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Nitric oxide (NO) production is critical for the host defense against intracellular pathogens; however, it is
unclear whether NO-dependent control of intracellular organisms depends on cell-intrinsic or cell-extrinsic
activity of NO. For example, NO production by infected phagocytes may enable these cells to individually
control their pathogen burden. Alternatively, the ability of NO to diffuse across cell membranes might be
critical for infection control. Here, using a murine ear infection model, we found that, during infection with
the intracellular parasite Leishmania major, expression of inducible NO synthase does not confer a cell-intrinsic
ability to lower parasite content. We demonstrated that the diffusion of NO promotes equally effective para-
site killing in NO-producing and bystander cells. Importantly, the collective production of NO by numerous
phagocytes was necessary to reach an effective antimicrobial activity. We propose that, in contrast to a cell-au-
tonomous mode of pathogen control, this cooperative mechanism generates an antimicrobial milieu that pro-
vides the basis for pathogen containment at the tissue level.

Introduction
To tackle cell-invasive pathogens, multicellular organisms rely on a
wide range of intracellular defense mechanisms. These are induced
in infected cells by signals derived from pathogen-associated
molecular pattern (PAMPs) recognition and/or by inflammatory
cytokines (1). Among these effector mechanisms, the production of
nitric oxide (NO) by the inducible NO synthase (iNOS, also known
as NOS2) plays a key role against infections by intracellular bacteria
(such as Mycobacterium tuberculosis, Listeria monocytogenes, Salmonella
enterica) and parasites (Leishmania and intracellular Trypanosoma spp.)
(2). However, how NO production is induced in vivo and results in
the control of intracellular pathogens has not been fully clarified.

Cutaneous Leishmania major infection in mice is a well-estab-
lished model to study intracellular defense mechanisms such as
NO production. L. major parasites reside and replicate in parasi-
tophorous vacuoles (PVs) inside neutrophils and mononuclear
phagocytes (mPhagocytes; including macrophages and dendritic
cells) (3). Previous studies have demonstrated the central role of
NO in the resolution of the infection: iNOS expression in phago-
cytes results in efficient killing of L. major parasites in vitro and is
critical for controlling the infection in vivo (4-7).

iNOS induction is a tightly regulated process that requires con-
comitant activation of the STAT and NF-kB pathways (8). Typ-
ically, pioneer in vitro experiments showed that a combination
of IFN-y with LPS or TNF-a efficiently triggered iNOS expres-
sion in macrophages (9, 10). Since then, several other stimuli,
such as TLR agonists (CpG), costimulatory molecules (CD40L),
inflammatory cytokines (II-1f3, IL-17, IL-18), or parasite/bac-
teria infection, have been shown to be potent iNOS inducers in
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vitro (11-15). However, the nature of the signals responsible for
iNOS induction in vivo is not fully understood. IFN-y produced
by infiltrating type 1 CD4* T helper cells (Th1 cells) is known to
be critical for iNOS induction (16-18). Several additional signals
may be involved, as illustrated by the reduced iNOS expression
detected in many knockout animals, such as Myd88~~ mice. These
signals may act directly on phagocytes to trigger iNOS expression
or indirectly, for example, by favoring the development of Th1
cells. Which signal acts in conjunction with IFN-y to induce iNOS
on phagocytes in vivo remains unclear.

Unlike reactive oxygen species, which are directed into the pha-
gosome, NO is synthesized in the cytoplasm of the cell. From
there, it can reach PVs and generate toxic compounds, such as per-
oxynitrite (19), or diffuse outside the cell (20). On the one hand, it
has been proposed that efficient pathogen killing required colocal-
ization of iNOS with pathogen-containing compartments (21, 22),
suggesting a cell-autonomous control of intracellular pathogens
by NO: in this model, individual infected cells would produce
effector molecules to control their own pathogen content (1, 23).
On the other hand, the fact that NO can diffuse across cell mem-
branes (20) allows for an antimicrobial activity at distance. This
could explain how NO acts to control L. major parasites in cells
that do not appear to express iNOS (7, 24). However, whether the
control of intracellular pathogen primarily relies on cell-autono-
mous NO activity or, on the contrary, requires extensive diffusion
between cells has never been experimentally addressed.

Here, we demonstrate that during L. major infection, iNOS-
expressing cells are incapable of cell-intrinsic control of parasite
load. Instead, we provide evidence that the collective production
and subsequent diffusion of NO create an antimicrobial milieu
that permits parasite killing in cells independently of intrin-
sic iNOS expression. Altogether, our results identify a cooper-
ative mechanism occurring at the tissue level for the control of
intracellular pathogens.
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Figure 1

Tracking the fate of recruited phagocytes at the site of infection. (A) C57BL/6 mice were infected with DsRed-expressing L. major parasites in the
ear dermis. Two weeks later, infected ear tissues were stained for intracellular iNOS and analyzed by flow cytometry. (B) Experimental set up of
BMC transfers. GFP-expressing BMCs were transferred to recipients after 2 weeks of infection. Infected ear tissues were analyzed from day 1
to day 5 after injection by flow cytometry. (C) Representative flow cytometry plots of infected ear tissues harvested either 2 or 3 days after BMC
injection. (D) Plots correspond to cell population frequencies measured by flow cytometry. Green, blue, and pink shading in C and D identify Ly6C+
MHC class II-, Ly6C*+ MHC II*, and Ly6C- MHC II+ cell populations, respectively. Each dot represents an individual ear; horizontal lines represent
average values. Numbers shown in flow cytometry profiles represent the percentage of cells falling into the indicated region.*P < 0.05; **P < 0.01;

***P < 0.001. Data are representative of 2 independent experiments.

Results

Recruitment of phagocytes to the site of L. major infection. NO synthesis
by the enzyme iNOS is a major effector mechanism against L. major
infection (20). However, how infection triggers iNOS induction and
reciprocally how NO production affects intracellular L. major para-
sites still need to be defined. Using L. major parasites expressing a red
fluorescent protein (DsRed) (25, 26) and an ear infection model, we
observed that both mPhagocytes (Gr-17/'° MHC IT*) and neutrophils
(Gr-1M MHC II') were infected in the skin tissue, consistent with
previous studies (27-29). Substantial iNOS expression was detected
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after 2 weeks within mPhagocytes but not in neutrophils (Figure 1A).
These mPhagocytes also produced TNF-0, and a substantial fraction
expressed CD11c (Supplemental Figure 1; supplemental material
available online with this article; doi:10.1172/JCI72058DS1) and
were therefore phenotypically similar to the previously described
TNF- and iNOS-producing dendritic cell population (30, 31).
Interestingly, most iNOS-expressing mPhagocytes did not
contain DsRed fluorescence (Figure 1A and Supplemental Fig-
ure 2A). Since DsRed-negative cells did not contain viable par-
asites (Supplemental Figure 2B), this result suggests that direct
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Rapid iNOS induction in mPhagocytes does not require cell infection. C57BL/6 mice were infected with L. major, and 2 weeks later, GFP-BMCs
isolated from GFP-expressing Rag2-- mice were transferred into infected recipients. (A) Ear tissues were analyzed from day 1 to day 5 after
injection, and infection of GFP-expressing mPhagocytes was followed by flow cytometry. (B) Three days after injection, mice were anesthetized
and intravital microscopy was performed on infected ears. Time-lapse images show cell invasion by L. major parasite. The area delimited by a
white rectangle is shown at higher magnification; white arrows indicate the invading parasite. Scale bar: 30 um (top); 20 um (bottom). (C) Fre-
quency of iINOS-expressing cells and of infected cells within recruited mPhagocytes detected by flow cytometry. (D) Frequency of infected cells
among iNOS-expressing mPhagocytes from day 1 to day 5 after injection. Horizontal lines represent average values. Numbers shown in flow
cytometry profiles represent the percentage of cells falling into the indicated region. *P < 0.05; **P < 0.01; ***P < 0.001. Data are representative

of 3 independent experiments.

cell infection is not required for iNOS induction. Alternatively, it
is formally possible that these cells were previously infected but
have cleared intracellular parasites (hence appearing DsRed").
To distinguish between these possibilities and better define the
requirement for iNOS induction, we devised a strategy to follow
the response of locally recruited phagocytes in a synchronized
manner. To do so, we transferred fluorescent (GFP*) bone marrow
cells (BMCs) into infected WT recipients and followed recruitment
of labeled cells in the infected ear (Figure 1B). Labeled BMCs were
efficiently recruited to the site of infection, reaching a plateau on
day 2 (Figure 1, C and D). Neutrophils were recruited early on, but
their contribution decreased rapidly, accounting for only 10% of
fluorescent cells on day 5. The main population of recruited Gr-1-/1
cells on day 1 to day 2 was Ly6C* MHC class II- monocytes. At
later time points (day 3-5), most recruited cells expressed MHC
class I and CD11c and downregulated Ly6C (Figure 1, C and D,
and Supplemental Figure 3). Of note, a similar population was
observed when purified monocytes (instead of BMCs) were trans-
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ferred (Supplemental Figure 4). Our results, together with those
of a previous study (32), suggest that monocytes are constantly
recruited from the circulation in the infected dermis and differ-
entiate locally into CD11c¢* MHC class II* cells. Importantly, our
strategy provides a mean to track, in a synchronous manner, the
fate of recruited monocytes in the infected dermis.

Rapid induction of iNOS does not require cell infection. Since PAMP
recognition promotes iNOS induction (13), we next exploited our
approach to clarify whether iNOS induction was dependent on cell
infection. Upon transfer, a fraction of GFP* phagocytes recently
recruited to the site of infection harbored DsRed fluorescence, as
detected by flow cytometry (Figure 2A). Using 2-photon imaging of
the infected ear, we confirmed that this observation corresponded
to actual infection events (Figure 2B and Supplemental Video 1).

Next, we compared these infection rates to the kinetics of iNOS
induction in recruited phagocytes. We observed a rapid iNOS
induction with 40% of iNOS* cells in recruited phagocytes on day
5 (Figure 2C). Unexpectedly, the percentage of iNOS* cells largely
Number 4 1713
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exceeded that of infected cells (by approximately 4-fold), even at
very early time points (Figure 2D). In fact, we could not detect
any delay in iNOS induction compared to parasite invasion. Alto-
gether, these results suggest that direct cell infection is not a pre-
requisite for triggering iNOS expression.

The combined action of IEN-y and TNF-a. is required for iNOS induc-
tion in vivo. To delineate the signals responsible for the rapid
iNOS induction in recruited mPhagocytes, we injected a mixture
of labeled BMCs isolated from specific knockout and congenic
CD45.1" control mice into WT recipients that had been infected 2
weeks before. We then compared iNOS induction in mutant and
WT cells recruited in the infected ear 3 days after injection. In these
settings and as expected, iNOS staining was detected in WT cells
but not in Nos27/~ cells (Figure 3).

We have shown previously that CD4" T cells can induce iNOS
in infected cells at distance from their site of antigen recognition,
most likely by cytokine diffusion (33). To test whether a similar
mechanism operates to induce iNOS in recently recruited cells, we
injected a mixture of CD45.1* WT BMCs with either Ifngr/~ or H27/~
BMCs. We found that iNOS expression required intrinsic IFN-yR
signaling but not MHC class II expression, indicating that direct
interaction with CD4" T cells is not required for iNOS induction
in recruited cells (Figure 3C).

It has been shown that efficient iNOS induction requires a
combination of two signals, resulting in both STAT and NF-kB
activation (8). Although IFN-y has been clearly identified as one
1714
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of these signals (17, 18), the nature of the second signal medi-
ating iNOS induction in vivo during CD4 T cell response has
remained elusive. Myd88~~ mice show minimal iNOS induction
upon infection with L. major (27, 34), but it is unclear whether
MyD88 signaling is controlling iNOS expression directly at the
site of infection or indirectly by promoting T cell priming. Inter-
estingly, in our transfer model, Myd88~/~ cells were recruited and
induced iNOS at similar levels to those of WT cells (Figure 3,
B and C). Therefore, MyD88 signaling in mPhagocytes during
the effector phase of the immune response is dispensable for
iNOS induction in vivo.

An alternative pathway leading to NF-kB activation is TNF-a
signaling. In vitro, when combined with IFN-y, TNF-o. efficiently
induces iNOS in macrophages (9). However, there are conflicting
results concerning its role in vivo (27, 35, 36). With our adoptive
transfer system, we could specifically assess the role of TNF-a sig-
naling on mPhagocytes. We found that Tnfr17/~ cells were recruited
at the site of infection but failed to induce iNOS (Figure 3, B and
C). Altogether, our results provide in vivo evidence that the rapid
induction of iNOS in recruited mPhagocytes does not require cell
infection or MyD88 signaling but instead relies on the combined
action of IFN-y and TNF-a.

iNOS-mediated control of L. major parasite does not operate in a cell-
intrinsic manner. Induction of iNOS in phagocytes is known to be
the primary intracellular defense mechanism mediating L. major
parasite control (2, 5-7). Consistently, we found that inhibiting
Volume 124
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iNOS with L-N°-(1-iminoethyl)lysine dihydrochloride (L-NIL)
for as few as 3 days during an ongoing immune response resulted
in an increased frequency of infected cells (Figure 4, A and B).
Thus, we predicted that the rapid induction of iNOS in recruited
phagocytes should allow these cells to efficiently control the para-
site. To test this, we injected a mixture of iNOS-deficient (Nos27")
and CD45.1* WT BMCs into recipient mice that had been
infected 2 to 4 weeks earlier and compared infection in the 2 pop-
ulations of recruited phagocytes at days 3 and 6 after injection
(Figure 4C). Overall, the rate of infection in recruited mPhago-
cytes decreased with the development of the immune response:
it ranged from 17% at day 6 after injection into animals infected
for 2 weeks to 2% when animals were infected for 4 weeks
(Figure 4D). Surprisingly, we found that WT and Nos27~ cells
recruited to the site of infection were infected with the same effi-
ciency, irrespective of the time point tested. Thus, iNOS-express-
ing phagocytes did not appear to better control L. major parasites
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**P < 0.01. Data are representative of 2 to 4 independent experiments.

when compared with their nonexpressing counterparts, suggest-
ing that the antileishmanial activity of iNOS does not operate in
a cell-intrinsic manner.

iNOS-expressing cells provide pathogen control at the tissue level. In
contrast to a cell-autonomous mode of parasite control, we
hypothesized that a limited number of iNOS-expressing cells
could exert efficient antimicrobial activity in trans and act at the
tissue level. To test this model, we generated mixed bone marrow
chimeras reconstituted with a 1:1 mixture of Nos27/~and CD45.1
WT bone marrow (Figure SA). Strikingly, Nos27~ and WT cells
were infected with the same efficiency at all time points tested,
despite the fact that 40% of WT infected cells expressed iNOS
(Figure 5, B and C, and Supplemental Figure 5). In addition,
inhibition of iNOS at week 3 resulted in a similar increase in
parasite load in Nos27/~ and WT phagocytes (Figure 5C), con-
firming that the control of the infection in both cell compart-
ments depended on NO. These results were consistent with our
Volume 124~ Number 4
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transfer experiments and provided additional evidence that the
antimicrobial effect of iNOS was not cell intrinsic. Most impor-
tantly, we found that mixed bone marrow chimeras efficiently
controlled the infection in contrast with Nos27/~ mice (Figure 5,
D and E). We conclude that the subset of iNOS-competent
cells provides parasite control at the tissue level (including in
iNOS-deficient cells), most likely by exerting antimicrobial
activity in trans.

Diffusion of nitrogen species allows for parasite control independently of
intrinsic iNOS expression. To monitor the relative efficiency of par-
asite control in trans, we designed an in vitro assay to simultane-
ously monitor parasite contents in iNOS-competent and -deficient
phagocytes. Nos27/~ and WT macrophages were cultured separately
or together and infected with L. major. After 2 days, macrophages
were activated for iNOS induction (Figure 6A). This treatment
resulted in a substantial decrease in parasite load in WT but not
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in Nos27/- cells (when cultivated alone). However, the reduction
in parasite load within Nos27~ cells was rescued when these cells
were cocultured with iNOS-competent cells (Figure 6B). In fact,
parasite control in Nos27/~ cells was indistinguishable from that
observed in WT cells (Figure 6, B and C), underlining the high effi-
ciency of INOS antimicrobial activity in trans.

To test whether the cell-extrinsic effect of iNOS required direct
cell contact, we incubated infected Nos27~ macrophages with acti-
vated WT or Nos27/- cells in Transwell inserts. Interestingly, acti-
vated WT macrophages could restore parasite control in Nos27/~
cells, even in a Transwell assay (Figure 6D). Of note, this rescue
was slightly delayed in Transwell inserts as compared with that
in mixed cultures (requiring an additional day), possibly due to
a concentration effect. Nonetheless, our observations revealed a
role for a diffusible iNOS product in mediating uniform parasite
control in producing and bystander cells.
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is shown as solid gray. (E) Infected CD45.1 WT and CD45.2 Nos2-- peritoneal macrophages were activated separately or in coculture. DAF-FM
staining was performed 24 hours after activation and measured by flow cytometry. (F) Infected CD45.1 WT and CD45.2 Nos2-- peritoneal macro-
phages were activated separately or in coculture at different WT/Nos2-- ratios. DsRed fluorescence in infected cells was measured 48 hours later
by flow cytometry. Dashed lines mark the peaks of DsRed fluorescence in WT and Nos2-- cells cultured separately. *P < 0.05; **P < 0.01. Data
are representative of 3 independent experiments.

To evaluate the efficiency of NO diffusion, we stained macro-
phages with DAF-FM, a fluorescent probe for NO (37). Upon acti-
vation, WT macrophages displayed elevated DAF-FM fluorescence
when compared with that of Nos27~ cells cultivated alone. Impor-
tantly, when cocultured with activated WT macrophages, Nos27~
cells exhibited increased DAF-FM fluorescence (Figure 6E), similar
to WT levels. Thus, iNOS-derived products diffuse very effectively
from iNOS-competent to iNOS-deficient cells.

NO most likely controlled parasite burden at distance by mediating
direct toxic activity on the parasite. However, it was formally possible
that NO acted indirectly as a signaling molecule on macrophages to
upregulate their antimicrobial activity. To distinguish between these
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possibilities, we cultured free L. major parasites with activated mac-
rophages in a Transwell setting. Consistent with the known suscep-
tibility of L. major parasites to NO (38), we found that activated WT
macrophages but not Nos27~ macrophages affected the viability of
spatially separated free parasites (Supplemental Figure 6). Although
this assay was performed with promastigotes (that may differ in sen-
sitivity from the intracellular amastigote form), this result suggested
that NO exerted a direct toxicity on parasites. In sum, the effective
diffusion of NO resulted in an equivalent antimicrobial activity in all
phagocytes, irrespective of their intrinsic iNOS expression.

Parasite killing requires collective NO production. Diffusion of NO
could represent a byproduct of iNOS-expressing macrophages
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Parasite killing requires collective NO production. (A) Infected peritoneal macrophages from GFP-expressing mice were activated in the presence
or in absence of L-NIL. Eighteen hours after activation, time-lapse microscopy was performed for up to 48 hours. Scale bar: 20 um. (B) A mixture
of infected peritoneal macrophages from WT GFP+ and Nos2-- mice was activated. After 10 hours, time-lapse microscopy was performed for up
to 48 hours. Dashed lines indicate the outline of the cells, as identified on bright-field images. Scale bar: 20 um. (C) Mean volume of parasites
contained in Nos2-- cells (red dots) or GFP*+ WT cells (black dots) over time and in different conditions (separated cultures and mixed cultures
with 1:1 and 1:7 WT/Nos2-- ratios). Volume is expressed as a percentage of initial volume. On average, 60 parasites were analyzed at each time
point. Data are representative of 2 independent experiments. (D) Lethally irradiated CD45.1 C57BL/6 WT mice were reconstituted with a mix-
ture of 50% (or 5%) CD45.1 WT and 50% (or 95%) CD45.2 Nos2-- BMCs. Mixed bone marrow chimeras were infected with DsRed-expressing
L. major parasites in the ear dermis. Two weeks later, half of infected mice received daily injections of L-NIL over 3 consecutive days. Infected ear
tissues were then harvested and analyzed by flow cytometry. The graph shows the frequency of infected cells among CD45.1 WT and CD45.2
Nos2-- mPhagocytes (mean + SEM). *P < 0.05.
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that control parasites autonomously. Alternatively, the diffusion
of NO from a large number of cells may be required to build up a
high enough concentration in the environment that will allow for
parasite control. Supporting the latter hypothesis, we found that
when we increased the Nos2~ to WT cell ratio in culture, the reduc-
tion of parasite load was lost in both cell types (Figure 6F). Thus,
iNOS-competent cells were no longer capable of parasite control
when they were surrounded by a majority of iNOS-deficient cells.

Because the kinetics of L. major parasite clearance are very slow, it
has been difficult to clarify how NO participates in pathogen con-
trol. To characterize the iNOS-mediated effect in trans observed in
flow cytometry assays and define its dynamics, we performed time-
lapse videomicroscopy on infected macrophages cultures for up
to 2 days. Upon activation of L. major-infected WT macrophages,
intracellular parasites progressively shrunk, lost their normal mor-
phology, and ultimately disappeared (Figure 7A and Supplemental
Video 2). This was not the case in L-NIL-treated cells (Figure 7A)
or Nos27/~ cells (Figure 7C and Supplemental Video 3) cultured
alone, in which parasites appeared to remain intact. However, par-
asite killing was restored in Nos27/~ macrophages when cultured
in the presence of iNOS-competent cells (Figure 7B and Supple-
mental Video 4). Thus, the diffusion of iINOS products occurs in
proportions that permit parasite killing in trans. Strikingly, when
we compared parasite volumes in Nos27/~ cells and in WT cells, we
could observe that parasite shrinkage occurred simultaneously in
both cell types, suggesting that Nos27/~ cells have a similar access
to NO compared with that of WT cells (Figure 7C). Moreover, par-
asite killing was similarly delayed in both cell types when the pro-
portion of WT cells in culture was reduced. These results strongly
suggest that parasite killing in macrophages requires a minimum
concentration of NO and that NO is equally available to iNOS-de-
ficient and -competent cells.

To test whether the model is relevant in vivo, we generated
mixed bone marrow chimeras containing either a high (50%) or
low (5%) frequency of iNOS-competent cells. We noted that both
iNOS-competent and Nos27~ phagocytes were highly infected in 5%
chimeric mice compared with 50% chimeric animals (Figure 7D).
To assess whether the low fraction of iNOS-competent cells could
nevertheless participate in parasite control, we treated these chi-
meras with L-NIL. In contrast to what was observed in 50% chime-
ric mice, L-NIL treatment did not result in increased parasite load
in 5% chimeric mice, suggesting that NO production in these mice
was insufficient to trigger parasite control, even in iNOS-com-
petent cells (Figure 7D). We obtained similar results using adop-
tive transfer of iNOS-competent and -deficient cells in infected
Nos27/~ mice (Supplemental Figure 7). These in vivo results further
confirmed the poor efficiency of intrinsic iNOS activity and the
requirement for a high proportion of iNOS-producing cells for the
control of the infection.

Altogether, our results indicate that the diffusion of NO collec-
tively produced by iNOS-expressing cells, is critical for parasite
killing, which occurs independently of intrinsic iNOS expression.
We propose that this cooperative mechanism enables the host to
contain intracellular pathogen at the tissue level.

Discussion

NO has been identified as a major effector molecule against many
intracellular pathogens infections (2). However, how NO produc-
tion is induced in vivo and exerts its antimicrobial properties has
remained unclear. While iNOS activity is indispensable for con-
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trolling L. major infection, we found that the rapid induction of
iNOS in mPhagocytes did not confer them any cell-intrinsic ability
to control the parasites. Instead, we established that the collective
production of NO by mPhagocytes and the subsequent diffusion
of reactive nitrogen species were required to reach a concentration
high enough to control intracellular pathogens at the tissue level.

We have dissected the signals promoting iNOS expression in
vivo. In vitro studies have demonstrated that a combined effect
of signals derived from PAMP recognition and IFNs is critical for
iNOS induction (10, 39). Consistently, mice deficient for IFN-y
(40, 41) or MyD88 signaling (34) have been previously shown to
exhibit a dramatic reduction in iNOS expression upon L. major
infection. We demonstrated that iNOS was rapidly induced in
mPhagocytes that are recruited to the lesion and confirmed
the dependence on IFN-y signaling. In contrast, this induction
did not require cell infection by L. major parasites and was not
affected by MyD88 deficiency in mPhagocytes. Therefore, while
MyD88 may be important for T cell activation by antigen-pre-
senting cells (42) or IL-1 signaling (43), it appears to be dis-
pensable in recruited phagocytes for iNOS induction. TNF-a.
has been shown to be sufficient to induce iNOS in vitro when
combined with IFN-y (9), but its role in vivo, assessed using defi-
cient mice, has yielded conflicting results (27, 36). By assessing
the role of TNF-a signaling specifically in phagocytes at the
site of L. major infection, we showed that iNOS induction in
vivo critically depended on TNF-a. While T cells are clearly the
major source of IFN-y, both T cells and mPhagocytes contribute
to TNF-a production (16, 44, 45). Thus, soluble factors rather
than direct pathogen recognition drive the rapid induction of
iNOS at the site of infection, resulting in iNOS expression in
numerous mPhagocytes. Consistent with this idea, a recent study
highlighted the importance of soluble factors for NO-medi-
ated control of Leishmania amazonensis (15). These observations
prompted us to investigate how these recruited iNOS-expressing
phagocytes contribute to microbial killing in vivo.

NO can diffuse across cell membranes, a process involved in
many biological processes (20), such as downregulation of T cell
responses (46), inhibition of tumor cell mitochondrial respira-
tion and DNA synthesis (47), and inhibition of viral replication
(48). Along this line, it has been suggested that NO produced by
macrophages could also contain L. major infection in neighboring
fibroblasts (7, 24). Whether NO diffusion and activity in trans is
the predominant mechanism promoting the control of L. major
has not been addressed so far. In fact, intracellular control of Sal-
monella in macrophages was shown to require colocalization of
iNOS itself with pathogen-containing compartments (21, 22),
suggestive of a cell-intrinsic mode of action. On the contrary, we
showed that the intrinsic activity of iINOS was negligible both in
vitro and in vivo. Interestingly, our in vitro imaging assay revealed
efficient killing of intracellular parasites in iNOS-deficient cells
with very limited host cell death, suggesting that iNOS products
displayed the highest toxicity in PVs, possibly when encountering
reactive oxygen species (49) or acidic conditions (38). Such a 2-step
mechanism would ensure a compartmentalized toxicity mediated
by a diffusible molecule.

Strikingly, we show that the collective action of phagocytes is
required to reach a threshold concentration of NO above which
the pathogen can be contained efficiently. Notably, this model
assigns a critical role for the numerous uninfected phagocytes
expressing iNOS at the site of infection. By contributing to the
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generation of an antimicrobial milieu, these cells actively partic-
ipate in the defense against intracellular pathogens. This issue is
in fact relevant to many infectious agents, including L. monocyto-
genes, which drives the accumulation of high numbers of unin-
fected TNF- and iNOS-producing dendritic cells (30). Moreover,
as many intracellular pathogens, including L. major, set up strat-
egies to limit NO production in infected cells (50, 51), the ability
of uninfected cells to produce NO available for neighboring cells
could be critical for the control of the infection.

We have shown previously that a small number of antigen
presentation events can induce widespread iNOS expression
through diffusion of T cell-derived cytokines (29, 33). The pres-
ent study suggests that this bystander effect is further amplified
by the activity of iNOS-expressing cells in trans. This double-lay-
ered propagation of effector functions likely provides an effec-
tive strategy for the containment of intracellular pathogen in
the infected tissue. Of note, we have recently observed that, in
the first weeks of infection, NO could limit parasite metabolism
without systematically inducing parasite death (52). The lethal
and sublethal modes of parasite control mediated by NO likely
correspond to distinct concentrations collectively produced by
recruited phagocytes.

In sum, our results elucidate the mode of action of iNOS prod-
ucts, whereby the cooperative activity of phagocytes permits
pathogen control rather than the triggering of cell-autonomous
defense mechanisms. Defining the parameters that optimize the
generation of such an antimicrobial milieu should provide new
strategies to fight infections by intracellular pathogens.

Methods
Mice. WT CS57BL/6 and CD45.1 (B6.SJL-PtprciPepct/Boy]) mice were
purchased from Charles River Laboratories. MHC class II-deficient
(B6.129S2-H2%44b1-E4) (53) IFN-y receptor 1-deficient (B6.129S7-Ifngr114%)
(54), ubiquitin-GFP [C57BL/6-Tg(UBC-GFP)30Scha] (55), MyD88-defi-
cient (B6.129P2-Myd8814k) (56), TNFR1-deficient (B6.129P2-Tnfrsf1a15")
(57), and iNOS-deficient (B6.129P2-Nos2/1La/]) (58) mice were bred under
specific pathogen-free conditions at Institut Pasteur. For generating bone
marrow chimeras, WT C57BL/6 recipients were y-irradiated twice within
3 hourswith 5.5 Gy and reconstituted with a mixture of 2 x 107 CD45.1 BMCs
and 2 x 107 Nos27/~ BMCs intravenously. For chemical inhibition of iNOS
in vivo, C57BL/6 mice received daily intravenous injection of 11.5 mg/kg
L-NIL (Sigma-Aldrich) in PBS over 3 days (59).

Parasites. DsRed-expressing parasites (25, 26) were grown at 26°C for
a maximum of 5 passages in M119 medium supplemented with 10%
heat-inactivated fetal bovine serum, 0.1 mM adenine, 1 ug/ml biotin,
5 ug/ml hemin, and 2 ug/ml biopterin (all from Sigma-Aldrich). For
infection, 10° stationary-phase promastigotes were resuspended in 10 ul
PBS and injected into the ear dermis. For long-term infections, ear thick-
ness was measured weekly with a Mitutoyo Caliper Thickness Gauge.
Parasite load in each infected ear or draining lymph node was deter-
mined by a limited dilution assay. Ears were separated into dorsal and
ventral sheets using jagged forceps and digested in RPMI 1640 medium
containing 1 mg/ml collagenase and 50 ng/ml DNase (Sigma-Aldrich)
for 45 minutes at 37°C and then passed through a 70-um cell strainer.
Tissue homogenates were serially diluted in a 96-well flat-bottom plate
containing M119 medium supplemented with 10% heat-inactivated
fetal bovine serum, 0.1 mM adenine, 1 ug/ml biotin, S ug/ml hemin, and
2 ug/ml biopterin. The number of viable parasites in each ear was deter-
mined from the highest dilution at which promastigotes could be grown
after a week of incubation at 26°C.
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BMC and monocyte transfers. Mixture of BMCs was adjusted to 107 cells per
ml in PBS and was incubated for 10 minutes at 37°C in 5 uM CFSE. After 2
washes in PBS supplemented with 10% heat-inactivated fetal bovine serum,
50 x 106 BMCs were resuspended in 300 ul PBS and injected intravenously
in recipient mice. Monocytes were purified from the bone marrow of ubig-
uitin-GFP mice using a Monocyte Isolation Kit (Miltenyi Biotec).

In vitro cell culture and infection. Mice were sacrificed, and peritoneal mac-
rophages were isolated by injecting 5 ml chilled PBS into the peritoneum
and aspirating the cell suspension. Cells were put in culture in RPMI sup-
plemented with 10% heat-inactivated fetal bovine serum and penicillin/
streptavidin (Invitrogen Life Technologies). In Transwell experiments,
inserts with a pore size of 0.4 um (Merck Millipore) were used. For infec-
tion of the macrophages, stationary-phase DsRed-expressing promastig-
otes were incubated in RPMI supplemented with 4% mouse serum over
20 minutes. After washing, parasites were resuspended in RPMI supple-
mented with 0.7% BSA (Sigma-Aldrich) and penicillin/streptavidin and
added to cell cultures. After 2 hours, macrophages were washed several
times before being put back in culture medium. Two days later, iNOS
was induced by adding IFN-y (R&D Systems) and LPS (E. coli 026:B6,
Sigma-Aldrich) to the medium at 10 ng/ml and 1 ug/ml, respectively. Flow
cytometry analysis was performed 48 or 72 hours after induction. To mea-
sure concentrations of NO derivatives in activated macrophages, cells were
incubated after surface staining for 30 minutes at 37°C with DAF-FM
diacetate (Interchim) at 2 uM in PBS and analyzed by flow cytometry.

Flow cytometry. Ears were separated into dorsal and ventral sheets using
jagged forceps and digested in RPMI 1640 medium containing 1 mg/ml
collagenase and 50 ng/ml DNase (Sigma-Aldrich) for 45 minutes at 37°C
and then passed through a 70-um cell strainer. Cell suspensions were
fixed for 1 hour at 4°C using a 2% methanol-free formaldehyde solution
(Polysciences) in PBS. For iNOS and TNF-a staining, cells were perme-
abilized using Perm/Wash solution (BD Biosciences) according to the
manufacturer’s instructions and stained with goat anti-NOS2 polyclonal
IgG (Santa Cruz Biotechnology) and DyLight-649-conjugated anti-goat
secondary antibody (Jackson ImmunoResearch) or with APC-conju-
gated anti-TNF-a (clone MP6-XT22) antibody (BioLegend). Surface
staining of cells was performed using APC-eFluor780-conjugated
anti-CD45.2 (clone 104), PE-Cy7-conjugated anti-CD45.1 (clone A20),
APC-eFluor780- or PerCP-CyS.5-conjugated anti-CD11b (clone M1/70),
eFluor660-conjugated anti-CD11c (clone N418), eFluor450-conjugated
anti-I-A and I-E (clone M5/114.15.2), and PE-Cy7-conjugated anti-Gr-1
(clone RB6-8CS) antibodies (all from eBioscience); Pacific Blue-con-
jugated anti-CD45.2 (clone 104) antibody (BioLegend); APC-Cy7-
conjugated anti-CD45 (clone 30F11) antibody (BD Biosciences); or
APC-conjugated anti-CCR2 (clone 475301) antibody (R&D Systems). All
cell preparations were Fc-blocked using anti-CD16/32 antibody (eBio-
sciences) prior to staining and analyzed on a FACSCanto cytometer (BD
Biosciences). Data were analyzed using FlowJo software (TreeStar). To
determine NO effect on extracellular L. major parasites were stained
with APC-labeled Annexin V (BD Pharmingen) according to the man-
ufacturer’s instructions and analyzed using a LSRII flow cytometer in
combination with FACSDiva software (BD Biosciences). Cell sorting was
performed using a FACSAria I (BD Bioscience).

Intravital imaging. Mice were anesthetized and prepared for intravital
microscopy as described previously (29). A coverslip surrounded by para-
film was placed onto the ear and covered with deionized water to immerge
a 25x/1.05 NA objective (Olympus). Two-photon imaging was performed
using a DM6000 upright microscope equipped with a SP5 confocal head
(Leica Microsystems) and a Chameleon Ultra Ti:Sapphire laser (Coherent)
tuned at 920 nm. Emitted fluorescence was passed to nondescanned detec-
tors through dichroic mirrors. Typically, images from 20 to 25 z planes
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spaced 2 um were collected every 2 to 3 minutes for up to 5 hours. Intravi-
tal 3-dimensional time series were processed and superimposed using the
Imaris software (Bitplane).

Time-lapse microscopy on cell cultures. Infected macrophages were activated
as described previously. After 8 to 20 hours, phase-contrast and fluores-
cence images were recorded every 10 minutes at various positions for a
total duration of 30 to 48 hours, using a DMI 6000B inverted microscope
(Leica Microsystems) equipped with an environmental chamber for tem-
perature, humidity, and CO2 (PECON), with a 20x/0.75 NA dry objective
(Olympus) and a CoolSNAP HQ2 Roper camera (Photometrics). Mac-
rophages remained alive and motile during the entire recording period.
Parasite and cell tracking was performed with Imaris software (Bitplane).

Statistics. Unless otherwise indicated in the legends, data in graphs with
errors bars represent mean + SEM. Statistical analyzes on multiple groups
were performed using a 1-way ANOVA, followed by a Tukey column pair
comparison post-test in the Prism 5 software. Two-group data sets were
analyzed using a Mann-Whitney test. A P value of less than 0.05 was con-
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