.5), anti-Ly6C (PE-Vio770,
1G7.G10), anti-CD4 (FITC, GK1.5), anti-CD8a (PerCP, 53-6.7),
anti-CD3 (biotin, 145-2C11), anti-CCR2 (biotin, REA538) and
anti MerTK (biotin, REA477) all from Miltenyi Biotec. Anti-F4/80
(biotin or FITC, BM8), and anti-CD64 (PE, X54-5/7.1) were from
BioLegend. Secondary reagents: FITC, PE, Cy5 or PE-Cy7 strepta-
vidin, isotype controls and anti-IFN-y (Alexa Fluor® 647, XMG1.2)
were from BD Biosciences and Treg cell detection kit and CD11c
MicroBeads, PE or streptavidin MicroBeads for cell magnetic sort-
ing all from Miltenyi Biotec.

Histological analysis

Ears from Tp-injected (3 dpi) and PBS-injected (NI) animals were
fixed and preserved in 10% (v/v) formalin and then embedded in
paraffin. Sections of 50 pwm in thickness were stained with hema-
toxylin and eosin. Infiltrated skin was identified after microscopic
observation of at least 20 fields per section (5 sections per ear and
slide, and set in triplicate) by Nikon Eclipse E200 or a Primovert
ZEISS light microscope (x 100- x 400).

Cell sample
Epidermal sheets were obtained from the skin of ears by using

trypsin (1% and 0.3%; Sigma), as previously described [49]. Cell
suspensions from dermis or epidermis tissue were obtained by
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mechanically and/or enzymatically disaggregation using colla-
genase D and DNase I (1 mg/mL and 20 ng/mL, respectively;
Sigma-Aldrich) at 37°C for 30 min. Spleens were treated with
hyaluronidase IV-S (200 U/mL; Sigma-Aldrich) and collagenase II
(250 U/mL; Invitrogen), mechanically disaggregated and passed
through a 100 wm nylon mesh (BD, Bioscience).

After tissues homogenization, red blood cells were lysed by Tris
0.83% ammonium chloride buffer (pH 7.2), and viability deter-
mined by Trypan blue exclusion. Mo from BM, splenic Mo-DCs
or dLNs T cells were isolated by FACSAria cell sorter or using
magnetic selection (MiniMACS; Miltenyi Biotec), as previously
described [25]. Purification was > 90%.

Flow cytometry

Flow cytometry analysis from skin, BM, dLNs, blood and spleen cell
suspensions were performed after quadruple/quintuple staining
by the gating strategies indicated in figures. For surface staining,
cell suspensions were incubated with fluorescence-labeled mAb
for 30 min at 4°C. For specific IFN-y detection in CD4" and CD8"
T cells, cell were cultured in the presence of T.cruzi-Ag (20 ng/mL)
together with brefeldin A (10 ng/mL; Sigma-Aldrich) for 5 h pre-
vious surface staining. Then cells were fixed and permeabilized
with Cytofix/Cytoperm (BD Biosciences) [25]. Sample acquisition
was achieved on FACSCanto or FACSAria flow cytometers (BD
Biosciences) and analysed by FlowJo 7.6 software.

Adoptive transfer experiments
For Mo transfer, donors were CDI11c-GFP mice and
recipient infected or NI WT mice. Briefly, 2 x 10°
CD11b*Ly6CMCD115+Ly6G CD11cGFP~ Mo sorted from
BM were transferred intravenously into infected (3 dpi) or NI
mice. After 4 days, CD11b*Ly6C*Ly6G~CD11cGFP* cells were
detected in spleens (Supporting Information Fig. 3) and purified
for RNA extraction.

RT gPCR and end-point PCR

RNA purification from Trizol (Invitrogen) and cDNA synthesis
were performed as previously described [25]. Quantitative PCR
was performed by using EvaGreen qPCR Mix Plus (Solis BioDyne).
Primers: Zbtb46, 5'-TCA CAT ACT GGA GAG CGG C-3’ (F) and 5'-
CCT CAT CCT CAT CCT CAA CC-3' (R); iNOS, 5'-CAG AGC AAT
ATA GGC TCA TCC A-3'(F) and 5'-GGA TTT CAG CCT CAT GGT
AAA C-3'(R) and GAPDH, 5'-CCA GAA CAT CAT CCC TGC AT-
3'(F) and 5-GTT CAG CTC TGG GAT GAC CTT-3'(R); qPCR was
set in a StepOne Plus™ (Thermo Fisher Scientific). Results were
normalized to GAPDH expression (reference) and expressed as
mRNA arbitrary units (AU).

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Cell-functional assays

T-cell proliferation was analysed by CFSE dilution in CD3" T cells
stimulated with and without total Ly6C" or Ly6CTCD11c™ (1:5
ratio) in plate bound anti-CD3 for 72 h or by Ki-67 detection as
previously described [25].

For TNF-a and IL-10 detection by ELISA (R&D Systems), cell
culture supernatants were stored at -80°C until used according to
manufacturer’s protocol.

Nitrite detection

NO production was determined by nitrite detection by Griess
reaction. Briefly, cells were cultured for 48 h; supernatants col-
lected and treated with 1% sulfanilamide and 0.1%N-naphtyl-
ethylenediamine hydrocloride in 2.5% H3PO4 for 5 min at room
temperature in the dark. Then, absorbance was measured at
540 nm, and concentrations were extrapolated from a sodium
nitrite standard curve.

Immunoblot

Splenocytes were washed, treated with ice-cold lysis buffer
(20 mM Tris-acetate, pH 7.0, 1 mM EGTA, 1% Triton X-100,
0.1 mM sodium fluoride, 5 pg/mL leupeptin, 1 mM sodium ortho-
vanadate, 1 mM phenylmethylsulfonyl fluoride) and stored at -
20°C until use. For immunoblot, equal amounts of protein (30 png)
were resolved by SDS-PAGE and probed with anti-iNOS polyclonal
Ab (Santa Cruz Biotech) or anti-B-actin Ab (Abcam Inc.) followed
by HRP-conjugated anti-rabbit or mouse IgG secondary Ab (Santa
Cruz Biotech) and detected by enhanced chemoluminiscence
(ECL; GE Healthcare) according to manufacturer’s instructions.

5-FU treatment

For myeloablation, NI or 3-day-infected C3H/HeN mice received
a single intraperitoneal injection of 5-FU (50 mg/kg; Microsules
Argentina). Untreated controls received PBS injection. Spleens
were harvest and cells obtained at 5, 9 or 40 dpi.

To test 5-FU effect on parasite viability or multiplication, free
parasites or Vero monolayers with Tp (1:1, cell:Tp ratio) were cul-
tured in 5 mg/mL and 1/10 serial dilutions of 5-FU in RPMI-1680
medium supplemented with 5% of heat-inactivated FCS (Interne-
gocios, Argentina) ON. Then parasites were removed and cells
cultured for 5 days. Monolayers were stained with Giemsa and
infection analysed by microscopic examination (x 100).

Statistical analysis

Statistical significance was determined by Student’s t-test, ANOVA
and Tukey’s or Bonferroni’s post-test. P value <0.05 was
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considered significant and analysed by using GraphPad Prism 5
software for Windows.
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