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In brief

Régnier et al. examine the role of FIt3L-
dependent dendritic cells in cancer and
show that both their deficit or excess can
paradoxically extend life in mice and
humans. They identify their beneficial/
adverse/paradoxic roles in 35 human
cancers and demonstrate that Treg
inhibition and FIt3L synergize to improve
cancer survival.
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SUMMARY

FLT3-L-dependent classical dendritic cells (cDCs) recruit anti-tumor and tumor-protecting lymphocytes. We
evaluate cancer growth in mice with low, normal, or high levels of cDCs. Paradoxically, both low or high
numbers of cDCs improve survival in mice with melanoma. In low ¢DC context, tumors are restrained by
the adaptive immune system through influx of effector T cells and depletion of Tregs and NK cells. High
¢DC numbers favor the innate anti-tumor response, with massive recruitment of activated NK cells, despite
high Treg infiltration. Anti CTLA-4 but not anti PD-1 therapy synergizes with FLT3-L therapy in the cDC"' but
not in the cDC"° context. A combination of cDC boost and Treg depletion dramatically improves survival of
tumor-bearing mice. Transcriptomic data confirm the paradoxical effect of cDC levels on survival in several
human tumor types. cDCH'-Treg"° state in such patients predicts best survival. Modulating cDC numbers via
FLT3 signaling may have therapeutic potential in human cancer.

INTRODUCTION

FLT3-L (FL) is a transmembrane/soluble molecule initially identi-
fied as a growth factor' ™ stimulating the differentiation and divi-
sion of early hematopoietic progenitor cells such as LSK
(Lin"Scal*Kit") cells in mice."® FL is recognized by FIt3
(CD135/FIk2), a tyrosine kinase receptor expressed by several
classes of stem/progenitor cells.®” But while FL deficiency af-
fects the frequency of hematopoietic progenitor cells in the
bone marrow (BM), it has little effect on mature lymphocytes
and myeloid cells in the periphery. Instead, FL deficiency results
in an almost complete absence in the periphery of classical den-
dritic cells (cDCs),® a specialized family of CD11c"MHC-
II"FIt3*zDC/Zbtb46™ cells that process and present antigens to
lymphocytes for initiation and regulation of immune re-
sponses.”'® Indeed, FL is essential for the differentiation and
proliferation of cDC and plasmacytoid DC (pDC) progenitors in
the BM.”"'~"® FL is also required for the differentiation of pre-
CDPs into DC1s, a subset of cDCs cross-presenting antigens
to CD8" T cells (CTLs), and into DC2s, a subset of cDCs more

readily priming CD4™* helper T cell (Th) response in vivo."” Once
in lymphoid organs, cDCs may divide,'® but not in an FL-defi-
cient environment.” Excess of FL leads to DC progenitor differ-
entiation, expansion, and migration from the BM to the circula-
tion. FL treatment in human healthy volunteers results in a
phenomenal expansion of DC numbers in peripheral blood.'®'®
Thus, FL appears crucial for the differentiation and peripheral ho-
meostasis of cDCs and represents a promising molecule for
therapy.'®"

In contrast, FL does not directly affect NK cells, as they neither
express FIt3 nor respond to FL in vitro,?? and there is no other re-
ceptor binding FL in the absence of FIt3.?° Instead, NK cell ho-
meostasis/survival depends on IL-15.242” DCs can recycle
and trans-present IL-15 to neighboring cells via their own
IL-15Ra.%®" Instructive experiments using diphtheria toxin
(DT)-mediated depletion in the CD71¢P™ mice suggest that FL
effect on NK cell homeostasis is mediated through DCs.****
However, a genetic proof is lacking. Conversely, in the cancer
context, NK cells can recruit DCs by producing FL** or CCL5
and XCL1%° at the tumor site.
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The FL-dependent mature cDCs efficiently prime naive T cells
for immune response against foreign antigens; they are also
required to induce immune tolerance against antigens at the
steady state®*® and to induce dominant immune tolerance to
tumors.®*~*! In cancer, the involvement of FL-dependent and -in-
dependent DCs is not straightforward.

Cross-presenting rDC1s (LN- and spleen-resident DC1s) and
mDC1s (tissue-to-LN migratory DC1s) promote anti-tumor im-
mune response to cancer’>™° but are also major DC subsets
involved in peripheral Treg (pTreg) induction in vivo.*®™>" Dermal
cDCs and Langerhans cells (LCs) contribute to the mDC popula-
tion when they reach the LNs and are also able to generate
pTregs® that support tumor development,®®** complicating
the interpretation of their role in cancer. Less is known about
the role of DC2 in cancer. DC2 may be suppressive,”® and
rDC2s promote proliferation of tolerogenic thymic-derived Tregs
(tTregs) in vivo.“® Yet some studies uncovered an immunostimu-
latory role for DC2 in cancer in the Treg"® context®® and they pro-
vide beneficial effect when used for vaccination.®” pDCs in can-
cer also have a tolerogenic role in the absence of inflammation
and may inhibit NK cells while boosting Treg recruitment.®®=5?
In addition, pDC depletion leads to better control of tumor
growth, but TLR7 stimulation abrogates their tolerogenic effect
and allows them to induce strong anti-tumor responses.®*-%°

The most straightforward way for DCs to mediate tumor toler-
ance is to stimulate tTregs, the self-specific lymphocyte subset
responsible for maintaining self-tolerance and protection against
autoimmunity.®” In many mouse models of cancer, activated/
memory self-specific tTregs are quickly recruited in the dLNs
and in the tumor site at the early stages of tumor development
by recognizing MHC class ll-presented self-specific anti-
gens.*%8"" Their accumulation leads to generalized suppres-
sion of the anti-tumor response through inhibition of CD4* and
CD8" T cells and NK cells.”®"""? Cancer-associated Treg
recruitment is also observed in humans’®’® and may represent
amajor barrier to effective immunotherapies.”® Indeed, in several
cases, inhibition of Treg suppression enhances anti-tumor im-
mune responses and results in tumor eradication.”%8%-82

As tumors do not express MHC class Il, presentation of tumor
antigens to Tregs must be performed by professional APCs. Un-
der physiological conditions, recruitment and survival of Tregs
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appear to be highly dependent on DC numbers.®® DC deficiency
is indeed associated with depletion of Tregs in humans,®* lead-
ing to auto-immune manifestations.® It is possible that accumu-
lation of Tregs in cancer is mediated by a regulatory feedback
loop between Tregs and DCs. One way to test this hypothesis
is to modify the number of DCs at the time of tumor emergence
by modulating levels of FL.

In this study, we evaluated the effect of FL deficiency/overex-
pression on immune response against highly tolerogenic mela-
noma in mice. We observed that FL deficiency boosts the adap-
tive anti-tumor immune response by diminishing Treg numbers
and function, while FL overexpression favors the anti-tumor
innate response by increasing NK cell numbers and function in
a DC-dependent manner. We validated these findings in
several genetic mouse models of DC depletion and carried
out a proof-of-principle preclinical study to demonstrate that
combination of FL overexpression and Treg depletion can
enhance anti-tumor effects and increase survival of melanoma-
bearing mice.

Using transcriptomic data of cancer patients, we show that
paradoxical FL effect on survival is also evident in some human
cancers. More broadly, most studied human cancers display a
correlation between Treg, NK cell and FL, cDCs and pDC gene
signature expression levels. Thus, FL-dependent DCs control
immune response to cancer via Treg and NK cell homeostasis.
Our results advocate FL as an important biomarker for anti-
cancer immunotherapy decisions.

RESULTS

A paradoxical role for FL in tumor immune response is
linked to DCs

To determine when/how different DC subsets and other immune
cells participate in early tumor immune response, we examined
evolution of immune cell composition in the tumor-draining
lymph nodes (dLNs), which are essential for the initiation of tumor
rejection or tolerance.***®” Using C57BI/6 mice developing
melanomas from B16 cells, we collected dLNs at different time
points following tumor injection. Using multiparameter flow cy-
tometry (gating strategies available in Figures S1A and S2A),
we evaluated the fold change in the proportions of different

Figure 1. FL levels affect DC frequencies and survival of tumor-bearing mice

(A) Tumor appearance drives a transient increase in DC and a sustained increase in Treg frequencies in the dLNs of B16 melanoma-bearing mice (WTg1¢). Fold
change was calculated by dividing the target cell fraction among live CD3~CD19~NK1.1~ cells (left/center) or CD45" live cells (right) in tumor-bearing mice to that
in tumor-free mice (n = 5-15 mice per time point).

(B) Kaplan-Meyer plot showing improved overall survival of B16-bearing FL-deficient (FL ~~g16, blue, n = 17, log rank test difference with Wg1s: p < 0.0001), FL-
overexpressing mice (WTg1s.rL, red, n = 19, p < 0.0001 or WT*FLg, 4, pink, n = 17, p < 0.0001) over control animals (WTg.e, black, n = 24) (4 experiments pooled).
(C) FL levels modify cDC and pDC dynamics in the dLN during cancer development. Fold change was calculated by dividing the target cells fraction among the
CD3 CD19 " NK1.17 in FL ™/ g1g and WT*Lg, 4 tumor-bearing mice to that in WTg16 mice (n = 5-15 per time point). Similar results were obtained in the WTg6.r.
group (not shown).

(D) t-SNE plots of surface and activation marker expression on samples from (C) demonstrate equivalent levels of functional APCs in the dLNs in the three groups
of mice. Each plot is a concatenation of 3 replicate FCS files. Each dot represents a single cell, colored according to the subset. Percentages indicate subset
fraction among live CD3"CD19 NK1.1™ cells. The intensities of expression of CD40/CD86/MHC class Il are overlaid for each condition (small plots).

(E) Tumor growth is delayed in YUMM1.7-bearing FL-deficient (FL~/~yuwm, blue) and FL-overexpressing mice (WT* Ly, red) over control animals (WTyuwm,
black), n = 4-13 per group (2 experiments pooled).

(F) Tumor growth is delayed in MC38-bearing FL-overexpressing mice (WT* ™1y, <3, red) over controls (WTycss, black) but not in FL-deficient (FL ™/~ ycas, blue)
mice, n = 4-14 per group (3 experiments pooled). Multiple Student’s t tests were performed to compare groups. For all tests, *p < 0.05, **p < 0.01, **p < 0.001,
****p < 0.0001.
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Figure 2. FL levels affect frequencies and activity of Tregs and Teffs cells in tumor and dLN

(A) The T cell compartment of WTg16 (black), FL g1 (green), and WTg+6-FL (red) mice were investigated by flow cytometry. Scatterplots show the frequencies of

— Flge

the indicated cell subsets in the dLNs (n = 10-14 per group) or in the tumor (n = 8-9 per group) at day 11 post-inoculation.

(B) Confirmation of the results in WT*" 5,5 mice. Scatterplots show the percentages of Tregs and Th cells at day 10 in tumors of WTg16 (black), FL ™ g1e (green),
and WT*FLg,6 (red) mice (n = 6 per group).
(C) Frequencies of tumor-infiltrating cells expressing the indicated activation markers among the cell subsets described in (A) and the percentage of IL-10-,

IFN-y-, and granzyme-B-expressing cells after ex vivo restimulation (n = 6 per group).
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immune cell subsets (Figure 1A). The appearance of a tumor
reproducibly induces a transient increase of rDC1s, rDC2s,
and pDCs, as well as inflammatory monocytes (infMos), which
peak at day 5 and then fall back to levels observed in tumor-
free mice. Macrophage (Mph) proportions increase later, at
day 11. Among lymphoid populations, only Tregs and NK cells
mirror the increase in DCs, steadily for Tregs and transiently for
NK cells. These results confirm that early tumor development fa-
vors DC recruitment in the LNs.®®

To examine the role of FL-dependent cDCs during tumor
development, we evaluated the effect of FL deficiency and over-
expression on tumor growth and mouse survival. To model
FL deficiency, we used B16 melanoma-bearing FL ™/~ mice®
(FL™""g16) (see Table S2 for abbreviations). To test the effect of
high FL levels, we used mice either bearing B16 tumors overex-
pressing FL (WTg16.r),%° or mice injected with soluble FL during
tumor growth (WT*g46).°° B16 cells do not express the FIt3 re-
ceptor (Figure S1D).

Paradoxically, groups deficient for FL and those with an
excess of FL display extended survival (Figure 1B) and delayed
tumor growth (Figure S1B). Beneficial effect of FL deficiency is
also observed with sunitinib, an inhibitor of the FL-signaling
pathway®' (Figure S1C). High and low FL levels are also associ-
ated with delayed growth of YUMM?1.7 melanoma (Figures 1E
and S1G), an immunologically “cold” model derived from a
tumor in Braf"®°° Pten/Cdk2a~'~ mice.”” In contrast, survival
increased and tumor growth decreased along with FL levels in
mice bearing subcutaneous MC38 colon carcinoma, a model
of a “hot” tumor (Figures 1F and S1H). We speculated that the
non-linear relationship between survival and FL levels in cold tu-
mors is explained by FL effect on the homeostasis of DCs.

To define the short-/long-term consequences of FL loss and
overexpression on DCs and other myeloid populations in tumor-
bearing mice, we measured fold change (Figure 1C) and frequency
(Figure S1E) of the relevant cell subsets in dLNs from the three
groups of mice: WTg1e, FL*/*BW,, and WTg4g.L. In the context of
tumor growth, the proportions of rDC1, rDC2, and pDCs in the
dLNs show sustained positive relationship with FL levels
(Figures 1C and S1E). In contrast, nDC1 and mDC2 display a tran-
sient increase. LC and infMo frequencies are increased in the
FL™'~ setting compared with controls. Resident monocyte, Mph,
and monocyte-derived DC (moDC) frequencies display no correla-
tion with FL levels at any time (Figures 1C and S1E). Thus, the
experimental change in FL levels during tumor development is
associated with changes in the proportion of cDCs in dLNs.

To evaluate functional phenotypes, we used t-SNE analysis of
the flow cytometry data at day 5 (Figure 1D). The levels of
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expression of MHC class Il, CD86, and CD40 on LCs, mDCs,
and other DCs in the dLNs of FL-deficient mice (Figure 1D, left)
remain on a par with control (Figure 1D, center) and FL-overex-
pressing mice (Figure 1D, right), as confirmed by their mean fluo-
rescence intensity (MFI) (Figure S1F). Thus, in FL-dependent DC-
deficient mice, the tumor-draining LNs still contain functional
APCs. We conclude that FL is necessary for the recruitment of
cDCs and pDCs to the tumor but that FL is dispensable for other
APCs, which may initiate the effector T cell responses, as seenin
non-tumor contexts®** and in cancer.”**°

The absence of FL leads to decreased Treg and
enhanced Teff response during tumor development

To understand how changes in DC populations in different FL
contexts influence frequencies of Tregs and Teffs, we exam-
ined flow cytometric profiles of dLNs and established
tumors in the three mouse cohorts. At day 11 of tumor growth,
FL™'~g1¢ mice experience a marked decrease in frequency and
number of Tregs in both organs compared with WTgg, associ-
ated with an increase of Th frequency in dLNs and tumors and
an increase of CTLs in tumors (Figures 2A and S2B). In WTg4e.
FL Mmice, Tregs are increased in both organs and CTLs are
increased in tumors, but Th cells show opposite trends in the
dLNs and in tumors compared with WTg4g (Figure 2A). Similar
results were obtained in WT* g5 mice (Figure 2B). Thus, FL
loss or overexpression translates into changes in Treg and
Teff frequencies.

To investigate the functional status of the Treg/Teff popula-
tions, we measured expression of activation/functional markers
onday 11 in the three groups of mice. In tumor Tregs (Figure 2C),
CD44, CTLA-4 (a molecule essential for their suppressive func-
tion®®), and PD-1 (Figure S2C) expression are positively corre-
lated with FL level (and cDC frequency). Expression of IL-10,
an immunosuppressive cytokine, is lower on the Tregs from
both FL groups compared with control (Figure 2C). ICOS, a cos-
timulatory receptor implicated in Treg expansion®”?® and pro-
duction of IL-10,°7°% is expressed by half of the Tregs in dLNs
in control mice, and while ICOS™ proportion is increased in
both FL groups. However, ICOS MFI remains low in FL " 816
group but very high in the FL™ setting (Figure S2D).

In contrast, the activated and functional Th and CTLs in the tu-
mor are increased in both FL°/FL™ groups, compared with
WTg1e. Expression of CD25 on Th and CTLs (Figure 2C) is higher
in the FL ™'~ group. PD-1 on CTLs is increased 3-fold in both FL
groups, and both groups display an increase in IFN-y production
or granzyme-B expression in Th and CTLs, respectively. Thus,
despite inverse changes in Treg frequencies and activation

(D) Activated Treg and Th cells show, respectively, direct and inverse correlation to DC frequencies in tumor dLNs. Graphs show linear regression analysis of
merged data from mice described in (A), plotting the logarithmized percentages of a given DC’s subset vs. CD44" activated/memory Treg or Th cells. Pearson’s
coefficient of correlation (Pcc), associated p value, and regression curve slope (a) are shown.

(E) FL levels impact Treg division in tumor dLNs. Spleen and LN pooled CD45.1*CFSE-labeled sorted Tregs from tumor-free mice were injected i.v. into CD45.2
tumor-free mice (WT, black), WTg1s (gray), FL "g1e (blue), and WT*F'5,4 (red) CD45.2 mice. CFSE dilution in CD45.1* Tregs was evaluated 10 days after
adoptive transfer (triplicate). Numbers in the histograms indicate percentages of cells that had undergone more than five divisions. Scatterplots summarize the
corresponding percentages of CFSE”L"Tregs. For subfigures (A-C, E), mean + SEM are shown in all scatter plots, and data were compared by Student’s t tests.
(F) Kaplan-Meyer plots show loss of beneficial effect of FL/cDC deficiency in the absence of CD4* and CD8* T cells and the effect of ICBT on FL ™ g mice. Mice
were treated at day 4 of tumor growth by anti-CD4 and anti-CD8-depleting antibodies or at days 5-8 and 8-11 by a cocktail of anti-CTLA4/anti-PD1 antibodies.
Log rank tests were performed to compare groups (n = 5 per group, representative of 2 experiments).

*p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001 for all the subfigures.
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status, tumor-infiltrating Teffs in both FL loss and overexpres-
sion settings bear evidence of enhanced functionality.

As expected, the link between activated Tregs and FL levels is
determined by FL-dependent DC levels. We detected highly sig-
nificant and correlated relationship between DCs and activated
Tregs in merged group analysis, but no or inverse correlation
with activated Th (Figure 2D).

We confirmed that Treg changes are explained by their turn-
over, as observed in tumor-free mice.®>'°° We monitored fluo-
rescence levels of CFSE-labeled CD45.1" Tregs in adoptively
transferred tumor-bearing CD45.2 congenic mice with high/
normal/absent FL and in tumor-free controls. 10 days later,
Treg proliferation in dLNs was stimulated in the context of high
FL, but no proliferation was detected in FL '~ g1 mice (Figure 2E).

Then, we determined whether the enhanced effector status
observed in FL™'~ mice is responsible for the improved survival
in this group. We treated FL™'"g1¢ mice with depleting antibodies
against CD4 and CD8. Treated FL ' "g15 mice display reduced
overall survival (Figure 2F) and accelerated tumor growth (Fig-
ure S2E) compared with the untreated FL~/~g1¢ mice, similar to
the WTg4 mice. Immune checkpoint blockade therapy (ICBT)
in FL™'"g1s mice does not further improve survival, indicating
that CTLA-4 and PD-1 ICs are already neutralized in this context.

Finally, DT-treated zDCP™® BM chimeras, which, unlike the
FL~"~ mice, are only deficient in cDCs, but not in pDCs, present
a 2-fold reduction in Treg, but not Th, proportion (Figure S2F),
longer survival, and delayed tumor growth compared with
PBS-treated chimeras (Figure S2G). Thus, lack of cDCs during
tumor growth is sufficient to deplete Tregs and to improve
survival.

Taken together, our results show that FL-dependent cDCs are
necessary for the Treg-mediated tolerance induction in the tu-
mor. cDC deficiency abrogates the Treg suppressive effect on
CD4 and CD8 T cells and unleashes the adaptive anti-tumor im-
mune response.

Excess of FL during tumor development stimulates
recruitment and anti-tumor activity of NK cells

To determine the nature of the anti-tumor effect of FL overex-
pression, we evaluated the frequencies and activation of NK
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cells, important actors in the immune response against can-
cer,”>"°" in tumor-bearing mice. We found that NK cell fre-
quencies are affected by variations of FL levels (Figures 3A
and 3B). In FL /g1 mice, we observed a 3- to 5-fold reduction
in the frequency and number of NK cells in dLN and tumors
(Figures 3A and S3A). Conversely, in WTg6.F_ group, we de-
tected an increase in NK cell frequency (Figure 3A) and number
(Figure S3A). We confirmed this in WT* 5,5 mice (Figure 3B).
We observed highly increased levels of CD69, ICOS, and
granzyme-B on tumor-infiltrating NK cells in WTg1e.r. mice
compared with WTg4e (Figure 3A). Finally, correlation analyses
revealed that NK cell frequencies in dLNs are positively related
to pDC, rDC2, and rDC1 frequencies (Figure 3C). Of note, high
levels of FL do not upregulate the FLT3 expression in NK cells
and CTLs (Figure S3B). Thus, FL-mediated changes in DC fre-
quencies translate into major changes in NK cell abundance
and activity in tumor-bearing mice.

To test whether NK cells are necessary for the beneficial effect
of FL overexpression, we used WTg1s.r. mice depleted of NK
cells using anti-NK mAbs. NK-depleted WTg1s.r. mice display
accelerated tumor growth and reduced overall survival
compared with untreated mice (Figure 3D). Compared with the
WTg1e group, NK-depleted WTg16.F mice still fare slightly better,
with delayed tumor growth and extended survival (Figure 3D).
Thus, NK cell increase is necessary but not sufficient for the con-
trol of tumor growth by FL overexpression.

To address the role of the other immune cells, we used NSG
mice, which, in addition to NK absence, also lack mature B
and T cells and have defective myeloid cells. The beneficial ef-
fect of FL overexpression is abrogated in NSG mice (Figure 3E),
reproducing the effect of NK depletion in immune-proficient
C57BI/6 mice. Thus, NK cells are the dominant subset respon-
sible for the anti-tumor effect of FL overexpression. Of note,
B16-FL tumors do not grow faster than B16 in NSG mice (Fig-
ure 3E) and have similar growth in vitro, ' excluding a direct ef-
fect of FL on tumor proliferation.

As NK cells recruit CTLs during anti-tumor response,
and as we found more activated CTLs in B16-FL tumors (Fig-
ure 2C), we ablated CD8" T cells alone or together with NK1.1*
cells with cell-depleting antibodies in B16-FL-bearing mice.

103-105

Figure 3. FL overexpression favors in vivo recruitment and anti-tumor activity of NK cells and synergizes with Treg depletion to improve
mouse survival

(A) Left: scatterplots show the frequencies of NK1.1*CD11¢™ NK cells among live lymphocytes in dLN (n = 10-14 per group) or tumor (n = 8-9 per group) at day 11
post-inoculation for WTg1g (black), FL /g1 (blue), and WTg1e.rL (red) groups (3 pooled experiments). Right: scatterplots depict the proportion of NK cells ex-
pressing CD69, ICOS (n = 8-9 per group), and granzyme-B (n = 6 per group) in the tumor for the same mice.

(B) Dot plots show the percentage of NK cells in the tumor at day 10 after inoculation. Scatterplots show corresponding NK cell mean frequency among lymphoid
cells (n = 6 per group). Data shown and error bars in (A) and (B) are expressed as means + SEM.

(C) NK cells show positive correlation to DC frequencies in tumor dLNs. Graphs show the linear regression analysis of merged data from mice described in (A),
plotting as in Figure 2D. Pearson’s coefficient of correlation (Pcc), associated p value, and regression curve slope (a) are shown.

(D) Graphs show tumor growth and overall survival of mice from the following groups: WTg+e (black, n = 10), WTg+6F treated with two injections of PBS (red,
n = 16) or NK-depleting mAbs (Asialo-GM1, light blue, n = 10; or PK136, dark blue, n = 10).

(E) Graphs show the tumor growth/overall survival of WTg1 (black, n = 5), WTg4e-r (red, n = 6), NSGg16 (gray, n = 8), and NSGg1e.rL (Orange, n = 9) mice.

(F) Overall survival of mice: control WTg1 (black, n = 5), untreated WTg+e.F (red, n = 8), or WTg46.r_ treated with anti-NK-depleting mAbs (PK136, orange, n = 4),
anti-CD8-depleting antibodies (WTg16-FL + anti-CD8, pink, n = 5), or both (WTg16.F + anti-CD8 + PK136, maroon, n = 5). Survival curves were compared using log
rank tests.

(G) Synergistic effect of FL overexpression and Treg depletion on survival of melanoma-bearing mice. Graph shows the overall survivals of WTg4¢ (black, n = 5),
WT* g 6 (red, n = 10), WTg16 + anti-CD25-depleting mAb (dark blue, n = 5), and WT* "5, + anti-CD25-depleting mAb (light blue, n = 5). All survival curves were
compared using log rank tests, whereas tumor growth timepoints were individually compared (timepoint-matched) using Student’s t tests. For the left graphs of
(D and E), asterisks match the group color against which the comparison was made. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Isolated depletion of CD8* cells compromises survival of
WTg1e.FL Mice, but the effect did not reach statistical signifi-
cance, while survival of WTgy6.r. mice with isolated depletion
of NK cells is significantly lower than the untreated WTg1g.FL
mice (Figures 3F and S3C). However, survival is further compro-
mised in the absence of both NK1.1* cells and CTLs. We
conclude that CD8* T cells contribute to the anti-tumor response
led by NK cells in an FL" context.

Synergistic effect of FL overexpression and Treg
depletion or ICBT on tumor growth and mouse survival
To test whether FL overexpression and Treg depletion cooperate
in anti-tumor activity, we injected B16- or B16-FL-bearing WT
mice with Treg-depleting anti-CD25 mAb. The beneficial effects
of isolated Treg depletion or FL treatment alone are similar, with
2-fold extension in survival compared with untreated mice (Fig-
ure 3G). The combination therapy further improves survival,
with a majority of mice surviving over 100 days, five times over
the untreated (Figures 3G and S3D). Treatment of WTgie.FL
mice with CTLA-4, but not with PD-1, ICBT also cooperates
with FL overexpression (Figures S3E and S3F). Thus, FL overex-
pression and Treg depletion/ICBT combination produce a syner-
gistic effect against experimental tumors in mice.

The increase in NK1.1* cells by FL overexpression is
mainly due to the recruitment of fully mature NK cells to
the tumor

While most NK1.1* cells are bona fide NK cells EOMES*CD49a "),
the NK1.1* population also contains an ILC1 subset (EOMES™
CD49a*) and a sub-population of ILC3 (EOMES~RORyT"). More-
over, we wondered whether iNKT cells (TCRVa14Ja18*CD3*
NK1.1*) are also modulated by FL overexpression. We thus
analyzed NK1.1* subpopulations in B16/B16-FL tumors and
dLNs to discriminate between these subsets. We confirmed that
bona fide NK cells accumulate in the tumor and dLNs in B16-
FL-bearing mice (Figures 4A—4C). FL also induces full maturation
of NK cells in the B16-FL tumor, illustrated by increased CD11b
and lower CD27 expression'°® compared with NK s from B16 tu-
mors (Figure 4D). ILCs are less consistently affected by FL overex-
pression: ILC1 are increased in B16-FL tumors compared with
control (Figure 4B) but not in the dLNs (Figure 4C). In contrast,
ILC3 accumulate in dLN from B16-FL but not in the tumor
(Figures 4B and 4C). The frequency of iNKT cells in the tumor
and the dLNs is lower in the B16-FL group (Figures 4B and 4C),
excluding a significant role for these cells in this context. Overall,
ILCs represent a minority of the NK1.1* cells in tumors and dLNs
of WTg1erL mice (Figures 4B, 4C, and S4). We conclude that tu-
mor-infiltrating NK cells are more mature in the presence of FL,
while the FL effect on ILC subsets is heterogeneous.

cDCs control NK cell homeostasis in vivo

To determine whether the effect of FL on NK ¢ is direct or indi-
rect, we confirmed the absence of FIt3 receptor expression on
mature NK cells (Figure 5A). Furthermore, NK progenitors from
the BM do not express Fit3, contrary to CLPs (Figure 5B, top).
Similar results were obtained for thymic-NK precursors (not
shown). FL overexpression does not modify the frequencies (Fig-
ure 5C, bottom) and numbers (Figure S5A) of NK progenitors in
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the BM or in the thymus (not shown), consistent with in vitro
data.?? Taken together, these results exclude a direct role of
FL in the accumulation of NK cells in dLNs and tumor sites.

To test whether the increase in NK cells in FL-overexpressing
tumor-bearing mice is fostered by cDCs, we made a model that
combines DC deficiency and FL overexpression: B16-FL tumor-
bearing zDCP™® BM chimeras, zDCP™Fg6.r. . As expected, PBS-
treated zDCP™Fg 4., retain high cDC and NK frequencies, while
DT-treated chimeras show a 40-fold reduction in the number of
DCs but also an 8-fold decrease in NK cell proportions in the
spleen/dLNs, despite B16-FL tumor presence (Figure 5C). This
decrease in NK cells is not a result of an impaired NK cell differ-
entiation in the BM (Figure S5B). Moreover, the cDC-mediated
effect on NK cell levels is also observed in the absence of tumors
(Figure 5C). This confirms that NK cell homeostasis in vivo is
controlled by FL-dependent cDCs and not by FL overexpression
directly.

To assess the contribution of the DC1 (CD8* rDCs and CD103*
mDCs) subset in the control of NK cells homeostasis, we used
the Batf3~’~ BM chimera model of DC1 deficiency. Despite a
two-thirds drop in DC1, these chimeras show modest NK deple-
tion in comparison with the DT-treated zDCP™ chimeras (Fig-
ure 5D compared with Figure 5C). Importantly, FL overexpres-
sion is no longer accompanied by NK cell increase (Figure 5D).
We conclude that cDCs and especially DC1 are required for
FL-associated increase in NK cells in tumor-bearing mice.

FL/dendritic cell paradox in cancer patients

We hypothesized that cancer patients expressing FL levels
strongly deviating from the average may be similar to the exper-
imental situations of FL loss and FL overexpression that we
created in mice. Thus, we analyzed transcriptomic data from
TCGA melanoma cancer (SKCM) project. We separated patient
cases into three groups (low, medium, and high expression of FL
mRNA) and examined putative links between FL levels and im-
mune cell transcriptomic signatures in the tumor samples (see
STAR Methods and Table S1). To estimate the abundance of
DC1, DC2, pDC, Treg, and NK cell gene signatures, we calcu-
lated a “quantitative score” (QS) (see STAR Methods) represent-
ing the mean of expression of the genes composing each signa-
ture. Consistent with our observations in mice, QSs for all five
immune cell subsets (DC1, DC2, pDC, NK, and Treg) are posi-
tively associated with FL expression levels (Figure 6A). DC1/
DC2 gene signatures also strongly correlate with Treg and NK
signature levels in these patients (Figure 6B), indicating conser-
vation in humans of the biological relationship observed in mice.
In addition, FL, but not a control gene (DMD), correlates with Treg
and NK cell signature intensity (Figure 6C).

In mice, DCs may control NK cell homeostasis by IL-15 trans-
presentation to NK cells via IL-15 receptors (IL-15R) present at
the DC surface.?® Conversely, IL-2 can be produced by DCs'?”
and favor NK proliferation.'%'%° To verify this in humans, we
evaluated IL15, IL15RA, and IL2 expression levels in relation to
the expression of DC1, DC2, and NK signatures in the melanoma
cancer patients. We show that IL75 and IL15RA and, to a lesser
extent, IL2 expression are correlated to DC1, DC2, and NK cell
signatures in these patients, suggesting that, in humans,
DCs support NK cell peripheral homeostasis through IL-15
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Figure 4. NK1.1* cells recruited to tumors and dLNs in the FL" setting are mainly fully mature NK cells

(A and B) Representative contour plots (left) and floating bar quantification plots (right) of the indicated cell subsets in tumors from WTg16.,. mice (red, n = 5)
compared with WTg4g mice (white, n = 5). (A) Frequency of Lin"(CD197F4/807Ly6G ) NK1.1* cells among live CD45" cells.

(B and C) Frequency among tumor (B) or LN (C) CD45*cells of: CD1d-Tetramer*NK1.1*CD3*CD8~ iNKT cells, CD3"EOMES*CD49a~ NK cells,
CD3 EOMES™CD49a* ILC1 cells, and CD3"EOMES™CD49a RORgT" ILC3 cells.

(D) Representative histogram plots and floating bar quantification plots of MFI for CD11b and CD27 on the tumor-infiltrating NKs, ILC1, ILC3, and iNKT. Student’s

t test (*p < 0.05, **p < 0.01, **p < 0.001).

trans-presentation (Figures 6D, 6E, and S6A). The link between
IL-2, NK cells, and DCs is less clear, as IL-2 may also drive DC
expansion.' "’

Next, we analyzed survival and transcriptomic data from all
cancers of the TCGA and TARGET projects. Consistent with
the animal data, the paradoxical survival pattern is observed
in three cancer types, including acute myeloid leukemia
(AML), Wilms tumor, and pancreatic cancer, collectively repre-
senting at least 4.6% of new cancer cases each year in the
USA (Figure 6F, top left). In other types of cancer, high FL
levels are associated with beneficial outcome in 17 cancer
types including SKCM (Figure 6F, top center) or with detri-

mental effect in seven cancer types (Figure 6F, top right). In-
dividual cancers are shown in Figure S6B. To test how the
level of DC transcriptomic signatures in patient tumors impact
patient survival, we used DC-specific gene signatures and
observed similar paradoxical, beneficial, or detrimental effect
of DC signatures on survival, varying according to the DC sub-
type (DC1, DC2, or pDCs) and cancer type (Figures 6F and
SB6C-S6E). This shows that, in 35 human cancers, survival is
significantly modulated by DC infiltration within the tumor.
We also observed positive correlation of the effect of FL
mRNA expression with cell signature strength in patients of
each pooled cohort shown in Figure 6F, thus independently
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of the FL effect on survival (Figure 6G). Biological relationship
between FL and immune cell infiltration is thus conserved be-
tween humans and mice.

Finally, we wondered whether high FL gene and low Treg
signature expressions would synergize to improve survival in
FL paradoxical cancers. In AML, WT, and PAAD cancers, the co-
horts of patients with either low Treg signature abundance or
high FL gene expression have better survival compared with
other patients (Figures 6H and S6F). Impressively, patients with
tumors showing combined high FL gene and low Treg signature
survive significantly longer than other groups, with 70% of pa-
tients surviving longer than 5 years (Figure 6H), thus reproducing
results we obtained in mice (Figure 3G).

DISCUSSION

Our study reveals that a tightly regulated level of FL is essential
for tumor growth. We discovered paradoxical beneficial effect
of high and low FL levels on anti-tumor immune response and
that high FL and low Treg levels synergize to improve survival
in mice and humans with certain cancers. We show that DC
levels correlate to Treg and NK cell levels in both mice and hu-
mans, irrespective of the type of cancer, and provide genetic
proof that cDCs govern NK cell, as well as Treg homeostasis in
mice. In the cold tolerogenic B16 melanoma model, low levels
of FL stimulate adaptive anti-tumor immune response, while
high levels of FL favor innate anti-tumor immune response.
Similar outcome is observed in the cold YUMM1.7 melanoma
model. However, tumor growth and FL levels are negatively
correlated in the hot MC38 colon carcinoma model. Our work
thus reconciles and clarifies a body of conflicting reports on
the beneficial/detrimental effect of FL on survival in cancer pa-
tients (see below).

We establish that FL effect on the immune response to mela-
noma tumors in mice is mediated through DCs. First, DCs are
responsible for the recruitment of Tregs in the dLNs/tumor
microenvironment. Then, Tregs keep in check the tumor-specific
Teffs and NK cells and thus permit tumor growth.”®">"® This
regulation is abrogated in FL-deficient mice, which lack cDCs
and pDCs. Consequently, Teffs and their activation are
increased, leading to an improved tumor control. This is consis-
tent with multiple accounts of the central role of Teffs in tumor
immune response.””""""""2 CD4* Th cell levels are inversely
correlated to FL-dependent DC levels, likely mediated by the
FL-independent APCs in these mice. Teff recruitment/activation
has been reported in tumor-free mice without DC®*°° or with
non-functional DCs''® and in DC-deficient tumor-bearing
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mice,"'* reinforcing the idea that different APCs direct distinct
T cell responses.*°

We confirmed these results in sunitinib-treated mice and in the
FL-independent zDCP™ model of cDC depletion. This excludes
putative compensation that may be at play in a constitutive
knockout model. In the latter model, survival gain was more
modest than in FL ™/~ mice, possibly explained by the absence
of Th increase in the chimeras. In support, a 25% decrease in
B16 growth in DT-treated zDCP™" mice is reported by the Boy-
man group''® (Figure 6H of their article). Also, zDCP™ mice
only lack cDCs, while FL =/~ mice lack pDCs, cDCs, and, surpris-
ingly, moDCs, possibly an indirect consequence of the depletion
of cDC/pDC. We did not observe any clinical difference in DT-
treated vs. untreated CD11cP™ B16-bearing mice (not shown,
corroborated by Raeber et al.''?), probably because CD11c is
also expressed on NK cells."'>""® The evidence that both
cDCs and pDCs may establish immune tolerance in cancer as
in autoimmune disease is in agreement with the most recent liter-
ature.*®°* 117118 Finally, depletion of CD4* and CD8" T cells ab-
rogates the survival benefit in the FL ™ ~g1¢ mice, formally tying
up tumor control in the FL'° setting to adaptive immune
mechanisms.

In B16-bearing mice with high levels of FL, an increase in FL-
dependent DCs favors recruitment of efficacious granzyme-B™*
NK cells. FL overexpression not only slows tumor growth but
also results in complete tumor regression in a substantial pro-
portion of mice. FL treatment was previously shown to boost
NK cell numbers,"' although this was considered a transient
effect, insufficient for anti-tumor immune memory in some
models."?° Yet, in the highly tolerogenic B16 model, combina-
tion therapies with FL produced remarkable results.”>** We
formally show that the beneficial effect of FL on survival is abol-
ished by NK cell ablation to an extent similar to that seen in
immunodeficient mice. Noteworthily, NK cell depletion alone
does not accelerate B16 tumor growth (Figures S3G and
S3H; Wilson and coworkers'?"'??). In agreement with Salmon
et al.,** we also observe an increase in activated CTLs in the
tumors of FL-treated mice. This increase may be explained
by the direct recruitment of CD8" T cells to the tumor by
CD103* DC1 cells, as proposed by these authors, or by
“help” from NK cells.'%*7%512% These mechanisms are not
mutually exclusive. In any case, depletion of CD8* T cells
further reduces survival of NK-depleted B16-FL-bearing mice,
but isolated CD8 depletion has a weak effect, suggesting that
both NK cells and CTLs are necessary for the anti-tumor
benefit of FL, but only the NK cells are sufficient to substantially
improve survival.

Figure 5. cDCs control the homeostasis of NK cells

(A) Representative histogram (left) shows FLT3 expression in DCs (green) and NK cells (orange). DCs labeled with control antibody are in gray. Bar plots show the
percentage of FIt3* cells and FIt3 MFI in the indicated populations from the dLNs of WTg4¢ mice at day 11 of tumor growth (n = 3 per group, representative of 2

experiments).

(B) NK precursor frequency and FIt3 expression in the BM of tumor-bearing mice. Bar plots show percentages of FIt3* NK precursors (top row) and percentages of
NK precursors among live Lin~ cells (CD19 CD3 Ter119 CD11b") (bottom row) in the BM from the indicated groups on day 11 (n = 3-6 per group).

(C) cDCs control NK cell homeostasis in the context of FL overexpression. Representative pseudo-color plots and bar quantification plots of DC and NK cell
abundance in spleens and dLNs from Zbtb46°"7 — B6 BM chimeras mice treated for 11 days with PBS or DT and with or without B16 or B16-FL tumors (n = 3-6

per group, 2 experiments pooled).

(D) dLNs from B16 or B16-FL tumor-bearing or tumor-free chimeras reconstituted with BM cells from Batf3~'~ mice show reduced proportions of rDC1 (left),
mDC1 (center), and NKgs (right) at day 11 post-inoculation compared with non-chimera controls (n = 3 per group).

Cell Reports Medicine 4, 101256, December 19, 2023 11




¢? CellP’ress Cell Reports Medicine

OPEN ACCESS

A DC1 DC2 pDCs NK Tregs B
. k. k. sk ey
) 10 15 4 15
ke g 5 5 I FLT30 patients
g § 0 0 0 0 . FLT3int patients
] g -5 B -5 [ FLT3 patients
PR -10 -10
@404 154 44 15 ~104
[H FLlo patients M FLhi patients
C Pcc = -0:0352 Pcc = 0.6581 .
. w 031 . F
© N . Inverse
5 2 el Paradox Correlation cancer n N
3 S . . BLCA 411 Correlation
3 | & : S BRCA 1085
x |- L 4 : 1001 1007 cesc 288 1007
Z | e i . ESCA 153
e ag g @ o 80 804 wrk GBM 152 g | *kkk
p=04513.. - © p<0.0001 HNSC 483 Cancer n
- Cancer n KICH 59 COAD 427
Pec = 0.1046 Pocc=05406 . - i 60 *panp 169 007 Ghe e % o6 4o
e e a=1231 " .- 'S WT 115 LUAD NBL 147
o r . B . o ,‘- 404 AML 268 404 Lusc oV 370
5 . : PCPG *%% READ 145
8 20qn=92 204 29 ;i:g STAD 342
o n=3% SKe
2 : e 0 THCA
= s 012345 0 ucs
p=0.0249 Cancer
1001 100 LIHC
BLCA
PRAD
g 8o cancer n 20 ACC
2 wx AML 258 Lusc
T 60 ESCA 153 604 wr Cancer n
C PAAD 169 MESO UM 77
K=l X5 oV 370 % SARC CHOL 32
» 404 KicH so 40 SKeM STAD 342
S5 CESC 288
2040 =172 TGCT 118 (4
o n=o71
=271
e 0
123 45
100+ 100+
Cancer n Cancer
o 80 s AL 256 g BLCA 411 80+
5 PAAD 169 e eSO 81
3 - W 1ee CHOL 32 Cancer n
© 609 on 5o 601 Cesc 288 60 *+ LGG 408
5 KIRC 498 ACC 79 o
2 40 DLBC 46 40 NBL 147 404 o e
[ SKCM 447 GBM 152
~ PRAD 479 e B STAD 342
[&) SARC 230 204n-525 HNSC 483
o UCEC 522 nj;ggg PCPG 160 .
0 —T—T T ——T—T—T 1
012345 123 45
100+ 100+
o 804 Cancer n g0 804 ol
5 F**% ESCA 153 Cancer n Caneer
= BLCA 411
© ] i ACC 79 50 TGCT 118
c S0 oy LHc 342 60 sarc 235 60 LGG 498
o8 KICH 59 CESC 288 STAD 342
@ 404 LUSC 464 404 HNSC 483 40 ov 370
w LUAD 472 THYM 111 KIRC 498
8] SKCM 447 AML 258 wxxx UM 77
A 20qn-e7 UCEC 522 20 20n-2
a n=1862
=537
e 0
01 2 3 45 0
Time (years)
[ FLT3lo patients Il FLT3int patients [l FLT3Ni patients
E G DC1 DC2 pDCs NK Tregs
& & 5ok [ 3o dkkk Bk 3o kkkw
b o0 o ik ok o 3 k. k.
FESRANV e SIS 4 24 4 24
2 14 24 1
] 0 o1 01 Cancer n
-2 14 -24 14 PAAD 169
) WT 115
5 -44 -2 -4 -2 AML 258
o
7] Fekkk Hekkk B P Hkkk B e
o S S TR e T
S 44 2
2 c
© 1 54
5 5 4 N ’
2 012345
(2] 0 0 01 01 Time (years)
 E
2 8 ] -14 -5+ N
23S ] 5 — FLIofint & T,qsthi patients
7 5 . . i
= ST U mm Cmm 0 — FLioft & Tegsle patients
3 . Z — FLhi & T, patients
< c 1 E " .
P 2 0.54 — FLh & Teqsl0 patients
» = 21 14
33 04 04 04 04
zt 2
E5 -21 -1+
-2+ -0.54
o ] 2]
4 - 1 - R
[ FLo patients [l FLh patients

(legend on next page)

12 Cell Reports Medicine 4, 101256, December 19, 2023



Cell Reports Medicine

Also, we provide genetic proof that NK cell homeostasis is
maintained by FL-dependent zDC* cDCs, as their depletion in-
duces profound NK cell deficiency despite the high levels of
FL. Absence of changes in NK precursors in the BM also argues
against a direct FL effect on NK cell differentiation despite evi-
dence that FL spreads to the BM.%*° Noticeably, only DCs ex-
press the FLT3 receptor in the tumor environment.'?* High levels
of FL do not modulate FLT3 expression in NKgs and CD8" Teeis
contrary to DC.'?>'?® Experiments in a DC1-less Batf3~'~chi-
mera model, with 70% drop in DC1 and 30% decrease in NK
cells, suggest that DC1 subset is at least partially responsible
for NK cell number maintenance. While we cannot exclude that
the remaining DC1 are sufficient to maintain NK numbers in
this model, it is likely that other FL-dependent DC subsets are
necessary for NK cell homeostasis.

Human cancer patient data show a clear positive correlation
between FL levels and DC/NK cell and IL15/IL15RA expression.
This argues that DC control of NK cells is mediated by IL-15/IL-
15R in humans, a mechanism determined by a wealth of studies
in mice®®2%:39:32:33 and also reported to stimulate CTLs.'?”

Our results highlight that the canonical “ménage a trois” be-
tween DCs, Tregs, and Teffs used to explain immune regula-
tion'?® is actually a “foursome” that includes NK cells (graphical
abstract and supplemental discussion). Supporting this view is
recent evidence that NK cells help recruit DCs in the tumor by pro-
ducing chemokines®® or FL** themselves. The refined view on
this multiplayer equilibrium may help to identify promising thera-
peutic combinations to be targeted for tumor elimination. Our
study also offers a solution to a problem complicating therapeutic
use of FL in cancer. We find that an unfortunate consequence
of FL treatment is an increase in activated Tregs in the dLNs
and the tumor microenvironment, as in tumor-free mice.®®
Others found that pDCs, too, are able to promote suppressive ca-
pacities (IL-10 production) of Tregs through the ICOS/ICOSL
pathway.*%'29""*" |n our study, the numbers of ICOS* Tregs are
correlated with FL and pDC levels. However, IL-10-expressing
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Tregs are at the highest level in the FL-normal setting, which
may explain the very poor anti-tumor immune response at base-
line FL levels. FL overexpression did not increase IL-10 produc-
tion by tumor-infiltrating Tregs. Instead, they upregulate
CTLA-4, another potent suppression mediator for Tregs. There-
fore, to deliver the full therapeutic power of FL against cancer, it
is essential to silence the FL effect on Tregs. Our results argue
that a combination of FL treatment with Treg inhibition is a prom-
ising approach for anti-cancer treatment. Anti-CTLA-4 with or
without anti-PD-1 ICBT also synergizes with FL excess but is inef-
fective in the FL-deficient context. Thus, CTLA-4 ICBT is more
efficient in the Treg™ than in the Treg"® context, hinting that, in
this model, Tregs and not Teffs are the main target of CTLA-4
ICBT. As a cautionary note, PD-1 ICBT activates and stimulates
division of PD-1* Treg, leading to hyperprogressive disease in
gastric cancer.”® This may explain the disappointing outcome
with this ICBT in the FLM context (Figures S3E and S3F). Treg
profiling may be necessary for selecting patients who will benefit
from the FL/ICBT combination therapy.

Our analysis of human gene expression data shows, once
again, that in cancer “rien n’est tout noir, rien n’est tout blanc”:
exceptionally high or low levels of FL expression have paradox-
ical beneficial effects in some cancers, an unexpected clinical
outcome, and clear beneficial or detrimental effect in others.
Similar results were obtained for DC1, DC2, and pDC transcrip-
tomic signature expression, illustrating the pivotal role of DC in
both rejection?®** 327134 and tolerance*®-°%-94114:135 of cancer.
Importantly, our experimental results explain the mechanistic
underpinnings of this heterogeneity, raising hopes that FL
expression/DC characterization in diagnostic samples may
help to predict treatment outcomes and determine patients
who may benefit from immunotherapies aimed at boosting or in-
hibiting DCs. Indeed, the pleiotropic effects of FL that we have
discovered in human gene expression data are reflected in
mixed reports coming from FL clinical trials, some showing
beneficial,"**'%® weak/null,?*"%%'“° or detrimental effects for

Figure 6. The FIt3-L paradox in human cancers

(A) cDC, NK cell, and Treg gene expression signature levels correlate to FL expression levels independently of the survival profile in primary/metastatic SKCM
cases. Histogram bars show the percentages of variation of the quantitative scores (QSs) of FL"° FL" groups of patients relative to the QS of the group of patients
with medium expression of FL mRNA (n = 447 patients).

(B) cDC, NK cell, and Treg gene signature QSs correlate together in melanoma cancer patients. 3D graphs show the variations of the indicated parameters for
each patient from the SKCM cohort. Each dot represents one patient and is colored according to the associated FLT3 gene expression: FLT3 low (blue), in-
termediate (black), and high (red).

(C) 2D graphs illustrate the correlation between NK cell signature QS and FL or DMD (control) genes transcriptomic expression in each patient with melanoma.
Plotting as in Figure 2D.

(D) IL15 and IL15RA transcriptomic expression correlates with FL and FLT3 expression and with NK cell signature QS in melanoma patients. 3D graphs show the
variations of the indicated parameters for each patient from the SKCM cohort. FLT3" (blue), FLT3™ (black), and FLT3" (red) patient groups are depicted.

(E) Correlation heatmap of the indicated cell population QSs and the indicated gene expression in the melanoma patient cohort. Mean Pcc of IL15RA vs.
others >0.74, mean Pcc of IL15 vs. others >0.58, and mean Pcc of /L2 vs. others >0.53. All correlations presented are significant (p < 0.05) with Pcc > 0.

(F) FL gene and DC gene signature expression have paradoxical effects on patient overall survival in some cancers and are beneficial or detrimental in others.
Kaplan-Meyer graphs summarize the overall survival of pooled patients (high expression, red; intermediate, black; low, blue) with cancers in which FL gene, or
DC1, DC2, and pDC signature expression levels have a paradoxical, beneficial, or detrimental effect on survival. List of cancer types included, cohort size, and log
rank tests p value summary comparing low or high group vs. medium group survivals are indicated.

(G) DC, NK cell, and Treg gene signature expression levels correlate to FL gene expression levels independently of the survival profile in various cancers. QSs for
the indicated cell subset-specific gene signatures were calculated as in (A) for each of the patients of every group (FL-lo/int/hi) shown in (F). Histogram bars show
for each signature the percentages of variation relative to the intermediate group. Student’s t tests were used to compare groups.

(H) Kaplan-Meyer graphs show overall survival of the indicated patient groups from FL-paradox cancers (AML, WT, and PAAD). Patients were separated ac-
cording to their FL gene/Treg signature expression. Cohort size and log rank tests p value summary are indicated. *p < 0.05, **p < 0.01, **p < 0.001, and
****p < 0.0001.
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patients.’*""'%? It is thus important to take into account that can-

cer location/origin may pre-determine the immune microenviron-
ment composition.'*®

In some human cancers, FL has a growth effect on tumor
cells."**1% |n AML, ITD mutation may render FL T3 constitutively
active and lead to uncontrolled leukemic blast proliferation.'“®
However, not all AML cells possess this mutation'*”'*® and/or
respond to FL.'** FL inhibition in AML was deemed successful
in some studies'®® but had mixed performance in
others.'#15%.151 This direct effect of FL on the tumor in some
AML may explain why high FLT3 expression has a negative effect
on the survival of some patients. But the FL effect on the immune
system may explain cases where high FL expression has a bene-
ficial effect on survival, a clinically important implication. Of note,
homozygous FLT3'™"™° mice with constant FL signaling
develop leukocytosis and progressive splenomegaly,’*? sug-
gesting that FL therapeutic use should be carefully designed.

In conclusion, we present a biological equation that reveals the
fine balancing act played by FL on immune response and toler-
ance, and even on the cancer cells themselves. At the center of
this equation lies the unique ability of DCs to influence the immune
response to cancer via the control of Treg and NK cell homeosta-
sis. This equation invites a refined view on a body of pre-clinical
and clinical data investigating the utility of FL against cancer
and offers a fresh paradigm for treatment schemes in oncology.
A boost of cDCs by recombinant FL may be beneficial when com-
bined with Treg depletion or with ICBT.?%**'%® Accordingly,
blockade of FL signaling using FL inhibitors may also give thera-
peutic effect, particularly if supplemented by putative NK-stimu-
lating therapies. Such a personalized approach may help harness
the power of FL as a master immune regulator. Our results and
others''?""8 also reveal the central role of FL-dependent DCs in
the anti-tumor immune response in humans and in mice. lllumi-
nating both sides of the DC effect on cancer paves the way for
rational design of anti-cancer immunotherapies.

Limitations of the study

Our study was not designed to identify an epistatic relationship
between individual FL-dependent DC subsets. It is possible
that some subsets are required to initiate the anti-tumor effect
while others are required for its maintenance. Dissecting the
role of individual subsets may help determine when and how
DC1, DC2, and/or pDCs recruit Teffs, Tregs, and NK cells during
the development of FL™ or FL"° tumors.

Our observations in FL-deficient mice indicate that some FL-
independent cell subsets participate in anti-tumor immune
response. However, we did not seek to identify the FL-indepen-
dent APCs able to prime Teffs in the absence of cDCs or to deter-
mine whether these function only in isolation or in concert with
FL-dependent immune subsets. Deciphering the mechanisms
behind the difference in immune responses in B16 vs. MC38 in
the FL"° setting also requires more investigation.

Our human data analysis favors IL-15 trans-presentation as a
likely mechanism by which DCs recruit NK cells in FLM context in
agreement with other studies.”®?°*' However, we did not
formally interrogate the cytokine/chemokines crosstalk between
DC and NK. In mice, profiling/depleting IL-15 or IL-2 on relevant
subsets may help determine whether these cytokines increase
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because DC numbers increase or if there were other means for
NK-dependent anti-tumor response in FL™ mice. In support of
the former possibility, in FL-treated tumor-free mice, Guimond
et al. report an increase of 4.5- and 2-fold in blood and spleen,
respectively, of IL-15 mRNA, while it remained constant per indi-
vidual DC.**

We used an original method to estimate cell subset presence
in bulk transcriptomic profiles from patient biopsies. However, all
methods to detect cell abundance in bulk transcriptome data
have their limits, and transcriptomic signatures for individual
cell subsets remain imperfect. It may be useful in the future to
characterize tumor-infiltrating DCs, Treg, and NK cells in cancer
patients by other methods on a large scale.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Asialo-GM1 (uncoupled, clone BioLegend Cat# 146002; RRID: AB_2562206

Poly21460)

Anti-CD25 (uncoupled, clone 7D4)
Anti-CD3e (clone 145-2C11)
Anti CD3 (clone 17A2)
Anti-CD4 (clone RM4-5)
Anti-CD8u. (clone 53-6.7)

anti CD8a. (clone 53-6.7)
Anti-CD11b (clone M1/70)

Anti CD11b (clone M1/70)
Anti-CD11c (clone HL3)

anti CD11c (clone N418)
Anti-CD16/32 (clone S17011E)
Anti-CD19 (clone 6D5)
Anti-CD19 (clone 1D3)
Anti-CD25 (clone 7D4)
Anti-CD27 (clone LG.7F9)
Anti-CD40 (clone HM40-3)
Anti-CD44 (clone IM7)
Anti-CD45 (clone 30-F11)
Anti-CD49a (clone IM7)
Anti-CD62L (clone MEL 14)
Anti-CD69 (clone H1.2F3)
Anti-CD86 (clone GL1)
Anti-CD103 (clone M290)
Anti-CD135 (clone A2F10)

Anti CD135 (clone A2F10)
Anti-CD206 (clone C068C2)
Anti-CTLA-4 (clone UC10-4F10-11)
Anti-DC-SIGN (clone MMD3)
Anti-EOMES (clone X4-83)
Anti-EpCAM (clone G8.8)
anti-F4/80 (clone BM8)
Anti-F4/80 (clone BM8)
Anti-FoxP3 (clone FJK-16s)
Anti-IFNy (clone XMG1.2)
1gG2a, « isotype Ctrl (MOPC-173)
IgG2a kappa Isotype Control (eBR2a)
Anti-IL-2 (clone JES6-5H4)
Anti-IL-10 (clone JSE5-16E3)
Anti-IL-17 (clone TC11-18H10)
Anti-Ki-67 (clone SolA15)
Anti-KLRG-1 (clone 2F1)

BD Biosciences
BD Biosciences
BioLegend

BD Biosciences
BD Biosciences
BioLegend
eBioscience
BioLegend

BD Biosciences
BioLegend
BioLegend
BioLegend

BD Biosciences
BD Biosciences
eBioscience
eBioscience
eBioscience
BD Biosciences
BD Biosciences
BioLegend

BD Biosciences
BD Biosciences
BD Biosciences
eBioscience
eBioscience
BioLegend

BD Biosciences
eBioscience
BD Biosciences
BD Biosciences
BioLegend
eBioscience
eBioscience
BD Biosciences
BioLegend
eBioscience
BD Biosciences
BD Biosciences
BD Biosciences
eBioscience
BD Biosciences

Cat# 553072; RRID: AB_394604
Cat# 564379; RRID:AB_2738780
Cat# 100240; RRID: AB_2563427
Cat# 563050; RRID: AB_2737973
Cat# 563152; RRID: AB_2738030
Cat# 100747; RRID: AB_2563510
Cat# 47-0112-82; RRID: AB_1603193
Cat# 101222; RRID: AB_493705
Cat# 563048; RRID: AB_2734778
Cat# 117339; RRID: AB_2562414
Cat# 156603; RRID: AB_2783137
Cat# 115504; RRID: AB_313638
Cat# 563235; RRID: AB_2738085
Cat# 553072; RRID: AB_394604
Cat# 11-0271-82; RRID: AB_465001
Cat# 11-0402-85; RRID: AB_465030
Cat# 35-0441-83; RRID: AB_469716
Cat# 564279; RRID: AB_2651134
Cat# 562113; RRID: AB_11153312
Cat# 104440; RRID: AB_2629685
Cat# 553236; RRID: AB_394725
Cat# 564200; RRID: AB_2738665
Cat# 564322; RRID: AB_2738744
Cat# 13-1351-85; RRID: AB_466600
Cat# 15-1351-82; RRID: AB_494219
Cat# 141720; RRID: AB_2562248
Cat# 553720; RRID: AB_395005
Cat# 50-2094-82; RRID: AB_11219065
Cat# 567166; RRID: AB_2916483
Cat# 563216; RRID: AB_2738075
Cat# 123105; RRID: AB_893499
Cat# 15-4801-80; RRID: AB_468797
Cat# 48-5773-82; RRID: AB_1518812
Cat# 554413; RRID: AB_398551
Cat# 400201; RRID: AB_2927399
Cat# 15-4321-80; RRID: AB_657908
Cat# 565186; RRID: AB_2739100
Cat# 554468; RRID: AB_398558
Cat# 559502; RRID: AB_397256
Cat# 17-5698-82; RRID: AB_2688057
Cat# 565393; RRID: AB_2739216

(Continued on next page)
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Anti Ly-6A/E (SCA1) (clone D7)
Anti-Ly-6A/E (SCAT1) (clone D7)
Anti-Ly-6C (clone AL-21)

Anti-Ly-6G (clone 1A8)

anti-Ly-6G (clone 1A8)

Anti-MHC Il, I-A/I-E (clone M5/114.15.2)
Anti-MHC Il, I-A/I-E (clone M5/114.15.2)
Anti-NK1.1 (clone PK136)

Anti-NK1.1 (clone PK136)

Anti-NK1.1 (uncoupled, clone PK136)
Anti-NK1.1 (uncoupled, clone PK136)
Anti-NKp46 (clone 29A1.4)

Anti-PD-1 (clone J43)

Anti-RORyt (clone B2D)

CD1d/PBS57 Tetramer

Streptavidin Pe-Cy5.5

Streptavidin APC-Cy7

BD Pharmingen
BioLegend

BD Biosciences
BD Biosciences
BioLegend
eBioscience
BioLegend
eBioscience
eBioscience
eBioscience
BioLegend
eBioscience
eBioscience
eBioscience
NIH tetramer facilities
eBioscience
eBioscience

Cat# 560654; RRID: AB_1727552
Cat# 108107; RRID: AB_313345

Cat# 563011; RRID: AB_2737949
Cat# 560602; RRID: AB_1727563
Cat# 127604; RRID: AB_1186105
Cat# 56-5321-82; RRID: AB_494009
Cat# 107635; RRID: AB_2561397
Cat# 48-5941-82; RRID: AB_2043877
Cat# 25-5941-82; RRID: AB_469665
Cat# 14-5941-85; RRID: AB_467737
Cat# 108760; RRID: AB_2800572
Cat# 46-3351-82; RRID: AB_1834441
Cat# 47-9985-82; RRID: AB_2574002
Cat# 46-6981-82; RRID: AB_10717956
Cat# mCD1d PBS57

Cat# 35-4317-82

Cat# 10-4317-82

Chemicals, peptides, and recombinant proteins

Recombinant human FIt3-L
Recombinant human FIt3-L

Sunitinib (Sutent)

Diphtheria Toxin

Zombie Red Fixable Viability Dye
eBioscience FoxP3 Staining Buffer Kit
PMA (Phorbol 12-myristate 13-acetate)
lonomycin

Collagenase D Type Il

GolgiPlug

Amgen Inc. (Thousand Oaks, CA)**
Miltenyi Biotec

Pfizer

Sigma Aldrich

BioLegend

Thermofisher

Sigma-Aldrich

Sigma-Aldrich

Roche

BD Biosciences

Cat# CDX-301

Cat# 130-096-480

Cat# NDC 0069-0550-38
Cat# D0564-1MG

Cat# 423103

Cat# 50-112-8857

Cat# 16561-29-8

Cat# 56092-82-1

Cat# 11088882001

Cat# 555029

Critical commercial assays

CD4* CD25"* Regulatory T cell Isolation Kit,
mouse

MACS Miltenyi Biotec

Cat# 130-091-041

Experimental models: Cell lines

B16 melanoma
B16-FL melanoma

MC-38 colon carcinoma
YUMM1.7 melanoma

Olivier Lantz (Curie Institute, Paris, France)

G. Dranoff (Dana-Farber Cancer Institute,
Harvard Medical School, Boston, MA)*?

Kerafast, Boston MA, USA

Bosenberg (Yale University School of
Medicine, New Haven, CT, USA)97

Cat# CRL-6475; RRID: CVCL_0159

RRID: CVCL_IJ12
PMID: 10866317

RRID: CVCL_B288

Cat# CRL-3362; RRID: CVCL_JK16
PMID: 27287723

Experimental models: Organisms/strains

C57BL/6 mice

NSG mice (NOD.Cg-Prkdce@
12rg™™ ™15 z])

Janvier Labs

Jackson Labs

Charles River Laboratories

Charles River Laboratories
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Cat#: C57BL/6JRj; RRID: IMSR_RJ:C57BL-
6JRJ

Cat# C57BL/6J
RRID:IMSR_JAX:000664

Cat# C57BL/6J (JAX® Mice Strain), Strain
Code
632

Cat# 005557; RRID: IMSR_JAX:005557
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REAGENT or RESOURCE SOURCE IDENTIFIER

FL—/— mice Paulo Vieira (Pasteur Institute, Paris, Cat# C57BL/6-flt3Ltm1Imx
France) or Michel Nussenzweig (The RRID:MMRRC_037395-JAX
Rockefeller University, New York, NY)

zDC-DTR mice Jackson Laboratory Cat# B6(Cg)-Zbtb46tm1(HBEGF)Mnz/J

Batf3—/— mice (Bone marrow cells)

CD45.1 C57BL/6 mice

Frangois Xavier Mauvais (Institut Necker
Enfants Malades, Paris, France)

Charles River Laboratories

RRID:IMSR_JAX:019506
RRID:IMSR_JAX:013755

Cat# B6.SJL-PtprcaPepcb/BoyCrl

Software and algorithms

FlowdJo version 10 BD Biosciences N/A

PRISM version 9 GraphPad N/A

R CRAN N/A

Other

GDC Portal Data Repository NIH https://portal.gdc.cancer.gov

RESOURCE AVAILABILITY

Lead contact
Further information and requests should be directed to and will be fulfilled by the lead contact, Guillaume Darrasse-Jéze (guillaume.
darrasse-jeze@inserm.fr).

Materials availability
This study did not generate new unique reagents.

Data and code availability

o Human cancer RNA-Seq data: survival and RNASeq data from both TCGA and TARGET cancer projects were freely down-
loaded from the GDC Cancer Portal of the National Cancer Institute (USA) (https://portal.gdc.cancer.gov/) (Files from release
versions 11 and 12). Accession URL is also mentioned in the key resource table.

o Generation of cell subsets genes signatures: the following datasets accession numbers (NCBI GEO) were used to generate
custom gene signatures for immune cell subsets: GSE94820, GSE35457, GSE80171, GSE89232,GSE6887, GSE60448,
GSE24759, GSE65010 and GSE76598. See also Table S1.

® R code: the R code used to process and analyze these RNA-Seq data was directly generated from previously published R
packages and methods such as limma, DESeq2, survival, Rtsne, Bioconductor/GenomicDataCommons, survRM2, plot3D
and XML. These packages and their associated source code can be found either on CRAN or Bioconductor repositories.
No new or original in-house algorithm or method were generated in this study.

e All data presented in this manuscript are available upon request to Dr. Darrasse-Jéze (quillaume.darrasse-jeze@inserm.fr).

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Mice

FL~'~ mice® were provided either by Paulo Vieira (Pasteur Institute, Paris, France) or Michel Nussenzweig (The Rockefeller University,
New York, NY). zDCP™ mice'®* were purchased from The Jackson Laboratory. NSG (NOD.Cg-Prkdcs™ l12rg"™""!'/SzJ) were pur-
chased from Charles River Laboratories. C57BI/6 mice were purchased from the Jackson Laboratory, Charles River laboratories
or Janvier Labs. BM cells from Batf3~'~ mice were provided by Francois Xavier Mauvais (Institut Necker Enfants Malades, Paris,
France). CD45.1 C57BI/6 congenic mice were maintained in our facility. All mice used were 7-12 weeks-old females and were main-
tained in specific pathogen-free conditions. Mice compared in each experiment were from the same commercial origin and were
cohoused to minimize the influence of gut microflora.’>® Similar results were obtained using male or female mice. All mice were
treated in accordance with the European Union guidelines for animal experimentation and National Institutes of Health guidelines,
and were approved by the Ministere de I’'Enseignement Supérieur, de la Recherche et de I'lnnovation — France (APAFIS# 29416)

Cell lines

The highly tolerogenic B16 tumor cell line, derived from a C57BI/6 melanoma (CRL-6475), was provided by Olivier Lantz (Curie
Institute, Paris, France). The B16-FL tumor cell line (CVCL_IJ12), a kind gift of M. Nussenzweig, was obtained from G. Dranoff
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(Dana-Farber Cancer Institute, Harvard Medical School, Boston, MA; USA89). The doubling time and cell death of these two cell lines
in in-vitro culture were not significantly different in our hands as well as in the hands of other authors.'®> YUMM1.7°% (CRL-3362) cells
were obtained from ATCC. The MC38 cell line (CVCL_B288) was obtained from Kerafast (Boston, MA, USA). All cell lines were
cultured in DMEM (Invitrogen) complemented with 10% FCS, 2 mM L-glutamine (Invitrogen), and 100 U/mL penicillin-streptomycin
(Invitrogen) at 37°C, 5% CO.. All cell lines were mycoplasma-free.

Subjects

The study was entirely computational and did not involve human subjects as it obtained data neither through intervention nor inter-
action with living individuals nor contains identifiable private information. The human results reported here exclusively used anony-
mized data available from the GDC Cancer Portal of the National Cancer Institute (USA) (https://portal.gdc.cancer.gov/), generated
by the TCGA (The Cancer Genome Atlas) and TARGET (Therapeutically Applicable Research to Generate Effective Treatments)
Research Networks: https://www.cancer.gov/ccg/research/genome-sequencing.

METHOD DETAILS

In vivo mouse tumor models

For in-vivo experiments, 5 x 10° B16, B16-FL, YUMM1.7 or MC38 tumor cells were injected s.c. in the left flank of a mouse. Mean
tumor diameter was determined by measuring perpendicular tumor diameters using vernier calipers. Mouse survival was monitored
daily. Survival was determined by the time at which mice required euthanasia, when tumor ulcerated and/or mean diameter reached
15 mm. Of note, we never observed presence of B16 cells in the LN.

Treatments

Recombinant human FL (rFL) was obtained from Amgen or Miltenyi Biotech. For rFL injection, 10 ng recombinant human FLT3-L (Am-
gen) in 100 pL PBS was injected subcutaneously every other day, for 20 days, beginning 4 days prior to the tumor injection (unless
otherwise stated).

Mice were gavaged with 40 mg/kg sunitinib (Sutent; Pfizer) via feeding needles (Popper) every day for 7 days, beginning 3 days
before tumor injection.

During survival experiments, some mice received 2 intraperitoneal injections of depleting anti-NKs antibodies in a volume of 250 uL
at the day of tumor injection (d0) and at d5 after tumor inoculation either anti-NK1.1 (300 pg per injection, clone PK136 from either
eBioscience or Biolegend) or anti-Asialo-GM1 (100 uL per injection, clone Poly21460 from BioLegend) or an isotypic control (300 pg
per injection, Purified Mouse IgG2a, k isotype Ctrl MOPC from Biolegend). Of note, mice treated with isotype control, PBS, did not
differ from untreated (not shown). For T cell depletion, mice were treated at d4 of tumor growth by anti-CD4 (clone GK1.5) and anti-
CD8 (clone 53-6.7) depleting antibodies (500 pg each per mice). For ICB therapies, mice were treated at d5, d8 and d11 by anti-
CTLA4 (100 pg per injection, clone 9H10, Biolegend) and/or anti-PD1 (250 pg per injection clone 29F.1A12, Biolegend) antibodies.

BM chimeras were reconstituted for at least 8-10 weeks after lethal irradiation (two doses of 525 rad, 3 h apart) and i.v. transfer of
5-10 x 10° BM cells 3 h later.

Cells preparation

Organs were gently dispersed between frosted slides and were digested for 30 min at 37°C in RPMI 1640 medium (Invitrogen) with
10% (v/v) FCS-containing collagenase D (type Il; Roche) at a final concentration of 0.4 U/mL. For disruption of DC-T cell complexes,
200 pL of 0.5 M EDTA, pH 8.0, was added for 5 min. Remaining pieces were gently dissociated between frosted slides. All subsequent
steps were at 4°C with 5% (v/v) FBS in PBS. Cells were passed through a 70 um cell strainer and washed in 5% (v/v) FBS in PBS. Cell
numbers were determined with a FACS Fortessa (BD).

Immune cells phenotyping and flow cytometry analysis
The following antibodies from either BD Biosciences, eBioscience or BioLegend were used: anti-CD3e (145-2C11), CD4 (RM4-5),
CD8a. (563-6.7), CD11b (M1/70), CD11c (HL3), CD19 (1D3), CD25 (PC61), CD40 (HM40-3), CD44 (IM7), CD69 (H1.2F3), CD86
(GL1), CD103 (M290), CD206 (C068C2), CTLA-4 (UC10-4F10-11), DC-SIGN (MMD3), EpCAM (G8.8), F4/80 (BM8), Foxp3
(FJK-16s), IFNy (XMG1.2), IL-2 (JES6-5H4), IL-10 (JSE5-16E3), IL-17 (TC11-18H10), Ki-67 (SolA15), KLRG-1 (2F1), Ly-6C (AL-21),
Ly-6G (1A8), MHC Il (M5/114.15.2), NK1.1 (PK136), NKp46 (29A1.4), PD-1 (J43), IL-10 (JSE5-16E3) and IFNy (XMG1.2). Isotype-irrel-
evant mAbs were used as controls. FcBlock (BD Pharmingen) and Zombie Red Fixable Viability Kit (BioLegend) were used following
the manufacturer’s recommendations.

For iNKT tetramer staining, tetramer was added concomitantly with purified anti CD16/CD32 on resuspended cells for 45 min at
room temperature in the dark. Gating strategy for iNKT and ILCs are available in Figures S4A and S4D.

Intracellular labeling of Ki-67, FoxP3, Eomes, RoRyt CD206 and DC-SIGN were performed using eBioscience FoxP3 Staining
Buffer kit (Invitrogen - Thermofisher) according to the manufacturer’s recommendations.

For intracellular cytokine staining, cells were incubated at 37°C, 5% CO, for 6 h in 10% FCS complete RPMI 1640 medium with
1 ng/mL PMA (Sigma-Aldrich), 750 ng/mL ionomycin (Sigma-Aldrich) and 1 uL/mL GolgiPlug (BD) which was added after 45 min.
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Surface staining was performed for 30 min, after which the cells were resuspended in fixation/permeabilization solution (eBioscience
FoxP3 Staining Buffer kit, Invitrogen - Thermofisher). Intracellular cytokine staining was performed according to the manufacturer’s
protocol.

Processed cells were analyzed by 17 parameters flow cytometry on a BD LSR Fortessa. Further analyses were performed with
FlowJo software (FlowdJo, LLC). Finally, PZC format coded scripts were used to link FlowJo-exported data to Prism (GraphPad Soft-
ware) workspaces for statistical analysis.

t-SNE plots were generated with R scripts adapted from the original description of the t-SNE algorithm by L.J.P. van der Maaten
(https://lvdmaaten.github.io/tsne/): recommended parameters were used and each plot represents the pool of each replicate of the
corresponding situation, in order to avoid computational and statistical bias during the random subsampling.

CFSE staining and adoptive transfers of cells.

CD4* CD25" Tregs were FACS-sorted (FACS Aria Il) from MACS-sorted (Miltenyi Biotec) CD4* Tees from pooled LNs and spleens
from CD45.1 congenic mice. Tregs were then labeled with CFSE (Sigma-Aldrich) and immediately transferred intravenously after pu-
rity checking by flow cytometry. In host mice, the transferred T Were later identified by the expression of CD3, CD4, FoxP3 and
CD45.1 and CD45.2. After adoptive transfer in WT hosts under our experimental conditions (Fisson et al., 2003), donor CD45.1* Treg
cells represented 0.1% of splenocytes. Therefore, 2-5 x 108 events were acquired for each analysis.

Bioinformatic analysis of cancer patient data

Survival and RNASeq data from both The Cancer Genome Atlas (TCGA) and TARGET (Therapeutically Applicable Research to
Generate Effective Treatments) cancer projects available from the GDC Cancer Portal of the National Cancer Institute (USA)
(https://portal.gdc.cancer.gov/) (Files from release versions 11 and 12) were downloaded, normalized using the R package DEseq2
and further analyzed through R.

The TCGA and TARGET projects selected cancers based on specific criteria available here: https://www.cancer.gov/ccg/
research/genome-sequencing/tcga/studied-cancers and here: https://www.cancer.gov/ccg/research/genome-sequencing/target/
studied-cancers respectively. These pages contain links to each individual study included in the projects. We used all (anonymized)
RNA-seq data freely available from these databases. 35 Cancer types presented beneficial, detrimental or paradoxical role of gene or
gene signature on survival, other cancer types did not. The precise number of patients for each cancer type is indicated in figures 6
and S6.

Algorithmic determination of patients cutoffs: To determine the low, intermediate and high patients groups for the expression of a
given gene/gene signature, we constructed the survival curves opposing patients with lower or higher gene expression values vs. the
remaining patients for every percentile between 1% and 33% and we calculated the Log rank test associated % statistics for each
percentile. Then, we chose the low and high cutoffs corresponding to the best 2 statistic (Table S1). A given gene was classified by
an R script as beneficial (correlation), detrimental (inverse correlation) or paradoxical for a cancer type, according to the area under
the curve (AUC) estimation of hi, inter and lo survival curves.

Calculation of genes signatures scores: For a given gene signature, we established for each patient an associated Quantitative
Score (QS) by calculating the arithmetic mean of all the normalized and background-corrected gene expression values for each
of the genes in the given signature.

Generation of cell subsets genes signatures: To generate custom gene signatures forimmune cell subsets (Table S1), we used raw
transcriptomic data available in NCBI’s Gene Expression Omnibus (GEO: GSE94820, GSE35457, GSE80171, GSE89232, GSE6887,
GSE60448, GSE24759, GSE65010 and GSE76598) and processed-data from literature.'*®~'%® We then reanalyzed these data and
compared them by Venn diagrams to finally only choose the genes that are specific of each signature.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses of the survival curves were performed using Log rank (Mantel-Cox) tests. Comparisons of one-parameter data
were performed using two-tailed unpaired Student t-tests after ensuring with Shapiro-Wilk tests that corresponding data follow a
normal distribution. Statistical significances were evaluated with the Prism software (GraphPad). Data shown and error bars
are expressed as means + SEM, and a p value<0.05 (eventually after Holm-Sidak correction) was considered as significant. For
alltests, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ***: p < 0.0001. Details about the compared groups are indicated in each figure. Other
statistical details including sample size can be found in figure legends. Noteworthily, regarding the human RNA-Seq data from TCGA
dataset, we used the standard modeling and differential analysis protocol described by the limma R package authors (available in the
corresponding documentation, PMID: 25605792) which is able to analyze both microarrays and RNA-Seq data.
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Supplementary Discussion

Graphical Abstract description:

Proposed model of FL influence on homeostatic interactions between DCs, Tregs, effector T cells and
NK cells during cancer. In the steady state, tissue self-Ag, originating from dying cells, molecule shedding, or direct
capture from live cells, are presented by DCs in the dLNs. This presentation of self-antigens induces activation of specific
autoreactive regulatory (Tregs) and effector (Teff) T cells, which is sustained by the subsequent production of IL-2".
This phenomenon is amplified during tumor development. In the absence of additional activation stimuli, increased
number of DCs drives more tTregs recruitment (Fig.1A of the article) via tumor-self Ag presentation in a MHC-II-
dependent fashion™’, and favors carly establishment of immune tolerance to a tumor, keeping in check anti-tumor
immune responses*. Low levels of FL expression lead to a decrease in DCs, which in turn results in a fall in the number
of Tregs’ and favors the recruitment of Teffs that appear to be less dependent on ¢DCs than Tregs (Fig.2,>%). DC

decrease also reduces the number of NK_,,, as they appear essential to their homeostasis (Fig.3), likely by a mechanism

cellssy
involving IL-15 trans-presentation’. Tumor cells in this context will thus face an enhanced adaptive immune response
and a decreased NK_-mediated innate response. Conversely, a FL" context will boost NK, and Tregs, the latter
causing a relative decrease in Th cell activation, resulting in an anti-tumor immune response fueled mainly by NK_y, as

well as CD8'T.y, (Fig.3), which will also stimulate the recruitment of DC1 into the tumor microenvironment

promoting cancer immune COHtl"Ols.

* The references are in the main text



Table S2: Abbreviations related to the manuscript and the STAR Methods

BM: Bone marrow
CDP: common dendritic progenitor
CTLs: cytotoxic T cells (CD8™T cells)

CTLA-4: cytotoxic T-lymphocyte-associated protein 4
(CD152)

DC: Dendritic cell
DC1: rDC1 and mDC1 (come from the same CDP

progenitor subset in the bone marrow)

DC2: rDC2 and mDC2 (come from the same CDP

progenitor subset in the bone marrow)
DMD: Duchenne muscular dystrophy gene (dystrophin)
cDC: FLT3L-dependent Zbtb46" ‘classical’ dendritic

cells derived from the CDP precursor in the bone

marrow

rDC1: LN-resident ‘classical’ dendritic cell type 1
(CD11b"™CD8" in mice; XCR1" CD141" in humans)

rDC2: LN-resident ‘classical’ dendritic cell type 2
(CD8'CD11b" in mice; CD1c¢" in humans)

LNs: lymph nodes

dLNs: tumor-draining lymph nodes

DT: diphtheria toxin

DTR: diphtheria toxin receptor

infMo: Inflammatory monocytes

LCs: Langerhans cells

Lang: Langerin

FL: Flt3 ligand (FLT3LG gene)

Flt3: Fms-like tyrosine kinase 3 receptor (FLT3 gene)

FL"y6: C57B1/6 Flt3-L"" mice injected s.c. with 0.5M
of B16-F10 melanoma cells

Fms: Type Il receptor tyrosine kinase that binds to the
macrophage or monocyte colony-stimulating factor (M-
CSF or CSF-1). Oncogene responsible for Feline

McDonough Sarcoma.

IC: immune checkpoints

ICB: immune checkpoints blockade

ICBT: immune checkpoints blockade therapy
IL-2: interleukin 2

IL-15: interleukin 15

LNs: lymph nodes

MDP: macrophage/dendritic progenitors

mDC1: Migratory ‘classical” dendritic cell type 1
(CD11b CD103" Epcam” in mice; XCR1"°CD141" in

humans)

mDC2: Migratory ‘classical’ dendritic cell type 2
(CD103 Epcam*CD11b" in mice; CD14
CLEC10A"CD1c"(BDCA-1") in humans)

NK cells: natural killer cells

NSGgye: NSG mice injected s.c. with 0.5x10° of B16-
F10

NSGgier1: NSG mice injected s.c. with 0.5x10° of B16-
FL melanoma cells genetically engineered to
constitutively express Flt3-L (B16-FL)

PD-1: Programmed cell death protein 1 (CD279)
rFL: recombinant FL

resMo: Resident monocytes

s.c: subcutaneously

Teffs: effector T cells

Th: helper CD4" Foxp3' T cells

Treg: CD4" Foxp3* regulatory T cells

t-SNE: t-distributed stochastic neighbor embedding

WTye: C57Bl/6 WT mice injected s.c. with 0.5 x 10°
of B16-F10 melanoma cells
WT ™ e: C57Bl/6 WT mice injected s.c. with 0.5 x

10° of B16-F10 melanoma cells and regularly injected
with rFL

WTge: C57Bl/6 WT mice injected s.c. with 0.5 x
10° of B16-F10 melanoma cells genetically engineered
to constitutively express Flt3-L (B16-FL)

zDC: Zbtb46 (Zinc Finger And BTB Domain
Containing 46) (ZBTB46 gene)
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Figure S1. FL levels affect DC frequencies, tumor growth and survival of tumor-bearing mice. Related to Figure 1.

(A) General gating strategy used to analyze dendritic cells and the myeloid and granulocytic compartments of the tumor-draining

lymph nodes and the tumor site (adapted from '>?).

Sequentially, we first gated for live cells by excluding those with a positive ZombieRed signal, followed by the selection of
lymphoid and myeloid-shaped single cells (removal of cell doublets using H and W vs A parameters of FSC and SSC is not
shown). Subsequently, we further excluded CD3*, CD19*, and NK1.1" cells. Among the CD3"CD19'NK1.1- cells we gated on
Ly6C*CD11b" cells and identified pDCs among them as CD11c¢” MHCII™ (1). Using boolean gates we identified neutrophils as
Ly-6G* CD11b" cells among non-pDCs CD3-CD19-NK1.1- cells (2). Subsequently, eosinophils were identified as SSC-AM
F4/80™ cells among the non-neutrophil population (3). For the remaining cells, we defined two major subsets of dendritic cells
(DCs), namely global resident DCs (rDCs) and migratory DCs (mDCs), based on their expression of CD11c and MHC II.
Specifically, rDCs were identified as CD11c" MHC II"* cells, while mDCs were characterized as CD11c¢"" MHC II" cells (4).
Within these global rDCs and mDCs gates, we identified a distinct population of monocyte-derived DCs (moDCs) as DC-SIGN*
CD206" cells (sum of moDCsa and moDCsg on the panel and considered as a unique population) (5). Within the non-moDCs
remaining cells among the rDCs gate, we further classified two subsets: rDC1 (CD8" CD11b'*") and rDC2 (CD8 CD11b"h)
classical dendritic cells (6). Within the global mDCs gate, we identified three subsets among non-moDCs: Langerhans cells (LCs)
(CD103”*° EpCAM™), mDC1 (CD103" EpCAM™) and mDC2 (CD1037° EpCAM") (7). Of note, all mDC2 cells are CD11b" (not
shown). In parallel, within the remaining cell population not assigned to global rDCs or mDCs (8), we gated for CD11b" cells and
further excluded cells expressing either Ly6G or CD103 (9). These remaining cells were classified as macrophages based on their
high scatter parameters (SSC-A™) (10). Finally, within the cell population not identified as macrophages, we distinguished
resident monocytes (resMo) as MHC II" Ly-6C- cells, and inflammatory monocytes (infMo) as MHC II' Ly-6C™ cells (11).

Accordingly, each studied myeloid population in the manuscript can be identified as follows:

tDC1 (resident cDC1): CD3-CD19°NK1.1-Ly6G- (CD206'DC-SIGN*) CD11cHMHCII* CD11b CD§*
rDC2 (resident cDC2): CD3-CD19°NK1.1- Ly6G- (CD206 ' DC-SIGN*) CD11c"MHCII* CD8 CD11b%),

mDC1 (migratory ¢cDC1): CD3*CD19°NK1.1-Ly6G- CD11¢"MHCII" (CD206 ' DC-SIGN") EpCAM™ CD11b- CD103" (they are
also Ly6C~ CD8”"° not shown),

mDC?2 (migratory cDC2), CD3*CD19°NK1.1° Ly6G- CD11c¢"MHCIIM (CD206'DC-SIGN*) CD103-EpCAM:- (they are also Ly6C-
CDI11b", not shown),

pDCs (plasmacytoid DCs, CD3"CD19°NK1.1-CD11b Ly6C* CD11c"),
moDCs (monocyte-derived DCs): CD3°'CD19°NK1.1- Ly6G- CD11¢"MHCIT"" CD206" DC-SIGN®,

LC (Langerhans cells): CD3-CD19'NK1.1-Ly6G (CD206"DC-SIGN*) CD11¢"MHCIIM CD103"EpCAM" (they are also CD11b*
Ly6C"° not shown),

resMo (resident monocytes): CD3"*CD19°NK1.1- CD11¢c”™ CD11b" Ly6GCD103" SSC°FSC' Ly6¢”°*MHCII",

infMo (inflammatory monocytes): CD3"CD19'NK1.1- CD11¢” CD11b* Ly6GCD103 SSC°FSC'® MHCII"* Ly6c™),
Macrophages: CD3°CD19'NK1.1- CD11¢”™ CD11b" Ly6G- CD103- SSC inhiFSCinthi

Neutrophils: CD3"CD19'NK1.1- CD11b+ Ly6G" (they are also Ly6C™™, SSC™ not shown),

Eosinophils: CD3:CD19'NK1.1- CD11b+ F4/80™" SSCh (they are also Ly6c”°LY6G™ not shown).



(B) Graphs show the individual tumor growth of the indicated groups of mice depicted in Fig.1B.

(C) Mean tumor diameter (left) and Kaplan-Meyer plot (right) showing tumor growth and overall survival of B6 mice treated with

Sunitinib (WTg16+ Sunitinib, purple, n=25, 3 experiments pooled, Log-rank test difference with WTg16: p<0.0001).

(D) Expression of FLT3 and PMEL (positive control) genes in several B16 melanoma cells samples coming from 3 different

indicated RNASeq experiments.

(E) Graphs show the actual frequencies at different timepoints after tumor inoculation of DCs and myeloid populations among the

CD3"CD19'NK1.1" subset in the dLNs from FL” and FL-overexpressing tumor-bearing mice (n=5-15 mice per timepoint).

(F) Histograms showing the MFI of MHC II, CD86 and CD40 on the surface of several DCs subsets related to the indicated

groups of mice depicted in Fig.1D (n=3, same mice as in Fig.1C).

(G) Kaplan-Meyer plot showing survival of YUMM1.7-bearing FL-deficient (FL"yum, blue, n=4, Log-rank test difference with
WTym: p<0.0007), and FL-overexpressing mice (WT ™ Lyupm, red, n=5, p<0.0529) over control animals (W Tyum, black, n=17) (2

experiments pooled representatives of 3).

(H) Kaplan-Meyer plot showing survival of MC38-bearing FL-deficient (FL"mc3s, blue, n=7, Log-rank test difference with
WTwmcss: p<0,0012), and FL-overexpressing mice (WT ™3z, red, n=13, p<0.0033) over control animals (WTwcss, black, n=14)

(2 experiments pooled representatives of 4).
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Figure S2. Dendritic cells levels affect frequencies and anti-tumor activity of Tregs and Teffs cells in tumor and dLN.
Related to Figures 2, 3 and 5. (A) Gating strategy used to analyze the lymphocytic compartments of the tumor-draining lymph
nodes and the tumor site. After dead cell removal, cell size gating and removal of doublets as depicted for DCs/myeloid cells
(Fig.S1A), mentioned populations were gated as shown in the graph: Tregs (CD45°CD3"CD19-CD4"Foxp3™), Th cells
(CD45°CD3"CD19CD4"Foxp3°), NK cells (CD45"CD3'CD19°NK1.1/NKP46"), CD8 T cells (CD45°CD3*CD19CD4 CD8"). (B)
Scatter plots show the absolute numbers of Tregs, Th and CTL related to the indicated groups of mice depicted in Fig.2A. (C-D)
Scatter plots show the expression of PD1 (C) or ICOS (D) by Tregs from dLNs related to the indicated groups of mice depicted in
Fig.2A (E) Individual tumor growth of the indicated groups of mice depicted in Fig.2F: Mean tumor diameter of each mouse is
shown (n= 5 mice per group, one experiment representative of 2 is shown). (F) Tregs and Th cell frequencies at day 11 after
tumor cell inoculation in dLNs of B16 or B16-FL tumor-bearing zDCP™ chimeras mice treated with PBS or DT, as depicted in
Fig.5C. (G) Tumor mean diameter (by groups and individualized, top) and survival curves (bottom) of tumor-bearing zDCPR
chimeras mice treated with PBS (n=9) or DT (n=10). Log-rank test difference was performed.
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Figure S3. FL overexpression favors in-vivo recruitment and anti-tumor activity of NK cells and synergizes with Treg

depletion or anti-CTLA4 ICB to improve mouse survival. Related to Figure 3.

(A) Scatter plots show the absolute numbers of NK cells related to the indicated groups depicted in Fig.3A. Groups were

compared using t-tests.

(B) Effect of FL abundancy on the expression of FLT3: Scatter plots show the difference of FLT3 expression in DC1, DC2, CD8
T cells and NK1.1" cells of the spleen and cutaneous LN from mice treated daily with recombinant FL for 7 days. Data were
normalized to the average geometric mean fluorescence index of the untreated group (assigned as 0). Groups were compared

using one-way Anova tests.

(C) Graphs show the individual tumor growth of the indicated groups of mice depicted in Fig.3F. Mean tumor diameter (left) of
B16 or BI6FL tumor-bearing B6 mice non-treated or treated with anti NK1.1 (PK136), antiCD8 (53-6.7 ) or both (WTs16+
Sunitinib, purple, (n=4 - 8 mice per group).

(D) Graphs show the individual tumor growth of the indicated groups of mice depicted in Fig.3G. Mean tumor diameter (left) of
B16 or BI6FL tumor-bearing B6 mice non-treated or treated with anti CD25 (PC61), ( n=5 - 10 mice per group).

(E-F) Graphs show the tumor growth (E) and the overall survival (F) of B16 or B16-FL tumor-bearing mice treated or not with
anti-PD-1 (29F.1A12), anti CTLA4 (9H10) or both (n=4 - 8 mice per group). Survival curves were compared using Log-rank

tests. Of note, results shown in (C) and (E-F) were obtained during the same experiment.

(G-H) Graphs show the tumor growth (G) and the overall survival (H) of B16 tumor-bearing mice treated or not with anti-NK1.1

(PK136) or isotypic control antibody (n=5 mice per group). Survival curves were compared using Log-rank tests.

*: p-value<0.05, **: p-value<0.01, ***: p-value<0.001, ****: p-value<0.0001.
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Figure S4. NK1.1" cells recruited to tumors and dLNs in the FL" setting are mainly NK cells. Related to Figure 4.

(A) Gating strategy for NK, iNKT, ILC1 and ILC3 in tumor. (B) Dot plot graphs (left) depict CD11¢"MHCII* cell population in
B16 and B16-FL tumors. Floating bars histograms (right) indicate the number of CD11¢” MHCII" (DCcont) cells and the total
number of Live CD45" cells normalized to 100mg of tumor. The scatter dot plot represents the total tumor weight. (C) Total
number of cells normalized to 100mg of tumor. (D-F) as in (A- C) but in tumor draining lymph nodes (dLN). The numbers in (E-
F) are not normalized. (n= 5 mice in both B16 and B16FL groups). Student t-tests were performed to compare groups (*: p-
value<0.05, **: p-value<0.01, ***: p-value<0.001, ****: p-value<0.0001).
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Fig. S5
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Figure S5. FL overexpression / DC depletion have no major impact on the proportions of NK progenitors in the BM.

Related to Figure 5.

(A) Absolute numbers of NK in the bone marrow of the mice from the indicated groups sacrificed at 11 days of tumor growth

(n=3-5 mice per group)

(B) Frequencies of several NK precursors in the bone marrow of B16 or B16-FL tumor-bearing zDCP’R mice treated with PBS or

DT (n=2-6 mice per group).
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Figure S6. Effect of FL, DC and Treg transcriptomic gene signatures levels on cancer patient’s survival.

Related to Figure 6.

(A) IL2 transcriptomic expression correlates with /L expression and with NK, DC1 and DC2 cells signature QS in melanoma
patients. 3D graphs show the variations of the indicated parameters for each patient from the SKCM cohort. Each dot represents 1

patient and is colored according to the associated FLT3 gene expression: FLT3 low in blue, intermediate in black and high in red.

(B-E) FL and DC1, DC2 and pDC gene signature expression levels have paradoxical effects on patient overall survival in some
cancers and are beneficial or detrimental in others. Cancer patients from individual cohorts were classified for /L gene or DC-
specific gene signature expression. Patients from each cancer type were separated into three groups: low, medium and high
according to their expression of L mRNA (B), DC1 (C) DC2 (D) or pDCs (E) gene signatures, and the Kaplan-Meyer graphs
show the overall survival of patients for each depicted cancer. Numbers of patients, Log-rank tests p-value comparing low or high
groups vs medium group survival are indicated in each graph. (F) FL gene and Treg signature expressions can synergize to
improve patient overall survival in selected types of human cancers. Patients from depicted cancer type were separated into three
groups: low, medium and high according to their expression of L gene or Treg gene signature, and the Kaplan-Meyer graphs
show the overall survival of patients for each depicted cancer. Numbers of patients, Log-rank tests p-value comparing the
different group survival are indicated in each graph (*: p-value<0.05, **: p-value<0.01, ***: p-value<0.001, ****: p-

value<0.0001).
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