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ABSTRACT

Mice transgenic for the RET oncogene provide a remarkable model for investigating the mechanisms
underlying the promotion and the development of melanoma. This model was established on the C57BL/
6 genetic background. In the present study, we investigated an effect of the strongly proinflammatory and
autoimmune genetic makeup of the non-obese diabetic (NOD) strain. We bred (NODxB6)F1 mice and
backcrossed them with NOD mice. F1 mice and mice at subsequent generations of backcrossing showed
marked acceleration of tumor development, in particular with a more frequent and earlier extension of the
primary uveal melanoma. In close relation with this severe evolution, we observed a profound drop in
Dectin-1 expression on CD11b*Ly6G" granulocytic myeloid cells correlating with an expansion of
CD4%Foxp3™ T regulatory cell and of interferon(IFN)y-producing CD8™ T cell subsets in tumors. IFNy is a
major inducer of the type 2 nitric-oxide synthase (Nos2) gene whose products are known to be
tumorigenic. Germline inactivation of the Nos2 gene was associated with a dramatically improved tumor
prognosis and a restoration of Dectin-1 expression on myeloid cells. Moreover, in vivo treatment of
(NODxB6)F1.RET™ mice with curdlan, a glucose polymer that binds Dectin-1, prevented tumor extension
and was associated with marked reduction of the CD4 Foxp3™ T cell subset. These observations highlight
the (NODxB6)F1.RET™ mice as a new model to investigate the role of the immune system in the host-
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tumor relationship and point to Dectin-1 and Nos2 as potentially promising therapeutic targets.

Introduction

The immune system and inflammation play a key role in the
relationships between a tumor and its host.' Recent studies
established that, paradoxically, inflammation can promote
tumor development rather than help mount an efficient
response against the tumor cells.” However, the parameters
that tilt the balance toward a favorable, or unfavorable, out-
come are still poorly understood. Genetic factors notably influ-
ence the risk to develop cancer.” But, except for a minority of
cases with simple genetics, the genetic susceptibility to cancer is
largely multifactorial, involving multiple genes probably in
combination with non-genetic factors,* and therefore much
remains to be elucidated.

In the era of high-throughput biology and mathematical
modeling, the study of experimental models remains an
essential component of cancer research.” Animal models
that spontaneously develop tumors are of particular inter-
est as they provide a unique opportunity to dissect the
pathogenic mechanisms in light of the tumor growth at
the earliest stages and of its relationship with the host
organism. In the RET transgenic mouse model, a TRIM27-
RET fusion transgene, on the C57BL/6 (B6) genetic back-
ground, results in the spontaneous development of ocular
melanoma that subsequently disseminates into metasta-
ses.”” This model thus allows to investigate the natural

history of tumor development. It has provided a wealth of
information on the mechanisms of tumor growth and its
relationship to the host immune system.>'® Genetic factors
also appear to play a significant role since transgenic mice
from the BALB/c background do not develop melanoma
although the cellular mechanisms underlying this alter-
ation are not known."”

The NOD mouse is a well-established model of autoim-
mune diabetes.'® Tt has been intensely investigated to char-
acterize the genetic and immunologic mechanisms of the
autoimmune response against insulin-producing B cells.
Beyond type 1 diabetes, it has a general propensity to
develop autoimmunity against a variety of target organs,
either spontaneously or following immunization with self-
antigens.'”” It also displays a strong inflammatory back-
ground, notably leading to marked resistance to allograft or
high delayed hypersensitivity response.’>*' In the present
work, we intercrossed B6.RET™ transgenic mice with NOD
mice. This resulted in a dramatically aggravated disease
course. We also noted marked alterations of the immune
cell populations, notably including a profound loss of Dec-
tin-1 expression on a granulocytic myeloid cell subset.
Moreover, tumor extension could be prevented by ligation
of Dectin-1 by curdlan or by inactivation of the Nos2 gene.
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Results

Acceleration of tumor development following intercross
with NOD mice

An intercross of B6.RET™ transgenic mice with NOD mice
resulted in an unexpected and marked acceleration of tumor
extension. As seen in Fig. 1, whereas the course of tumor devel-
opment was similar at the primary ocular site in B6.RET* mice
compared with (NODxB6) F1.RET" mice and with mice of
subsequent generation of backcross, including F2, F3 and F10
(Fig. 1A), the latter mice showed an earlier extension of tumors
to the face (p = 2.3 x 10~%, Fig. 1B) and to the back (p = 2.5 x
10~", Fig. 1C).

Alteration of lymphoid cell populations: expansion of
CD4"Foxp3™ T cells in NOD.RET' tumor correlates with
increased expression of proinflammatory cytokines

Thus, the NOD genetic background markedly enhanced the
impact of the RET transgene. The NOD strain is well known
for its proinflammatory immune anomalies and we speculated
that these played a role in acceleration of tumors. We therefore
sought for alterations of the immune cells in NOD mice com-
pared with B6 mice. Among the NOD group, we analyzed sepa-
rately (NODxB6)F1 mice and mice after 5 to 10 generations of
backcrossing onto the NOD background (NOD F5-F10) as the
proportion of B6 alleles in their genome differs substantially,
50% for (NODxB6)F1 and in average less than 4% in NOD F5-
F10. We focused our analyses on the lymphoid organs includ-
ing the spleen, the inguinal and axillary lymph nodes, and the
submandibular lymph nodes that drain the tumor of the eyes
and the face. We also examined metastasis infiltrating immune
cells. We accounted for the RET transgene effect by systemati-
cally including non-transgenic littermates.

Analysis of the lymphoid compartment revealed no quanti-
tative change in the NK and y8 T cell compartments, but rather
a marked expansion of the T cells resulting from an increased

number of CD4™ T cells in the lymph nodes and the spleen of
(NODxB6)F1 and NOD F5-F10 mice compared to the B6 con-
trols (not shown). This CD4" T-cell expansion was indepen-
dent of the RET transgene and likely relates to the CD4™ T cell
hyperplasia previously reported on the NOD background.” In
the tumors, we noted a substantially increased density of both
CD4" and CD8' T cells in NOD mice compared with B6
(Fig. 2A). Beyond this global increase, we observed a specific
increase of the CD4"Foxp3™ T regulatory cell subset in NOD
tumors compared with lymphoid organs (p = 3.2 x 107" for
comparison of tumor with lymph nodes), as previously
reported in many tumors, and also with B6 tumors where no
increase was observed indeed (p = 0.047 and p = 3.4 x 107°
for comparison of (NODxB6)F1 and NOD F5-F10 with B6
mice, Fig. 2B). This was highly consistent with the more severe
tumor progression seen on the NOD background. Most inter-
estingly, this alteration was more pronounced in NOD F5-F10
than in (NODxB6)F1I, reflecting the increase in the proportion
of NOD alleles with the backcrossing.

We also observed a markedly increased expression of the
proinflammatory cytokine IFNy in CD8* T cells in tumors
compared to lymphoid tissues. As seen in Fig. 2C, the CD8" T
cells expressing IFNy were dramatically expanded in NOD
tumors compared with B6 tumors although this was significant
only when comparing F5-F10 with B6 tumors (p = 3.8 x
1077). Strikingly the proportion of CD8*IFNy™* T cells was
tightly correlated with that of CD4"Foxp3* T regulatory cells
(p = 22 x 10°° in NOD F5-F10 mice and p = 0.036 in
(NODxB6)F1 mice) (Fig. 2D).

We devised a clinical score reflecting the severity and the
extent of the tumor process (see Materials and methods) to
assess a quantitative correlation with the immunologic
parameters. Mice were systematically scored at the time of
the experiments. As seen in Fig. 2E, the disease severity was
significantly correlated with the proportion of CD4*Foxp3™
T cells, in both spleens and tumors of F1 and F5-F10 back-
crossed mice.
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Figure 1. Acceleration of tumor development associated with NOD genetic background. Mice transgenic for the RET oncogene were monitored weekly for the onset of
tumors at the eye, the primary site (A) and for local (B) and distant (C) cutaneous (cut.) metastases. The comparison included mice with a B6 background, F1 mice inter-
crossed with NOD mice, and these F1 mice backcrossed with NOD at the second (F2), third (F3) and tenth (F10) generation. Data are displayed using the Kaplan—Meier

representation.



Marked alterations of the myeloid compartment

We then focused our analysis on myeloid cells in the spleen and
the tumors where their presence was reliably detected in suffi-
cient proportion. The CD11b™ cells are usefully split into two
subsets using the Ly6G marker.”>** As previously reported,'?
there was a predominance of the CD11b*Ly6G~ monocytic
subset among CD45" cells in the tumors of both B6 and
NOD.RET" mice and this was not influenced by the genetic
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background (Fig. 3A). The CD11b"Ly6G™ granulocytic com-
partment also was increased in tumors compared to spleen,
although pairwise tests were significant only for comparison of
spleen and tumors in NOD F5-F10 mice (Fig. 3B).

We next analyzed the expression of two major surface
receptors of CD11b* cells involved in their response to
inflammatory stimuli, including Dectin-1 and Trem-1 (trig-
gering receptor expressed on myeloid cells 1). Of note, our
unpublished data indicated that expression of both these
receptors was altered in NOD mice. As seen in Fig. 3C-E,
basal expression of Dectin-1 on granulocytic cells from
spleen of non-transgenic mice was decreased in NOD F5-
F10 compared to B6 mice (Fig. 3D, p = 5.3 x 10~7). More-
over (Fig. 3C), there was a profound drop of Dectin-1
expression on CD11b*Ly6G™ cells in tumors of NOD mice
compared to B6 (p = 2.6 x 107" for F1 vs. B6 and
p =2 x 107" for F5-F10 vs. B6) and also compared to
spleen (for tumor vs. spleen: p = 4 x 10~"* in F1 and 2 x
107'% in F5-F10). Dectin-1 was also significantly lower in
the spleen of F5-F10 mice compared with B6 (p = 0.0005).
In other words, Dectin-1 was expressed at the membrane of
nearly all CD11b"Ly6G™ cells in B6 tumors and was virtu-
ally absent from CDI11b"Ly6G* cells in NOD tumors.
Interestingly, assessment of the mean fluorescence intensi-
ties revealed that expression of Dectin-1 was quantitatively
decreased at the surface of CD11b"Ly6G™ cells in tumors
compared to spleen even in B6 mice (p = 2.8 x 107°,
Fig. 3D; see Fig. 3E for representative histograms). How-
ever, the level in B6 tumors remained significantly above
that measured in NOD mice (p = 0.035 for comparison
with F1 and 3.6 x 1077 with F5-F10).

The pattern of expression of Dectin-1 on CD11b*Ly6G~
cells was more complex though also quite significant (Fig. 3F).
In B6 mice, it was increased in tumors compared with spleens
(p = 44 x 107°). The opposite pattern (decreased in tumors
vs. spleens) was observed in F1 and F5-F10 NOD mice (p =
0.004 in F1 and p = 8.5 x 10" in F5-F10). This resulted in a

Figure 2. Alteration of T cell subsets in (NODxB6)F1 and NOD F5-F10 backcrossed
mice carrying the RET transgene. (A) Density of CD4™ and CD8™ T cells in tumors.
Boxplots show the mean and interquartile range (box) and the 5-95 percentiles
(whiskers). B6, n = 10; (NODXB6)F1, n = 10; NOD F5-F10, n = 13. (B, C) The pro-
portion of CD4" T cells expressing Foxp3 (B), and of CD8™ T cells expressing IFNy
(C) was determined by intra-cellular immunolabeling and flow cytometry analysis
in the peripheral (axillary and inguinal) lymph nodes (LN), submandibular lymph
nodes (SM) draining the facial tumors, the spleen (S) and the tumor (T) of RET-
transgenic mice and their non-transgenic littermates. Expression of IFNy was
assessed after stimulation with PMA and ionomycin for 4 h. The average propor-
tions in the various conditions were compared with pairwise t tests. The resulting
p values were systematically corrected for multiple testing using the Bonferroni
method. For clarity, only relevant significant p values are reported. (D) Correlation
between the proportions of CD4"Foxp3™ T cells and of CD8" T cells expressing
IFNy in F1 hybrid (open symbols, dashed regression line) and F5-F10 backcrossed
(closed symbols, solid regression line) mice. (E) Correlations of clinical score with
proportion of CD4"Foxp3™ T cells in spleens (open symbols, dashed regression
line) or in tumors (close symbols, solid regression line) in F1 and F5-F10 back-
crossed mice. All correlations were tested using the non-parametric Spearman
method. Number of samples in each group: B6.RET™ LN, n = 3; B6.RETT LN, n = 7;
B6.RET* SM, n = 5, B6.RET™ S, n = 3; B6.RET" S, n = 10; B6.RET* T, n = 10;
(NODxB6)F1.RET™ LN, n = 7; (NODxB6)F1.RET" LN, n = 6; (NODxB6)F1.RET* SM, n
= 6; (NODxB6)F1.RET™ S, n = 10; (NODxB6)F1.RET* S, n = 13; (NODxB6)F1.RET*+
T, n = 9; NOD F5-F10.RET~ LN, n = 22; NOD F5-F10.RET" LN, n = 16; NOD F5-
F10.RET* SM, n = 16; NOD F5-F10.RET™ S, n = 15; NOD F5-F10.RET* S, n = 13;
NOD F5-F10.RET* T,n = 11.
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Figure 3. Marked alteration of Dectin-1 and Trem-1 expression on myeloid cells. Proportions of CD11b"Ly6G~ (A) and CD11b*Ly6G™ (B) cells among CD45™ cells in
spleens (S) and tumors (T) were determined by immunolabeling and flow cytometry. Expression of Dectin-1 (C-F) and Trem-1 (G, H) was determined on CD11b*Ly6G™
(C-E, G) and CD11b*Ly6G™ (F, H). Data are depicted as the proportion of positively labeled cells (A-C, F-H) or using the mean fluorescence intensity (MFI) of the labeling
(D, G). Representative histograms of fluorescence intensities are also shown for Dectin-1 on CD11b*Ly6G™" cells (E). Bars in scatterplots indicate the mean sample and its
standard error. The sample means in the various conditions were compared with pairwise t tests. The resulting p values were corrected using the Bonferroni method. For
clarity, only relevant significant p values are reported. Number of samples per group: B6.RET™ S, n = 8; B6.RET' S, n = 17; B6.RET' T, n = 12; (NODxB6)F1.RET™ S, n =
11; (NODxB6)F1.RET" S, n = 16; (NODxB6)F1.RET* T, n = 10; NOD F5-F10.RET~ S, n = 55; NOD F5-F10.RET* S, n = 67; NOD F5-F10.RET* T, n = 17.



decreased expression of Dectin-1 on CD11b"Ly6G~ cells in
tumors of NOD mice compared with B6 (p = 9 x 10~ for
F1vs. B6 and p = 3 x 10~ for F5-F10 vs. B6).

Regarding expression of Trem-1 on CD11b*Ly6G™ cells,
it was also decreased in NOD F1 and F5-F10 mice com-
pared with B6, and this was seen in both the tumors and
the spleen (Fig. 3G). In marked contrast, expression of
Trem-1 on CD11b*Ly6G~ cells was increased in tumors
compared with spleen in the three groups of mice (Fig. 3H)
but this increase in tumors was much stronger in NOD F5-
F10 than in NOD F1 and B6 mice (p = 2.7 x 107" for
F5-F10 vs. B6 and p = 4.5 x 10° for F5-F10 vs. F1). This
effect was tightly dependent on the genetic background as it
was also seen in the spleen of non-transgenic mice (p = 3.2
x 107° for F5-F10 against B6).

Remarkably, downregulation of Dectin-1 expression on
Ly6G* cells was correlated with the increase of both
CD4"Foxp3™ T cells and CD8"IFNy™ T cells in tumors of F1
and F5-F10 NOD mice (Fig. 4A-B). In addition, expression of
Trem-1 on Ly6G™ cells was positively correlated with an
expansion of both of these lymphoid cell subsets (Fig. 4C-D).
These observations suggested a coordinate mechanism
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underlying the changes in these lymphoid and myeloid cell
populations.

Dectin-1 and Trem-1 are thus functionally important recep-
tors that are both expressed on CD11b" cell subsets. We exam-
ined whether their expression on these cells was independent
or not and how they combined at the surface of CD11b™ cells
under the influence of the genetic background and the localiza-
tion. In the spleen of non-transgenic B6 mice (the baseline), all
CD11b"Ly6G™ cells express both markers (Fig. 5A, top left pie
chart). On the B6 background in the presence of the RET trans-
gene, the Dectin-1"Trem-1" double positive population
remained largely predominant and the Trem-1" and Dectin-1"
single positives and the double negative populations were seen
in small proportions (top center and top right pie charts). The
introduction of the NOD genetic background was associated
with the massive loss of Dectin-1 expression (compare top left
and bottom right pie charts). Consequently, in tumors of NOD
F1 and even more so of NOD F5-F10 RET' mice,
CD11b"Ly6G™" cells expressed little Dectin-1 and were in
majority (73%) Trem-1 single positives; a significant propor-
tion of cells also lost Trem-1 and therefore were double nega-
tives (20%).

O T T T 7T 1T 7T 1T 7177
0 20 40 60 80
Dectin-1* in Ly6G* cells (%)

CDB8*IFNy*/CD8* T cells (%)

20 40 60 = 80
Trem-1* in Ly6G- cells (%)

Figure 4. Correlation between myeloid subsets, including CD11b*Ly6G*Dectin-1* (upper panels) and CD11b"Ly6G Trem-1* (lower panels) with T lymphoid subsets,
including CD4"Foxp3™ (left panels) and CD8'IFNy™ (right panels) in 36 tumors from (NODxB6)F1 and NOD F5-F10 mice. Significance of correlations was assessed with

the non-parametric method of Spearman.
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Figure 5. Major changes in subsets of myeloid cells are associated with the NOD
genetic background. Spleen (S) and tumor (T) CD11b*Ly6G' (A) and
CD11b"Ly6G™ (B) cells were gated electronically and the percentages of cell sub-
sets defined by Dectin-1/Trem-1 double labeling were determined and are
depicted using pie charts. Dec, Dectin-1; Trm, Trem-1.

In contrast, CD11b*Ly6G™ cells exhibited a different pat-
tern characterized by the absence of expression of Trem-1 at
the baseline (spleen of non-transgenic B6 mice) and therefore
were either Dectin-1 single positive (59%) or double negative
(36%) (Fig. 5B, top left pie chart). In the B6 tumors, the major-
ity of CD11b*Ly6G™ cells were either Dectin-1 single positive
or double positive (top right pie chart). The introduction of the
NOD genetic background was characterized by a shrinkage of
the Dectin-1 single positive cell subset (down to 10% from 68%
in B6 tumors) whereas expression of Trem-1 was increased,
resulting in an expansion of the double positive and of the
Trem-1" single positive cell populations (bottom right pie
chart).

Protection against tumor by curdlan

To investigate the relevance of the loss of Dectin-1 expression
at the tumor sites in our model, we treated the (NODxB6)F1.

RET* mice with curdlan, a 1,3-8 glucose polymer that cross-
links Dectin-1 and activates its signaling. 6-to-7 week-old mice,
all with tumor score of one, were injected i.p. with 100 g cur-
dlan per gram of body weight or with PBS. They received a sec-
ond injection one week later and were monitored weekly for
tumor progression for 15 weeks in total. As seen in Fig. 6A, cur-
dlan-injected mice were dramatically protected against tumor
development whereas the number of tumors increased
markedly in vehicle-injected mice (p = 2 x 107°). Accordingly,
in the few tumors available for analysis, the proportion of
CD4"Foxp3™ T cells in CD4™ T cells was significantly reduced
(p = 0.006, Fig. 6B).

Protection against tumor progression in Nos2~'~ mice

The Nos2 products appear to play a major aggravating role in
progression of various models of melanoma and also in many
tumors. In order to investigate their role in the (NODxB6)F1.
RET' mouse model, we crossed B6.RET".Nos2~'~ mice with
NOD.Nos2™/~ mice and investigated the F1.RET" mice that
were therefore also Nos2~/~ homozygous. As seen in Fig. 7A,
their clinical score was significantly lower than that of FI.
RET™".Nos2™"" at the same age (p = 3.3 x 107”) that exhibited
exceptional extension of the tumors to the back and the viscera.
Only four of the 27 analyzed mice developed one tumor dis-
tantly from the primary ocular site. Of note, B6.RET+.Nos2™/~
mice were investigated in parallel and were also strongly pro-
tected as they displayed no metastasis (not shown). In what fol-
lows, we provided their relevant data, and also those of B6.
RET".Nos2*'* shown just above, as references for discriminat-
ing the effects of the strain genetic background and of the Nos2
gene inactivation.

Analysis of immune cell markers revealed striking changes
in myeloid cells in relation with the inactivation of the Nos2
locus. Expression of Dectin-1 on CD11b"Ly6G™ cells was mas-
sively up-regulated (p = 9 x 10~® for comparison of F1.Nos2™
* with F1.Nos2™'~, Fig. 7B) and almost up to normal levels. In
contrast, Trem-1 labeling was not influenced by the Nos2 locus
(not shown). Consequently, in the CD11b*Ly6G™, the propor-
tion of double positive Dectin-1"Trem-1" (90%) was less
decreased in F1.Nos2™'~ (56%) compared to F1.Nos2™" (17%)
tumors (Fig. 7D, compare top and middle right pie charts),
whereas the Trem-1* single positive cell subset was less
increased.

Likewise, on CD11b*Ly6G™~ cells in F1 tumors, Dectin-1
expression was upregulated in Nos2™'~ mice (Fig. 7C, p =
0.0043 for comparison of Nos2™* and Nos2™'~), while Trem-1
expression was not altered (data not shown). Examination of
double labeling indicated that Dectin-1"Trem-1" cells were
decreased in tumors of F1.Nos2™'~ compared with F1.Nos2*'™,
whereas Dectin-1"Trem-1" and Dectin-1*Trem-1" cells were
expanded compared to their Nos2™" counterpart (Fig. 7E,
compare top and middle right pie charts).

Of substantial interest, expression of the RET transgene was
not influenced by the Nos2 gene. As seen in Fig. 7F, the trans-
gene was expressed at much higher levels, by 3 orders of magni-
tude, in tumors compared to spleen and lymph nodes, but not
differently in B6, (NODxB6)F1 and NOD.Nos2~'~ mice.
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Figure 6. Protection against tumor development by curdlan treatment. (A) (NODxB6)F1.RET" transgenic mice (6-7 weeks of age) were injected intraperitoneally twice
with curdlan (100 ng/g of body weight, n = 12) or with PBS (n = 9) with a one-week interval and were monitored weekly for tumor progression. The data are pooled
from two experiments conducted at an interval of 6 mo. The mean tumor score and its standard deviation are shown at each timepoint. The difference of tumor scores
between both groups was tested using a linear model with mixed effects. (B) Reduction of CD4"Foxp3™ T cells in tumors of curdlan-treated mice.

Discussion

The RET transgenic mouse provides a remarkable model for
investigating the molecular and cellular mechanisms of sponta-
neous tumor growth and dissemination.*”***” Its study has
also revealed a wealth of information on tumor interaction
with the immune system and how the tumor potentially

deviates the immune response and escapes the immune surveil-
lance.®'® These findings were obtained essentially using the
RET transgene on the C57BL/6 genetic background. In this
model, the tumor appears in average at the age of one month at
the primary site and subsequently extends locally to the face
and more distantly. Expression of the transgene, however,
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Figure 7. Less severe tumor evolution and upregulation of Dectin-1 expression in (NODxB6)F1.RET".Nos2~'~ mice. Hybrid (NODxB6)F1.RET* transgenic mice proficient
(open circles, n = 24) or deficient (dark circles, n = 27) for the Nos2 gene were monitored for tumor development every other week for 7 mo. The mean tumor score and
its standard deviation are shown at each timepoint. The difference of tumor scores between both groups was tested using a linear model with mixed effects. (B, C) Upre-
gulation of Dectin-1 expression on CD11b+Ly6GJr (B) and CDHb*LyGG’ (C) myeloid cells in spleen (S) and tumors (T) of (NODxB6)F1 and B6.RET™ mice deficient for
Nos2 compared with their Nos2*/* counterparts. (D, E) Dectin-1/Trem-1 double labeling of myeloid subsets in spleens and tumors. CD11b"Ly6G* (D) and CD11b*Ly6G ™~
(E) cells were gated electronically and the percentages of cell subsets defined by Dectin-1/Trem-1 double labeling were determined in mice with indicated genetic back-
ground and are depicted using pie charts. Dec, Dectin-1; Trm, Trem-1. (F) Quantification by gPCR of RET transgene expression in tumors (T) and in lymphoid organs,
including spleen (S), peripheral lymph nodes (LN) and submandibular lymph nodes (SM), of RET* mice with indicated genetic background. Normalized relative quantities
(NRQ) of RET messages were determined as described in Materials and Methods. Number of samples per group: B6.RET™ S, n = 8; B6.RET" S,n = 17; B6RET T, n = 12;
B6.Nos2~/~RET~ S, n = 7; B6.Nos2~/~RET* S, n = 12; F1.Nos2~/~.RET™ S, n = 17; F1.Nos2~/~.RET* S, n = 16; F1.Nos2~/~.RET* T,n = 4, FLRET~ S, n = 11; FL.RET" S,

n=14F1.RETT T,n = 10.
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appears to be influenced by the genetic background. A cross
with BALB/c mice revealed protective alleles.'” The mecha-
nisms of this protection, however, were not studied. Here, on
the contrary, using the NOD strain, we observed an aggravated
phenotype, with much more frequent and earlier metastasis to
the rest of the face, to the back and to the viscera than on the
B6 background. This was seen as soon as the first generation of
intercross suggesting that either dominantly predisposing
NOD alleles or recessively protective B6 alleles are involved.
This more severe phenotype was confirmed at successive gener-
ation of backcrossing. However, the F10 mice were more fragile
and underweighted relative to their non-transgenic littermates
suggesting additional complex effects of the fusion transgene
on metabolism and development depending on the NOD
genetic background (data not shown). The aggravating effect of
NOD alleles is unlikely to be exerted at the level of the RET
transgene itself as its expression was not quantitatively altered
by the mouse genetic makeup. The endogenous Ret gene
expression also was not different in B6 and NOD mice (not
shown). This was important as RET has been shown to be
expressed in peripheral blood cells and its loss of function in
Hirschsprung patients associated with inflammatory
response.

Because the NOD strain is well known for its immune alter-
ations,” we speculated that these might play a primary role in
the NOD phenotype. Indeed, we observed highly significant
changes in key parameters of both the innate and the adaptive
immune system that are overall consistent with the aggravated
phenotype of RET-transgenic mice carrying NOD alleles. In
the first line, we observed a marked increase of the
CD4%Foxp3™ T cell subset, assumed to bear immunoregulatory
function, in tumors from (NODxB6)F1 and NOD F5-F10 mice
compared to their B6 counterpart. This immunoregulatory sub-
set is known to be expanded in many malignancies where it
antagonizes the effector T cells and is currently a major target
for therapeutic research.’®*' In RET™ mice on B6 background,
regulatory CD4" T cells accumulate in the spleen and tumor-
draining lymph nodes and inhibit the antitumor properties of
inflammatory monocytes.'> Our study revealed a direct correla-
tion between the amplification of this subset within the spleen
and the tumor microenvironment and tumor extension
(Fig. 2E). Besides, we noted a dramatic expansion of another
lymphoid subset, this from the CD8" T cell population. It was
characterized by a high proportion of IFNy-producing cells in
tumors from (NODxB6)F1 and NOD F5-F10 mice. Remark-
ably, it was tightly correlated with the CD4*Foxp3™ T cell pop-
ulation (Fig. 2D). Moreover, whereas IFNy is well known for
its pro-inflammatory effects, it also exerts immunomodulatory
functions through various mechanisms, notably including stim-
ulation of IL1 receptor antagonist and IL18 binding protein
expression.’>”> Another obvious mechanism through which
IFNy might facilitate the tumor growth is the generation of
highly tumorigenic NOS2 products (see below) as IFNy is a
major inducer of the Nos2 gene transcription.” How this
CD8™" T cell population relates to the functional CD8* T cells
described previously in a slightly different model® is presently
unclear. It is possible that the population of CD8" T cells
expanded in tumors from the NOD model rather belong the
kind of so-called regulatory CD8" T cells reported to infiltrate

tumors.”® Their phenotype, however, is quite variable
between the various studies. In our model, they were negative
for Foxp3 and expressed no IL10 (not shown). Their detailed
phenotypic and functional characterization nonetheless
remains to be done. The (NODxB6)F1.RET" mice thus provide
a powerful model to investigate the mechanisms underlying
development and functions of this cell population.

Myeloid cells play a key role in metastasis development’”
and displayed also major changes in our model. These included
a defective expression of Dectin-1, most pronounced on
CD11b*Ly6G™" granulocytic myeloid cells but also significant
on CD11b*Ly6G™~ monocytic myeloid cells (Fig. 3). Indeed,
Dectin-1 expression was virtually abolished from the surface of
granulocytic myeloid cells in tumors of NOD mice compared
with B6. It was also markedly decreased in the spleen of trans-
genic NOD mice and also, very interestingly, of non-transgenic
NOD mice. This strongly suggests that there are two compo-
nents in the Dectin-1 decreased expression in NOD, deter-
mined one by the genetic background, the other by an
interaction between the genetic background and the tumor,
likely reflecting immunoediting by the tumor cells. Dectin-1, a
C-type lectin that is a membrane receptor for 1,3 S-glucan, is a
key molecule in activating inflammatory response to a number
of infectious agents, notably including bacteria and fungi.”® In
contrast, much less is known about its potential role in tumor—
host relationship. Recently, mice with a germline-inactivated
Dectin-1 gene were reported to fail to control development and
metastasis of transplanted B16 melanoma cells.”® In addition,
studies using transplanted tumor cells revealed an antitumor
effect of treatment with curdlan, a ligand of Dectin-1.***' Our
study, however, is the first that demonstrates a strongly protec-
tive effect of curdlan in a model of spontaneously growing
tumor. Remarkably, the protection afforded by curdlan was
correlated with a marked decrease of the proportion of
CD4*Foxp3™ T regulatory cell population in the few available
tumors of curdlan-treated mice (Fig. 6B). This is quite consis-
tent with the correlation observed between Dectin-1 expression
level and the proportion of CD4*Foxp3® T cells and
CD8'IFNy™* T cells in untreated NOD.RET" mice (Fig. 4A-
B). Finally, the restoration of Dectin-1 expression on myeloid
cells in NOD.RET".Nos2™'~ mice along with their strong pro-
tection against tumor development (Fig. 7B-C), further
strengthens the hypothesis of a critical role of Dectin-1 in the
control of tumor expansion and in mounting an efficient host
response to a tumor challenge. Whereas the cellular and molec-
ular mechanisms linking NOS2, Dectin-1 and the immune con-
trol of tumor progression undoubtedly remain to be
characterized, activation of Dectin-1 by appropriate ligands
already appears as a potentially promising therapeutic strategy
in cancer immunotherapy.

Upregulation of Trem-1 on monocytic (CD11b"Ly6G™~) mye-
loid cells of F1 and F5-F10 NOD mice was another major alter-
ation of myeloid cells, seen in tumors but also in spleen, including
in non-transgenic littermates. Thus, the NOD genetic background,
the RET transgene and the tumor location concur to increase the
expression level of Trem-1 in our model. Moreover, this was quan-
titatively correlated with the lymphoid cell changes discussed just
above (Fig. 4C-D). This inflammatory receptor has long been
investigated predominantly in the context of inflammatory



responses to infectious agents.*> Recently, however, reports have
associated its increased expression with tumor recurrence and poor
survival rate, consistent with the findings in our model.****

The NOS2 products are established as tumor promoters in
many, though not all, cancer models, notably including mela-
noma.” The tumorigenic effect of NO and of its oxidation
products is thought to occur through multiple mechanisms,
including alteration of signal transduction and cell metabolism,
DNA damage, epigenetic modifications, stimulation of angio-
genesis and immune suppression. The dramatically improved
prognosis of NOD mice with an inactivated Nos2 gene along
with the changes in their immune system configuration sug-
gests that additional immunologic mechanism might be
involved in the Nos2 gene effect on tumor growth. The Nos2
gene is primarily expressed in CD11b*Ly6G~ monocytic mye-
loid cells.*® Our working hypothesis, based on ongoing experi-
ments in our lab (L.K. et al., manuscript in preparation), is that
the CD11b"Ly6G ' Dectin-1" granulocytic population is highly
sensitive to NOS2 products that must be released in massive
amounts in tumors by CD11b"Ly6G™~ monocytic myeloid cells
exposed to high levels of IFNy, in our model expressed by
CD8" T cells. Loss of Dectin-1 expression has then important
consequences as Dectin-1 signaling was shown to impair
CD4*CD25" T cell regulatory function,” to activate NK
cells,” and to promote IL12 expression by dendritic cells.*®
The inverse correlation between Dectin-1 expression and
CD4"Foxp3™ T cell numbers we reported is thus consistent
with previous reports. In contrast, however, we would have
expected a positive correlation of Dectin-1 expression with
IFNy-producing CD8" T cell population. Instead, we noted
also a negative correlation (Fig. 4B). To account for this dis-
crepancy, we assume that other mechanisms are involved.
Thus, NOD mouse macrophages were consistently reported to
spontaneously express high amounts of IL12.*"** This mecha-
nism might bypass the modulation resulting from loss of Dec-
tin-1 and explains the upregulation of IFNy expression. In
addition, the constitutive elevation of Trem-1 expression in
NOD macrophages, which we report here for the first time, fur-
ther documents the broad dysregulation of innate immune cells
in the NOD strain and might also contribute to exacerbate the
inflammatory adaptive response in NOD mice. Trem receptors,
however, have pleiotropic effects.*” The molecular mechanisms
underlying the significant correlations we noted between
Trem-1 expression on macrophages and lymphoid cell popula-
tions (Fig. 4C-D) need to be analyzed specifically in our model.

In summary, our study highlights the NOD mouse as a new
model to investigate the complex host-tumor relationship in a
setting of rapidly disseminating tumor. It also emphasizes the
Dectin-1 and the Nos2 as important players in this model.
Whether these observations are relevant to human melanoma
and also can be extended to other experimental models of
tumors now deserves to be investigated.

Materials and methods
Mouse strains and breeding

C57BL/6 mice transgenic for a human TRIM27/RET fusion
gene (in short, B6.RET' mice) were described previously.®
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NOD mice (Leiter substrain) were obtained from the Jackson
Institute. C57BL/6 mice with a germline inactivated Nos2 gene
as described elsewhere.”® were purchased from Taconics. The
inactivated Nos2 locus was iteratively backcrossed for 20 gener-
ations on the NOD background in our animal facility to gener-
ate the NOD.Nos2~'~ mice used in our study.

B6.RET" mice were intercrossed with NOD mice to produce
the (NODxB6)F1.RET™" mice and the transgene was then trans-
ferred on the NOD background by backcross for 10 genera-
tions. At each generation, transgenic mice were selected at
weaning on their phenotype, i.e. dark pigmentation, which was
confirmed by genotyping with no discrepancy. B6.RET™.
Nos2™'~ mice were obtained following an F2 cross between B6.
RET* and B6.Nos2/~ mice. (NODxB6)F1.RET".Nos2™/~
mice were F1 hybrids between B6.RET*.Nos2™/~ and NOD.
Nos2™'~ mice. All mice were maintained in our pathogen-free
animal facility. All experiments were performed in compliance
with French Ministry of Agriculture regulations for animal
experimentation.

Tumor monitoring

Tumor evolution was first assessed using the time to tumor
onset at a given site (eye for primary tumors, face for local cuta-
neous metastases or back or limbs for distant cutaneous metas-
tases) after clinical examination every other week.
Alternatively, a tumor score was devised for a finer appreciation
of tumor severity. Thus, we assigned a value to each mouse.
This was equal to one for exophthalmos, much invaded eyes
and face tumor. A dorsal tumor was scored 2 and a visceral
metastasis was scored 3. Additional dorsal tumors were scored
one. Weight loss greater than 15% was also scored one. These
scores were added together to produce a composite score with
maximum 10.

Antibodies and cell staining

Anti-CD45-PE-Cy7, anti-CD11b-APC  or anti-CD11b-
PercpCy5.5, anti-Ly6G-V450, anti-CD4-PerCP, anti-CD8-PE
or anti-CD8-FITC or anti-CD8-V450, anti-FoxP3-PE, anti-
IFNy-PE antibodies were from BD PharMingen, anti-TREM1-
PE antibody was from R&D Systems, anti-Dectin-1-FITC was
obtained from AbD serotec and their corresponding isotypes
from the same manufacturers.

Single cell suspensions of spleens (S) and lymph nodes (LN)
were obtained by mechanical dissociation, followed by filtration
through a 100 um Cell Strainer (BD Falcon), washing and
resuspension in PBS 1X, 2% FCS (Fetal Calf Serum). Cutaneous
tumor masses were dissected from transgenic mice and were
mechanically dissociated and then digested with Collagenase A
(1 mg/mL; Roche) and DNase I (0.1 mg/mL; Roche) for 20 min
at 37°C. Single cell suspensions were filtered on 100 pum Cell
Strainer washed in PBS 1X, 2% FCS, and resuspended in RPMI
1640 medium. Cells were incubated with Live/Dead Fixable
Aqua Dead Cell stain (Invitrogen), according to the manufac-
turer’s protocol. Then, after blocking with anti-FcyR antibod-
ies, cell samples were surface-stained with specific antibodies
on ice for 30 min.
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For intracellular staining, cell suspensions were stimulated
4 h with PMA (Phorbol 12-myristate 13-acetate) (500 ng/mL)
(Sigma-Aldrich), Ionomycin (500 ng/mL) (Sigma-Aldrich) and
Brefeldin A (10 pg/mL) (Sigma-Aldrich). Next, cells were sur-
face-stained as explained previously and fixed with 100 uL of
Cytofix (Becton Dickinson Biosciences) for 20 min at room
temperature or with 50 uL paraformaldehyde for 15 min at
room temperature. Intracellular staining was performed by per-
meabilizing cells with permeabilization buffer (Saponin 10 mg/
mL PBS with 2% FCS) and incubating them with anti-IFNy
antibodies. The Foxp3 intracellular staining was performed fol-
lowing the manufacturer’s instruction (eBiosciences) after sur-
face staining as above. Flow cytometry data were acquired on
the FacsCantoll cytofluorometer (BD Biosciences) and ana-
lyzed using FlowJo software (version 7.6.4). Data acquisition
was performed at the Cochin Cytometry and Immunobiology
facility. Fig. 8 shows an example of gating strategy for Dectin-
1/Trem-1  double labeling of CDI1b*Ly6G" and
CD11b"Ly6G™ myeloid cells.

RNA preparation and quantification by real-time PCR

Total RNA was extracted with the Qiagen RNeasy extraction
kit. Briefly, spleen, lymph nodes and tumor cells in suspension
were mixed with the RLT buffer. RNA was then isolated using
RNeasy columns and treated with DNasel to avoid genomic
DNA contamination. RNA concentrations were measured
using a NanoDrop spectrophotometer (Thermo Scientific).
RNA integrity was assessed using the Bioanalyzer (Agilent).
We consistently obtained RIN above 8. RNA (200 ng) was
reverse-transcribed with SuperScript™ II reverse transcriptase
(Invitrogen Life Technologies) using random hexamer primers
(Applied Biosystems). Real-time quantitative PCR was per-
formed using SYBR Green Master Mix (Bio-Rad) and a real
time PCR system (Bio-Rad CFX96). Primer sequences are listed
in Table 1.

Gene expression was normalized to GAPDH and S-Actin
expression. Expression of GAPDH and S-Actin was used as
endogenous reference, and expression of the RET target gene
in each sample was normalized to the average (mean) of all Cq

ScCC
SCC

Dectin-1
.

9.72

SCC

1.83 |

CD45

CD11b

Figure 8. Gating strategy for flow cytometry labeling of spleen myeloid cells from
an NOD F5-F10 RET" mouse. A sample with a decreased level of Dectin-1 expres-
sion was selected. Figures indicate the percentages of events in the gates or in
each quadrant.

Table 1. Primer pairs used for real-time PCR experiments.

Target cDNA Forward/Reverse Sequences (5’ to 3')
Human TRIM27-RET F TCC AAG AAT TAA GAG AGG CTCAG
fusion transgene R CTT CTC CTC CTC AGG GAA GC

Mouse gene = Ret F AAT CAG AGC CTG GAC CAC AG

R TGG CAT TCT CCC TCT CTC TG
GAPDH F TGT GTC CGT CGT GGA TCT GA

R TTG CTG TTG AAG TCG CAG GAG
B-Actin F GTG GCATCC ATG AAACTACT

R GGC ATA GAG GTC TTT ACG G

(Cq Calib). The relative gene expression level was calculated as
the normalized relative quantity:

2ACqrer

NRQ

- \/ZACqGAPDH s 2ACqactin ’

where ACqrer = Cqcaip — rer ~ Cdrer,

ACqGappn = CAcaiib - garpn ~ Cdgarpn

and ACqy i, = Cqeyip — Actin ~ Cactin-

Curdlan treatment

6-to-7 week old (NODxB6)F1.RET™ mice were injected intra-
peritoneally twice with an interval of one week with either 100
ng/g body weight of curdlan (InvivoGen) or an equivalent vol-
ume of PBS (100 1L/10 g body weight). Weight, onset of ocular
melanoma and metastasis were monitored weekly and blindly
to the injected material.

Statistical analyses

Difference in time to onset of tumors in various groups of mice
was tested using survival models with the R survival package.
An influence of experimental factors, including RET transgene,
localization, and genetic background on the clinical and immu-
nological parameters was tested with a linear model, after
adjustment for covariates, including sex, age and experiment.
Pairwise comparisons to identify the relevant significant differ-
ences were done using t tests and Bonferroni correction for the
multiple tests was systematically applied. Correlations were
tested using the non-parametric test of Spearman. Longitudinal
data (tumor scores) were compared between groups of mice
using a linear mixed model as implemented in the Ime4 R pack-
age. Effect of the grouping factor (curdlan treatment or Nos2
gene inactivation) was assessed by comparing models with and
without the grouping factor with the anova function.
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