










iNOS inhibition leads to decreased induction and
accumulation of MDSC in vivo

It has been demonstrated in numerous tumor models that
CD11b+GR1+ MDSC are produced in the bone marrow in response
to tumor-derived soluble mediators that also direct their accumu-
lation in spleen and tumor (25, 26). Because MDSC accumulate in
increasing numbers as tumors grow in size (27), we studied ac-
cumulation and functional activity of MDSC in tumors treated
beginning on day 14, at which point L-NIL had no effect on tumor
growth (see Fig. 4A). We demonstrated efficacy of iNOS inhibi-
tion by staining for nitrotyrosine, a stable product formed by re-
action of NO with ROS species. Nitrotyrosine levels in splenic
MDSC from both iNOS-deficient and L-NIL–treated mice were

both significantly lower than in MDSC from untreated wild-type
mice (Fig. 5C), demonstrating efficacy of pharmacologic iNOS

inhibition with L-NIL, and suggesting that compensatory upreg-

ulation of other NOS isoforms does not occur in iNOS KO mice.
Mice bearing transplantable MT-RET-1 (Fig. 5A, 5B) or B16

melanoma (Supplemental Fig. 4) had increased percentages of

MDSC populations in bone marrow and substantial accumulation

of intratumoral MDSC. Treatment with L-NIL decreased total

MDSC in bone marrow and tumor by 2- to 3-fold in MT-RET-1–

bearing mice, and significantly decreased total MDSC in tumor

and spleen of B16-bearing mice (Supplemental Fig. 4). Dolcetti

et al. (28) have recently classified CD11b+GR1+ cells into three

distinct populations of GR1high, GR1int (intermediate), and GR1low

FIGURE 2. iNOS inhibition suppresses upregulation of ROS production and STAT3 activation by tumor-derived soluble mediators. Representative

histograms (A) and quantitative summary from at least three experiments (B) of effect of L-NIL on MT-RET-1–mediated ROS production by ex vivo-

derived MDSC (gated on CD11b+GR1+ cells) on day 6 after initial culture. (C) Anti–phospho-STAT3 Ab staining of permeabilized cells is upregulated in

CD11b+GR1+ MDSC in MT-RET/bone marrow cell Transwell culture, and reversed by 1 mM L-NIL (p # 0.05) on day 3 after initial cultures were set up.

(D) Ability of MT-RET supernatant to induce CD4 and CD8 T cell-suppressive activity of ex vivo-derived MDSC (harvested on day 4 in culture) is

abolished by incubation of MT-RET cells with 1 mM L-NIL. Each graph summarizes data from at least three experiments.
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CD11b+ cells, each differing in their expression of surface
markers and mechanisms of immune suppression, but all of which
have suppressive activity. However, the overall magnitude of
MDSC decrease with L-NIL treatment was similar for GR1high

and GR1int MDSC (Fig. 5A, Table I). The number of tumor-
infiltrating MDSC was significantly decreased in MT-RET-1–
bearing (Fig. 5B) and B16-bearing (Supplemental Fig. 4) iNOS-
deficient mice; however, numbers of CD11b+GR1+ cells in the
bone marrow were not significantly reduced in iNOS KO mice.

iNOS is required for acquisition of T cell-suppressive function
in MDSC

We used ex vivo suppression assay to confirm that purified
CD11b+GR1+ cells derived from the spleens and tumor of MT-
RET-1–bearing mice were competent to suppress T cell prolifer-
ation, and to assess the effect of L-NIL treatment on their sup-
pressive function. Total CD11b+GR1+ cells consisting of both

GR1high and GR1int populations were sorted from control and
L-NIL–treated splenocytes from MT-RET-1 tumor-bearing mice
and cultured with CFSE-labeled splenocytes activated with anti-
CD3 and anti-CD28 Abs (Fig. 6A). Whereas spleen- or tumor-
derived MDSC from tumor-bearing untreated mice could effi-
ciently suppress proliferation of both CD4 and CD8 T cells in a
dose-dependent fashion, MDSC from L-NIL–treated mice failed
to suppress proliferation even at a 1:1 ratio (Fig. 6A, 6B, Sup-
plemental Fig. 3). No suppression was observed when T cells were
cocultured with CD11b2GR12 cells from tumor-bearing mice, or
CD11b+GR1+ cells from tumor-free mice (Fig. 6B).
Because iNOS is a known effector mechanism of MDSC-me-

diated T cell inhibition, we performed additional experiments to
determine whether suppression of ex vivo MDSC function by L-NIL
was caused by direct inhibition of iNOS expressed by MDSC. We
found that the addition of even high doses (3 mM) of L-NIL to puri-
fied MDSC prior to washing and plating does not reverse their

FIGURE 3. Tumor-secreted VEGF mediates iNOS-dependent cross-talk required for MDSC accumulation. (A) Relative VEGF levels in 48-h super-

natants derived from MT-RET-1 cells cultured in the presence or absence of 1 mM L-NIL. (B) Expression of VEGF-R1 and VEGF-R3 in CD11b+GR1+

MDSC derived ex vivo from wild-type bone marrow cultured with MT-RET-1 supernatants for 5 d. (C) In vivo concentration of VEGF, IL-6, G-CSF, and

IL-1b in serum of untreated or L-NIL–treated wild-type mice on day 21 after MT-RET-1 tumor injection. L-NIL treatment decreases VEGF in both serum

from RET tumor-bearing mice and RET tumor supernatants compared with their untreated counterparts (p # 0.05). VEGF concentration in serum was

compiled from at least three experiments with n = 5 mice per group. (D) Ability of the indicated concentrations of anti-VEGF–neutralizing Ab to block MT-

RET supernatant-induced MDSC accumulation ex vivo at 5 d in culture. Neutralization of VEGF leads to significantly decreased accumulation of MDSC in

BM cultures (p # 0.05). (E) Ability of the indicated concentrations of murine rVEGF to reverse L-NIL–mediated suppression of MT-RET-1 supernatant-

induced MDSC accumulation ex vivo at 5 d in culture. Each graph summarizes data from at least three experiments. *p # 0.05.
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ability to suppress T cell proliferation (Fig. 6B, L-NIL wash),
demonstrating that the effects of L-NIL are not due to carryover of
trace quantities of inhibitor into ex vivo cultures. We also found that
MDSC from iNOS-deficient mice, which cannot use iNOS as an
effector mechanism, retained .50% CD8+ T cell-suppressive ca-
pacity when compared with MDSC from L-NIL–treated mice that
had no suppressive capacity (Fig. 6B, iNOS KO). Thus, we conclude
that the primary effect of L-NIL treatment is suppression of the
tumor-directed acquisition of functional activity by MDSC in vivo.
iNOS inhibition in vivo also had an effect on MDSC ROS and

activated p-STAT3 levels similar to that observed in the ex vivo
model. ROS levels in MDSC from spleen of L-NIL–treated tumor-
bearing mice were significantly reduced as compared with un-
treated mice (Fig. 6C). As was the case for VEGF levels, MDSC
from tumor-bearing iNOS KO mice had ROS levels comparable to
wild-type mice. Western blot analysis of total and phospho-STAT3
levels in MT-RET-1 tumors demonstrated robust phosphorylation
of serine 727 and tyrosine 705 in tumors from untreated mice.

STAT3 activation was downregulated by ∼2-fold in L-NIL–treated
mice (Fig. 6D), suggesting that iNOS inhibition in vivo down-
regulates STAT3 activation in the tumor, in tumor-infiltrating
myeloid cells, or both. However, we did not observe a similar
downregulation of STAT3 phosphorylation in spleens of L-NIL–
treated mice (data not shown).

Tumor-expressed iNOS drives cancer-associated
immunosuppression, and iNOS inhibition enhances
immune-mediated tumor control

We studied the effect of L-NIL on growth of transplantable MT-
RET-1 tumors in syngeneic mice, including wild-type C57BL/6
mice, iNOS KO mice, and RAG KO mice that lack mature T
cells and B cells. In immunocompetent wild-type mice, 7- to 10-d
L-NIL treatment modestly inhibited growth of early (day 4), but not
established (day 14) tumors (Fig. 4A, Supplemental Fig. 4A).
Whereas we (29) and others (30) have described direct antitumor
activity of iNOS inhibition in several models of human xenograft

FIGURE 4. Pharmacologic iNOS inhibition reverses systemic T cell decline in tumor-bearing mice and enhances intratumoral accumulation of CD4 and

CD8 T cells. (A) Growth of MT-RET–untreated and early (day 4) L-NIL–treated melanoma in wild-type and RAG KO mice demonstrates modest T/B cell-

dependent antitumor effect. Treatment of established (day 14) tumors does not lead to decreases in tumor growth. (B) Absolute and relative number of

tumor-infiltrating CD4 and CD8 T cells in untreated and L-NIL–treated (WT or iNOS KO) MT-RET–bearing mice on day 21. Each graph shown represents

pooled data from at least three experiments with n = 5 mice per group. (C) Cytotoxicity assay against EL-4 target cells with effector cells from splenocytes

or TIL of control or L-NIL–treated mice (harvested on day 21 after MT-RET injection, enriched for gp100/trp2-specific T cells). CTL efficacy is expressed

as percentage of target cell populations lysed. Graph is representative of two experiments with n = 5 mice per group.
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growth in immunocompromised mice, inhibition of tumor growth
by L-NIL in syngeneic melanoma models appears to depend on
adaptive immune mechanisms, because L-NIL had no effect on

tumor growth in RAG KO mice (Fig. 4A), and we observed no
direct effect on growth of MT-RET-1 tumor cells in vitro (Sup-
plemental Fig. 1B).

Table I. Absolute number of cells (106) and CD11b+GR1+, GR1+high, and GR1int cells from TIL, spleen,
and bone marrow

Sample Condition CD11b+GR1+ GR1high GR1int

TIL Control 0.24 6 0.04 0.07 6 0.02 0.16 6 0.03
L-NIL 0.09 6 0.02* 0.02 6 0.01* 0.07 6 0.02*

NOS KO 0.05* 0.01* 0.04*
Spleen Control 1.76 6 0.6 0.77 6 0.2 0.88 6 0.2

L-NIL 0.9 6 0.3 0.40 6 0.1 0.50 6 0.1
NOS KO 0.80 6 0.4 0.40 6 0.1 0.40 6 0.2
No tumor 1.83 6 0.3 0.97 6 0.2 0.89 6 0.2

Bone marrow Control 3.31 6 0.9 2.31 6 0.6 0.82 6 0.2
L-NIL 1.7 6 0.3 1.19 6 0.2 0.52 6 0.1

NOS KO 2.07 6 0.7 1.61 6 0.5 0.45 6 0.1
No tumor 1.10 6 0.1 0.29 0.42

*p # 0.05.

FIGURE 5. Pharmacologic iNOS inhibition or ge-

netic ablation of host iNOS significantly reduces ac-

cumulation of MDSC in transplantable MT-RET-1

tumors. (A) Gating strategy and representative FACS

plots of MDSC from tumor, spleen, and bone marrow

of untreated and L-NIL–treated mice bearing trans-

plantable MT-RET melanoma with percentages of

GR1high or GR1int populations. (B) Relative percentage

of CD11b+GR1+ MDSC populations in the tumor,

spleen, and bone marrow of untreated, L-NIL–treated,

and iNOS KO mice on days 21–23 after MT-RET-1

injection. Numbers are presented as percentage of total

(high + intermediate) CD11b+GR1+ double-positive

cells. Tumors from L-NIL–treated mice have signifi-

cantly decreased numbers of CD11b+GR1+ cells (p #

0.01). (C) Nitrotyrosine expressed by CD11b+GR1+

MDSC from spleens of untreated, L-NIL–treated, or

iNOS KO MT-RET-1–bearing mice on day 22 nor-

malized to isotype control. L-NIL–treated mice show

decreased nitrotyrosine expression as compared with

wild-type mice (*p # 0.01). Each graph represents

pooled data from at least three to five experiments with

n = 5 mice per group.
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Because the lack of effect in RAG-deficient mice strongly
suggested that L-NIL acts through immune mechanisms, we ex-
amined the effect of L-NIL on CD4 and CD8 T cell accumulation in
tumor-bearing wild-type and iNOS-deficient mice. Treatment of
both 4-d (data not shown) and 14-d MT-RET-1 tumors with L-NIL
increased numbers of tumor-infiltrating and splenic CD4 and CD8
T cells in wild-type mice (Fig. 4B). Whereas splenic T cell levels
were reduced in the tumor-bearing state, L-NIL treatment restored
numbers of splenic CD4 and CD8 T cells to numbers comparable
to those seen in tumor-free mice (3 3 106 CD4 and 2.5 3 106

CD8 T cells) and reversed the splenomegaly observed in many
tumor-bearing mice (data not shown). A similar trend toward re-
covery of splenic T cell numbers was observed in mice bearing

transplantable B16 melanoma (Supplemental Fig. 4). Increased
T cell numbers in L-NIL–treated mice were also associated with
enhanced per-cell cytolytic activity of CTL from spleen and TIL
(Fig. 4C) against EL4 cells pulsed with peptides for the gp100 and
Trp2 melanoma Ags expressed by MT-RET-1 (Supplemental
Fig. 1C and data not shown). Thus, pharmacologic inhibition of
iNOS with L-NIL reverses both quantitative and qualitative tumor-
mediated T cell dysfunction.
Unlike L-NIL–treated mice, iNOS KO mice did not show en-

hanced numbers of splenic or tumor-infiltrating CD4 or CD8
T cells (Fig. 4B), or altered tumor growth (Fig. 4A). A similar lack
of effect of host iNOS KO on tumor growth and T cell numbers
was observed in the B16 model (data not shown). L-NIL treatment

FIGURE 6. CD11b+Gr1+ MDSC sorted from spleens of untreated MT-RET-1–bearing mice, but not L-NIL–treated mice, inhibit CD4 and CD8 T cell

proliferation. (A) Relative proliferation of CD3/CD28-stimulated CD4 and CD8 T cells in the presence of different ratios of sorted CD11b+GR1+ MDSC

from spleens (left) or TIL (right) of untreated and L-NIL–treated mice on day 21 after MT-RET-1 injection, or (B) relative proliferation of CD8 (top) and

CD4 (bottom) T cells in the presence of 1:1 CD11b+GR1+ MDSC or CD11b2GR12 cells sorted from splenocytes of iNOS KO mice, L-NIL–treated mice,

or untreated mice in the presence or absence of 1 mM L-NIL added to the sorted MDSC prior to the final wash step. Each graph shown above represents

pooled data from at least three experiments with n = 5 mice per group. L-NIL–treated MDSC lose their ability to suppress T cell proliferation compared

with wild type (*p# 0.05). (C) Effect of L-NIL or genetic ablation of host iNOS on ROS production in vivo by CD11b+GR1+ MDSC from spleen on day 21

after MT-RET injection. L-NIL treatment leads to decreased production of ROS from splenic CD11b+GR1+ MDSC. (D) L-NIL treatment in vivo

downregulates activated (phosphorylated) STAT3 expression and pSTAT3/total STAT3 ratio in MT-RET-1 tumors by Western blot. Each graph represents

pooled data from at least three experiments.
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of iNOS-deficient mice led to robust recovery of splenic CD4 and
CD8 T cell numbers (Fig. 4B), demonstrating that the failure of
host iNOS ablation to restore T cell numbers in tumor-bearing
mice is not due to upregulation of iNOS-independent compensa-
tory mechanisms in iNOS KO mice. These data confirm a role for
tumor-expressed iNOS in mediating tumor-mediated T cell dys-
function and suppression of antitumor immunity, most likely by
driving accumulation and activation of MDSC.

iNOS inhibition enhances intratumoral CD8+ T cell infiltration
and suppresses growth of spontaneous melanoma in MT-RET
transgenic mice

To test the effect of iNOS inhibition on spontaneously arising
tumors, we compared melanoma growth in untreated and L-NIL–
treated MT-RET transgenic mice. Mice were allowed to develop
palpable tumors, and then randomized to 10-d treatment with L-
NIL (0.2%) or control. Spontaneous melanomas tended to arise in
the face, head, and neck (Fig. 7A), although they also involved
other parts of the body. These tumors contained substantial
numbers of CD11b+GR1+ MDSC (10–20% of all CD45+ leuko-
cytes), and MDSC were also detected in the metastatic (tumor-

infiltrated) lymph nodes, although at much lower levels (,1%;
Fig. 7B). L-NIL treatment significantly suppressed tumor growth
(Fig. 7C), as was shown previously with treatment of early MT-
RET-1 transplantable tumors (Fig. 4A), and this was associated
with a trend toward increased numbers of CD8+ T cells in the
primary tumor (Fig. 7D). We also observed a modest, but signif-
icant decrease in the number of NO-producing MDSC in both
tumor and lymph node (Fig. 7D). A model of iNOS-mediated
control of MDSC accumulation and functional maturation based
on the above data is shown in Fig. 8.

Discussion
In the current study, we demonstrate that tumor-expressed iNOS
plays a key role in recruitment and activation of MDSC in the
tumor-bearing state, and that iNOS inhibition reverses tumor-
mediated immune suppression in mouse melanoma. The benefi-
cial effect of iNOS inhibition on accumulation of functional
MDSC, CD8 T cell numbers, and tumor growth is seen in both
transplantable and spontaneous melanoma models. This role for
iNOS as a mediator of recruitment of functional MDSC is distinct
from its previously described role as an effector mechanism of
immunosuppression via the direct effects of high-output NO pro-
duction (9) and formation of the reaction product peroxynitrite
(11) on T cell activation, proliferation, and survival. Rather, we
found that iNOS inhibition suppressed VEGF release, STAT3
activation, and ROS upregulation required for induction of func-
tional MDSC (see Fig. 8 for working model). These results are
consistent with the known role of NO as a signal transduction
mediator capable of controlling gene expression and cellular dif-
ferentiation and development (31).
Treatment with the selective iNOS inhibitor L-NIL reversed

tumor-associated immunosuppression by decreasing numbers of
tumor-infiltrating MDSC, abolishing the ability of MDSC to sup-
press T cell proliferation, restoring systemic and tumor-infiltrating
CD4 and CD8 T cell numbers, and boosting Ag-specific cyto-
toxicity of CTL from spleen and TIL. Because MDSC are known to
potently inhibit antitumor T cell responses (6, 9, 11), we focused
on the effects of iNOS inhibition on MDSC activity and distri-
bution in tumor-bearing mice as the likely primary mechanism of
immune restoration in L-NIL–treated mice. However, it is also
possible that iNOS inhibition has direct or indirect effects on
T cell migration and function independent of MDSC. In fact, a
recent publication by Molon et al. (32) describes a novel mech-
anism of chemokine nitration that prevents T cells from migrating
intratumorally in several different tumor models. This could po-
tentially account for the enhanced intratumoral CD4 and CD8
T cell numbers we observed in L-NIL–treated mice, but not the

FIGURE 7. iNOS inhibition suppresses melanoma growth and reduces

number of MDSC in ret transgenic tumor-bearing mice. (A) H&E staining

from axial and coronal sections of heads of tumor-bearing ret transgenic

mice. Arrows indicate tumor deposits. (B) Representative plots showing

percentage of MDSC populations gated on CD45+ cells in tumor and

metastatic lymph nodes. (C) Treatment with L-NIL (10 mice per group)

induces a decrease in the weight of primary tumor. (D) CD8 T cells were

quantified in both tumor and metastatic lymph nodes from both untreated

and L-NIL–treated mice and expressed as percentage of CD45+ leuko-

cytes. NO was detected intracellularly in cells from treated (L-NIL) and

nontreated (control) tumor-bearing mice by flow cytometry, and results are

presented as percentage of NO+ cells within total CD11b+GR1+ MDSC.

FIGURE 8. Model of iNOS-mediated VEGF production in control of

tumor-directed recruitment and functional maturation of MDSC.
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increased number of T cells observed in the spleen. It also does
not account for the higher per-cell cytotoxicity observed in
splenocytes isolated from spleen and tumor of L-NIL–treated
mice. Rather, these effects are consistent with the nearly absolute
loss of T cell-suppressive capacity we observed in MDSC from
L-NIL–treated mice.
The loss of functional activity in MDSC from L-NIL–treated

mice suggests a failure of MDSC to upregulate or maintain
mechanisms of T cell suppression that are normally induced by
cancer. iNOS upregulation and production of NO is itself a direct
effector mechanism of T cell suppression, particularly by mono-
cytic MDSC (3, 18). However, it is unlikely that sufficient
amounts of L-NIL, a reversible competitive antagonist of iNOS,
were carried over into our ex vivo suppressor assay to affect
iNOS-dependent T cell suppression (see Fig. 6B). Also, suppres-
sive activity was only partly impaired in MDSC derived from
iNOS KO mice, suggesting that other suppressive mechanisms
predominate in our system. These potential mechanisms include
expression of the enzyme arginase (7, 10) and production of ROS
by MDSC (33). We did not observe a significant change in argi-
nase expression levels on MDSC after in vivo L-NIL treatment
(data not shown). However, we saw a significant decrease in ROS
production after iNOS inhibition in both ex vivo-derived MDSC
and MDSC isolated from tumor-bearing mice. Thus, rather than
a direct effect on reactive nitrogen-mediated T cell inhibition,
iNOS inhibition acts primarily by interfering with tumor-mediated
upregulation of ROS production by MDSC.
ROS production in MDSC has been shown to be controlled by

STAT3 activation and concomitant expression of ROS-producing
NADPH oxidase subunits (30). STAT3 upregulation correlates
with suppressive function in many studies of MDSC in both mice
and humans, and has been shown to regulate the expression of
NADPH oxidase subunits and production of high-output ROS
(30). We observed that pharmacologic iNOS inhibition with
L-NIL downregulates both STAT3 activation and ROS production
by MDSC in ex vivo culture and in RET-bearing mice. Because
signaling through VEGF-R has been shown to induce activation
of suppressive activity in MDSC and STAT3 activation in myeloid
cells (34, 35), VEGF is an attractive candidate soluble mediator
of MDSC activation in our system. In fact, we found that iNOS-
mediated release of VEGF is strongly implicated in accumulation
of functional MDSC, because L-NIL suppresses VEGF levels in
tumor-bearing mice in vivo and in RET culture, and because ex-
ogenous VEGF is sufficient to restore MDSC accumulation in
L-NIL–treated ex vivo culture. Similarly, in ex vivo culture, anti-
VEGF mAb alone was capable of mimicking the effect of iNOS
inhibition by suppressing accumulation of CD11b+GR1+ MDSC,
suggesting that iNOS-dependent VEGF production is required for
MDSC induction. This mechanism is supported by the observation
that VEGF levels are elevated in both tumor and serum of mice
bearing spontaneous RET melanomas, and have been shown to
correlate with tumor size and progressive immunosuppression
(36). This is consistent with prior literature describing a key role
for VEGF in MDSC induction and tumor-mediated immunosup-
pression in melanoma and other solid tumors (24, 37, 38). The
ability of iNOS and NO expression in tumor cells to induce VEGF
release has also been well described (39, 40), and provides a log-
ical mechanism through which modulation of iNOS could control
the induction and activation of MDSC and—potentially—other
immunosuppressive cells (41).
Because both tumor and host cells can express VEGF (as well as

other soluble inflammatory mediators, such as IL-6), the relative
importance of these compartments in the iNOS-mediated induction
of MDSC is as yet incompletely defined. Our ex vivo supernatant

transfer results, in which treatment of tumor cells with L-NIL
causes robust suppression of MDSC accumulation, are consis-
tent with a model in which tumor-expressed iNOS enhances VEGF
release, and thus supports MDSC accumulation and activation. These
results closely parallel the in vivo accumulation of CD11b+GR1+

MDSC in bone marrow of tumor-bearing mice, in which only a
slight trend toward decrease of MDSC is observed in iNOS KO
mice, but inhibition of iNOS in both the tumor and host com-
partments with L-NIL significantly reduces the number of MDSC
to that seen in tumor-free mice. This is accompanied by a signif-
icant decrease (VEGF) or trend toward decrease (IL-6, IL-1b) of
key inflammatory mediators in serum. Thus, the iNOS-dependent
production of tumor-derived VEGF seems to play a pivotal role in
MDSC induction from myeloid precursors. This is quite consistent
with what is known about the RET gene driving oncogenesis
in this model, a so-called inflammatory oncogene that induces
the expression of numerous proinflammatory mediators, including
VEGF, IL-6, and IL-1b (36, 42).
The pivotal role of tumor-expressed iNOS in regulation of

MDSC is supported by several points of evidence in our study.
Despite efficient reduction ofMDSCNO levels, as demonstrated by
nitrotyrosine staining, ablation of host iNOS fails to decrease the
number of MDSC-infiltrating tumor and spleen, reverse immu-
nosuppression, or suppress tumor growth. This is in stark contrast to
the effect of pharmacologic iNOS inhibition, which affects iNOS in
both tumor- and host-expressed compartments and has beneficial
effects on MDSC function, T cell numbers, and tumor growth. In
tumor-bearing iNOS KO mice, we observed neither ROS down-
regulation (Fig. 6) nor downregulation of activated STAT3 (data
not shown), despite robust downregulation of these molecules with
pharmacologic iNOS inhibition. These findings are supported by
experiments with ex vivo-derived MDSC, in which the suppres-
sion of MDSC accumulation and function is strongest with inhi-
bition of tumor-expressed iNOS. Together, these data suggest a
pivotal role for tumor-expressed iNOS in control of MDSC-mediated
immunosuppression through modulation of VEGF release and
VEGF-driven signaling events in the target MDSC.
Reversal of immune dysfunction by L-NIL was associated with

modest immune-dependent suppression of growth of early trans-
plantable MT-RET-1 tumors; a more profound decrease in spon-
taneous tumor growth was also observed in L-NIL–treated MT-
RET transgenic mice, possibly related to the much slower initial
growth rate of spontaneous tumors. Thus, iNOS inhibition is
sufficient to restore endogenous immunity in melanoma-bearing
mice, but not to levels sufficient to mediate tumor regression or
eradication. Combining iNOS inhibition with other immuno-
modulatory approaches, such as antitumor vaccination or adoptive
transfer of antitumor T cells, is a logical next step because this
would simultaneously increase the number of high-affinity tumor-
specific CTL while disarming mechanisms that lead to their death
or inactivation upon entry into the tumor. Thus, iNOS inhibition
may function as relatively simple and nontoxic strategy for con-
ditioning the immunosuppressive tumor microenvironment, and
could potentially be combined in a modular fashion with any
number of other immunotherapeutic approaches.
The aberrant expression of iNOS and other inflammatory mole-

cules has been recently identified as a critical tipping point in
progression of many different cancers (43, 44), and a logical focus
for targeted molecular therapy (29). iNOS and NO have already
been shown to promote tumor growth, survival, and treatment
resistance in melanoma and other cancers. Understanding the
regulation of MDSC recruitment and function by tumor-expressed
iNOS will provide important insights into the link between in-
flammatory signaling and development of the immunosuppressive
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tumor microenvironment, and new opportunities for therapeutic
intervention.
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