Reviewers' comments:
Reviewer #1 (Remarks to the Author):

In this manuscript, the investigators show that sphingosine kinase-1 (SK1), which is
overexpressed in many human tumors, regulates antitumor immunity. They report that lower SK1
expression correlates with longer survival upon PD1 blockade. They report that shSK1 tumor cells
exhibit slow tumor growth in vivo with: 1) increased CD8+ tumor-infiltrating T cells (TILs) that
produced higher IFN-g and upregulate a number of inhibitory receptors, and 2) decreased Tregs .
They observe increased proliferation of CD8+ TILs in shSK1 tumors as compared to control
tumors. They report that decreased SK1 expression goes along with decreased PGE2 synthetase
expression. Finally, they report that high SK1 transcripts correlate with higher expression of a
number of immune escape genes.

Overall, this study aims at demonstrating that SK1, which is known to be upregulated by multiple
tumors and plays a role in tumor progression, may also modulate immune responses to melanoma
and other tumors.

The findings as presented raised a number of major concerns that limit the interpretation of the
findings. First, the experimental studies include little functional evaluation of tumor-infiltrating
CD8+ T cells and Tregs, supporting the clinical effects of SK1 downregulation in tumors. Second,
the mechanisms used by SK1 to impede immune responses to tumors remain unclear. Finally, it is
difficult to reconcile the observation that increased SK1 expression in human tumors goes along
with the upregulation of negative immunoregulatory markers that are usually find in the context of
inflamed tumors that are more likely to respond to immune checkpoint blockade. It is also puzzling
that many of these markers (Tim3, TIGIT....etc) appeared to increase in mouse tumors that
downregulate SK1 as reported by the investigators ( Figure 3).

MAJOR COMMENTS.

1. In Figure 1, additional info is needed to characterize primary melanoma and metastatic
melanoma (Breslow, ulceration, site of metastasis).

The investigators would need to address the question of heterogeneity of SK1 expression in
tumors.

The data in PD-1 treated patients are interesting although the cohort is small. One would like to
know how the 50% cutoff has been determined and whether this goes along major differences in
terms of T cell infiltration.

2. In figure 2 C, the decreased tumor growth of shSK1 Yumm1.7 is modest and one would like to
see survival data.

3. In Figure 3A, the very high Ki67 expression by CD8+ T cells and Tregs in shcontrol tumors is
extremely surprising. One would like to see gating strategy and negative controls. The authors
report small differences in terms of IFNg production, which cannot explain the difference in
antitumor activity. One would like to see functional evidence supporting T-cell-mediated tumor
reactivity and potentially lower Treg-mediated immunosuppression.

4. In Figure 4, the combinatorial therapies with aCTLA4 and aPD1 would need to include functional
data of CD8+ T cells and Tregs. One would also like to see the expression of inhibitory ligands. The

size of tumors at time of ICB should be indicated.

5. The observation of PGE2 synthetase downregulation interesting but its mechanism remains
obscure

6. In Figure 6, the investigators report that high Skl expression in tumors correlates with the



upregulation of a number of inhibitory pathways known to be upregulated by T cells in inflamed
tumors. This observation does not fit well with the previous observations made by the
investigators that multiple inhibitor receptors (Tim3, TIGIT....etc) appeared to increase in mouse
tumors that downregulate SK1 (Figure 3). The data in Figure 6 would rather suggest that high skl
tumors are inflamed and may be more likely respond to immune checkpoint blockade. This
observation is puzzling and it is unclear how this supports the main conclusion of the manuscript.
In addition, it is unclear what the authors mean with “HIGH” SK1 expression.

Reviewer #2 (Remarks to the Author):

The MS entitled “Resistance of Melanoma to Immune Checkpoint Inhibitors is Overcome by
targeting the Lipid Kinase SK1” from Caroline Imbert and colleagues studies the impact of the
sphingosine kinase-1 (SK1) in the context of cancer immunotherapy. In the underlying MS the
authors identified a novel resistance mechanism to ICI, which is timely and clinical relevant. Using
preclinical models of cancer and melanoma patient data, they showed that downregulation of SK1
reduces tumour growth, improves ICI therapy and is associated with a favorable outcome of anti-
PD1 therapy in melanoma patients, respectively. Despite this is a very interesting finding several
concerns have been raised (see below). In general the study is very descriptive and lacks
mechanistic insights. The authors attempt to gain some insights but these are not convincing in
the current version. The translational aspect is questionable as the inhibitor used raises more
questions than it delivers answers. The human data is descriptive and the statements made are
speculative. This part needs a more careful characterization and more in depth analysis. All these
points are accompanied by technical issues which need to be addressed to validate the initial
findings. In summary, this study addresses an important topic and has potentially interesting and
novel findings, which need to be substantiated in further experiments.

1. The authors should characterize their melanoma patient cohort. It is intriguing that SPHK1 high
patients are less likely to respond to anti-PD1, however this could be explained by other
parameters e.g. stage, tumour load, T cell infiltration etc. How is SPHK1 expressed across different
melanoma stages? The data presented in Figure 1 is rather preliminary. Could it be that all good
responder are lllc 1Va? Does SPHK1 correlate with T cell infiltration, maybe SPHK1 melanoma are
T cell poor and thus do not respond? What about Treg infiltration. In the Figure legend the authors
write n=11 SPHK1 high patients and n=19 SPHK1 low, however in table 1 there are only 22
patients annotated. Could SPHK1 be expressed by other cells in the tumour microenvironment?
Which cells would express it? Overall the human data are interesting, but preliminary.

2. In figure 2. The authors show that downregulation of SK1, mediated by shRNA, reduces tumour
growth in wild type mice. This effect is abolished in NSG and CD8-deficient mice. What are CD8-
deficient mice? Nowhere in the MS the authors explain this mouse model. In general genetic
alteration of CD8 or CD4 causes issues with T cell development ( Immunology. 1996
Feb;87(2):220-9.). The authors should perform antibody depletion experiments to dissect the role
of CD8, CD4 and NK cells in this model.

3. Figure 3 is partially counter intuitive. Despite the increased proliferation and IFNg production
the authors describe increased expression of PD-1, CTLA4, TIM3. These are all exhaustion marker
and associated with T cell dysfunction. Especially, when expressed at the same time by the same
cell. This needs to be discussed in more detail (Blood 2011 117:4501-4510).

4. In Figure S4 the authors state SKI silencing also abolished the ICI-induced increased expression
of immune inhibitory checkpoint molecules... S4A However, there is no increase in CTLA4+PD1+ or
PD1+TIM3+ CD8 t cells upon aCTLA4 or aPD1 treatment. What do the authors mean?

5. The therapeutic effect of aCTLA4 and PD1 is impressive. However, the mechanistic insights are
limited. Treating shSK1 tumours with aCTLA4 only slightly increases the number of tumour
infiltrating CD8 T cells and marginally reduces the number of Treg cells. This slight changes hardly
explain the dramatic phenotype. The statistical comparisons are also misleading. The authors
should compare frequency of CD8 and Tregs between Ctrl shSK1 and a CTLA4 shSK1!!! This does
not look significant!!!



6. The authors write on p. 8 SKI-I treatment also enhanced anti-PD-1 efficacy (Fig 4G)...although
statistically significant, there is no biological meaningful effect of SKI-1 in combination with anti-
PD1. This sentence should be rephrased. On a different note, these data are actually contradicting
the findings present above where shRNA-mediated knockdown in combination with PD-1 leads to
the cure of 2/3 of mice. The explanation the inhibitor is not as effective is not helpful, as this
inhibitor shows efficacy in combination with CTLA-4 (Fig 4F). It is also to mention that the
knockdown of SHPK1 is incomplete!

7. In Figure 4 H the author use MC38. It is surprising that anti-PD1 treatment has only a marginal
therapeutic effect, given that this cell line is one of the most sensitive models.

8. Can the authors by re-expressing SK1 in Yumm cells revert the observed phenotype? This
experiment would rule out off-target effect (well known for shRNAs) and strengthen the findings
presented so far.

9. In Figure 5 the authors attempt to unravel the molecular mechanisms causing the profound
phenotype described before. For this, they have used a Proteomic screen. In this screen, the
authors found decreased expression of Ptges. However, this could be a shRNA off-target effect.
This concern is substantiate by the fact that there is a dramatic difference of Ptges expression
between shSK11 and shSK2, although the have similar SK1 expression. Again this problem should
be addressed, by 1. Re-expressing SK1 to see whether this restores Ptges expression and 2. by
analyzing the CRISPR-KO cells, which are less likely to have off-targets compared to shRNA.

10. The correlation data presented in Figure 6. are interesting for PTGES, FoxP3, TGFB1 and
CTLAA4. Although significant, the correlation coefficient is very low for the other marker. These data
also raises the question whether Tregs express PTGES and/or SK1?

Minor comments:

In the MM section under Tumor Challenge and treatments: there is no explanation what CD8-
deficient mice are.

In the MM section the authors state “SK1 activity was determined as described 52 with minor
modifications.” Either the modifications are important to reproduce the findings, than they should
be explained! Or it is not important than please delete.



Response to Reviewers' Comments:
The point-by-point response to the reviewers' comments is given in blue and in bold.

Reviewer #1 (Remarks to the Author):

In this manuscript, the investigators show that sphingosine kinase-1 (SK1), which is overexpressed in many
human tumors, regulates antitumor immunity. They report that lower SK1 expression correlates with longer
survival upon PD1 blockade. They report that shSK1 tumor cells exhibit slow tumor growth in vivo with: 1)
increased CD8+ tumor-infiltrating T cells (TILs) that produced higher IFN-g and upregulate a number of
inhibitory receptors, and 2) decreased Tregs. They observe increased proliferation of CD8+ TILs in shSK1
tumors as compared to control tumors. They report that decreased SK1 expression goes along with decreased
PGE2 synthetase expression. Finally, they report that high SK1 transcripts correlate with higher expression of
a number of immune escape genes.

Overall, this study aims at demonstrating that SK1, which is known to be upregulated by multiple tumors and
plays a role in tumor progression, may also modulate immune responses to melanoma and other tumors. The
findings as presented raised a number of major concerns that limit the interpretation of the findings. First, the
experimental studies include little functional evaluation of tumor-infiltrating CD8+ T cells and Tregs, supporting
the clinical effects of SK1 downregulation in tumors. Second, the mechanisms used by SK1 to impede immune
responses to tumors remain unclear. Finally, it is difficult to reconcile the observation that increased SK1
expression in human tumors goes along with the upregulation of negative immunoregulatory markers that are
usually find in the context of inflamed tumors that are more likely to respond to immune checkpoint blockade.
It is also puzzling that many of these markers (Tim3, TIGIT....etc) appeared to increase in mouse tumors that
downregulate SK1 as reported by the investigators ( Figure 3).

MAJOR COMMENTS.

1. In Figure 1, additional info is needed to characterize primary melanoma and metastatic melanoma (Breslow,
ulceration, site of metastasis).

1.A. As requested, additional info concerning clinical data have been added for Figure 1
(Supplementary Table 1 and 2; Table 1). Please note that Breslow thickness and signs of ulceration
are not always reported in metastatic melanoma patients from the anti-PD-1 cohort (Table 1).

The investigators would need to address the question of heterogeneity of SK1 expression in tumors.

1.B. One reason explaining the difficulty to treat melanoma is related to the heterogeneity of tumors.
The source of this heterogeneity is unclear, however, it is now accepted that primary and metastatic
lesions are composed of a mixture of cancer cells harboring a proliferative or an invasive phenotype
(1, 2). Under microenvironmental stress, melanoma cells change their transcription programs to switch
back-and-forth between proliferative and invasive states. For instance, cancer cells adapt to the
hypoxic microenvironment by regulating the expression of hypoxia-inducible factor (HIF) family of
transcription factors and HIF-target genes. In human cutaneous melanoma biopsies, changes in the
expression levels of HIF as well as melanocytic markers, such as the master regulator of melanocyte
differentiation MITF, were associated with the presence of hypoxic regions (3). As a matter of fact, HIF-
2a directly regulates the expression of SPHK1 by binding to hypoxia response elements (HRE) in the
SPHK1 proximal promoter (4). Moreover, we recently showed that MITF expression controlled the
ceramide metabolism during the phenotypic plasticity phenomena (5). Although, we agree with the
reviewer the question of heterogeneity of SK1 expression in tumors is of interest, we consider this
issue goes beyond the scope of the paper.

The data in PD-1 treated patients are interesting although the cohort is small. One would like to know how the
50% cutoff has been determined and whether this goes along major differences in terms of T cell infiltration.

1.C. We performed new RNAscope staining for SPHK1 mRNA using a second cohort of melanoma
patients treated with anti-PD-1 (Nivolumab or Pembrolizumab). New survival data are described in the
updated figure 1 and now include a cohort of 32 patients. Kaplan-Meier estimates were used to
generate PFS and OS curves for patients with high or low tumor cells positive for SPHK1 expression
(50 and >50%) (p-value equal to 0.0112 for PFS and 0.0445 for OS). This cutoff has been arbitrarily
determined in order to discriminate between poor and good responders. We also calculated the p-



value for PFS and OS with the median value (< 30% or >30% of tumor cells positive for SPHK1 staining).
We obtained statistical significance value for PFS (p=0.025) but not for OS (0.1305).

To evaluate the CD8 T cell and Treg infiltration in tumors, we also performed IHC staining and used
the CD8 and Foxp3 proteins as markers. Analyses were then completed by performing PD-L1 staining.
These biomarkers are often used to stratify patients as clinical responders or non-responders to anti-
PD-1 therapy. In line with our preclinical data, SPHK1 expression was significantly associated with
Foxp3 staining, however no association was found with CD8 or PD-L1 staining (see table below). Of
note, Foxp3 staining was very low and the majority of Foxp3 negative or weak tumors fell in the SPHK1
low group. Although we find these data to be really interesting, the low level of Foxp3 staining led us
to be cautious and choose not to depict these data in the paper.

Total SPHK1llow (<=50%) SPHK1lhigh (>50%)
N=32 N= 21 N= 11

Foxp3 score (n=32) p = 0.0367
negative or weak 27 ( 84.4%) 20 ( 95.2%) 7 ( 63.6%)
positive (>1%) 5 ( 15.6%) 1 ( 4.8%) 4 ( 36.4%)

CD8 score (n=29) p = 0.3568
absent or no brisk 22 ( 75.9%) 17 ( 81.0%) 5 ( 62.5%)
brisk 7T ( 24.1%) 4 19.0%) 3 ( 37.5%)
Missing 3 0 3

PD-L1 score (n=29) p = 1.0000
negative 14 ( 48.3%) 10 ( 47.6%) 4 ( 50.0%)
positive (>1%) 15 ( 51.7%) 11 ( 52.4%) 4 ( 50.0%)
Missing 3 0 3

Table 2. Foxp3, CD8 and PD-L1 expression in tumor samples exhibiting low and high SPHK1
expression. The chi-squared or Fisher’s exact test was used to compare categorical variables.

2. In figure 2 C, the decreased tumor growth of shSK1 Yumm1.7 is modest and one would like to see survival
data.
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3. In Figure 3A, the very high Ki67 expression by CD8+ T cells and Tregs in shctrl tumors is extremely
surprising.
- One would like to see gating strategy and negative controls.



The gating strategies and the isotype control for KI67 in tumor and in tumor draining
(TDLN) are described below. Similar profiles were observed in several articles (6, 7)
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Representative flow cytometry gating strategy for T cells. Flow cytometric analysis of KI67

positive CD4 and CD8 T cells in tumors (TUM) and tumor draining lymph node (TDLN). Iso:
Isotype control

The authors report small differences in terms of IFNg production, which cannot explain the difference in
antitumor activity.

- One would like to see functional evidence supporting T-cell-mediated tumor reactivity and potentially lower
Treg-mediated immunosuppression.
As requested by the Reviewer, we analyzed the antitumor activity of tumor-infiltrating CD8 T cells, and
we observed a higher cytolytic activity as measured by expression of CD107a (LAMP-1) and granzyme

B (new Supplementary Fig. 1).



801 75- 401
E @ 5 oo I =
E0 [ ] f] ™ o 20
S | R T : -
) k=]
g a0 —:.'.'.r o £ het LR =
2 g
m — @
s . 5 25 % e °
- 204 E (h 10 -
e O
r r i} r r i} r r
shctd (2] shEk1[3] shCErlf2] shEk1[3] shiCtd[2] =sh5kK1[3]

SK1ldownregulation enhances the anti-tumor activity of tumor-infiltrating CD8 T cells. Antitumor
activity of tumor-infiltrating CD8 T cells as measured by the expression of IFN-y, LAMP-1 (CD107a)
and granzyme B (Grz) at day 11. These data are depicted in the new supplementary Fig.1

We also tried to analyze the suppressive activity of Treg from shCtrl or shSK1 tumors using DEREG
(Foxp3-DTR-EFGP) mice at day 11. However, we failed to obtain a sufficient amount of tumor-
infiltrating Treg cells to perform the suppressive assay. Nevertheless, we performed a suppressive
activity test using Treg isolated from the tumor draining lymph nodes of mice grafted with shCtrl and
shSK1 melanoma cells and found no significant differences as shown in the figure below.
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4. In Figure 4, the combinatorial therapies with aCTLA4 and aPD1 would need to include functional data of
CD8+ T cells and Tregs.

4.A. As requested the Reviewer, we analyzed the functional activity of tumor-infiltrating CD8+ T cells
after combinatorial therapies. We observed that the frequency of IFN-y CD8 positive cells was
increased in SK1 silenced tumors as compared to shCtrl ones. This phenomenon was also observed
in the context of ICI therapy (new supplementary figure 4B). In contrast, we observed a decrease in the
frequency of TNF+ CD8+ TILs, which likely reflect a partial dysfunction of CD8+ T cells in SK1
knockdown tumors. As a matter of fact, anti-CTLA-4 or anti-PD-1 treatment increased the proportion
of TNF+ CD8+ TILs, indicating that ICI may restore some biological functions of TILs, leading to tumor
rejection (new supplementary figure 4B).

In addition, SK1 silencing increased the proportion of PD-1+ CD8+ TILs co-expressing CTLA-4 or TIM-
3 at day 11 post-melanoma cell injection. Whereas the co-expression of PD-1 with CTLA-4 or TIM-3
likely reflects the activation of TILs at early time points, those immune checkpoints trigger TIL
dysfunctions at later stages, facilitating immune escape and melanoma progression (8, 9).
Interestingly, anti-CTLA-4 or anti-PD-1 prevented the increase of CTLA-4 and TIM-3 on PD-1+ CD8+
TILs in SK1 knockdown tumors (new Fig. 4). Moreover, we also observed an upregulation of CD226
and a downregulation of TIGIT on CD8+ and CD4+ TILs upon anti-PD-1 in SK1 knockdown tumors
(supplementary Fig. 4C and D). Together, our findings indicate that the synergism between SK1
knockdown and ICI therapy depends, at least in part, on the modulation of immune checkpoint
expression on TILs.

We added in the new figure 4 the percentage of Foxp3+ cells among total tumor cells (Fig. 4D),
indicating that anti-CTLA-4 or anti-PD-1 therapy further decreases Treg content in SK1 knockdown
tumors. This phenomenon is associated with a decrease expression of CCL17 and CCL22 in shSK1
tumors leading to a lower accumulation of Treg in the tumor (Fig. 4D), irrespectively of ICI treatment.

- One would also like to see the expression of inhibitory ligands.

4.B. As suggested by the reviewer, additional experiments have been performed to address this issue.
We analyzed the expression of PD-L1, PD-L2 and Galectin-9 in tumors at day 11 on CD45 negative cells
and myeloid cells: CD11b+Gr1+ (MDSC) and CD11b+Gr1-F480+ (TAM). We found a significant decrease
for PD-L1 expression (but not for PD-L2) on CD45- cells in shSK1 tumors with and without ICI therapy.
These results are now included in the revised version in the supplementary figure 5.

As regard to galectin-9, its expression on MDSC, TAM and CD45- cells was weak and seemed slightly
reduced in shSK1 tumors. We however decided not to depict these last result in the revised version.
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- The size of tumors at time of ICB should be indicated.

Anti-PD-1 and anti-CTLA-4 were injected on day 5, 7 and 10 and 7, 10 and 13, respectively. As requested
by the Reviewer the tumor volumes were 43.50 mm? (shCtrl melanoma) versus 152.9 mm? (shSK1
melanoma) at day 7 (n=10-12).
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5. The observation of PGE2 synthetase downregulation interesting but its mechanism remains obscure

Several potential consensus binding sites for transcription factors, like GC boxes, Barbie boxes and
an aryl hydrocarbon regulatory element (ARE) have been identified in the promoter region of
PTGES/mPGES1 (10). During inflammation, a number of studies have reported that EGR1 promotes
PTGES expression by itself (11) or coordinately with NF-kB (12) in a variety of tumor cell lines. Of note,
SK1 has been shown to stimulate NF-kB activation in melanoma cell lines (11). Moreover, SK1 down-



regulation using siRNA was shown to reduce PTGES expression via a decrease of EGR1 expression
in HUVECs (13).

In this context, we analyzed Egrl expression by RT-gPCR in Yumm melanoma cells in which SK1 was
downregulated or not. Although Ptges mRNA expression levels were reduced by SK1 silencing, those
of Egrl were not affected (see the new supplementary Fig.10A and Fig below). In accordance with this
observation, the re-expression of SK1 in shSK1 melanoma cells restored Ptges expression without
affecting that of Egrl. These data demonstrate that SK1 regulates Ptges expression in an Egrl-
independent manner in murine melanoma cells. However, EGR1 mRNA expression was shown to be
highly regulated by EGRL1 itself, NF-kB, serum response elements or AP-1 in human cells. It is also
dependent on acetylation mechanisms (14). The multilevel complexity linking SK1 to Ptges regulation
is currently under investigation in our laboratory and will be the subject of a separate study.
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SK1 regulates Ptges expression. Relative expression levels for Sphkl (A), Ptges (B) and Egrl (C)
expression were measured in shCtrl(2) or shSK1(3) Yumm cells transfected with an empty plasmid (mock)
or a plasmid encoding murine SK1 (mSK1) (n=8-9). Data were compared using Kruskal-Wallis test with
Dunn’s correction.

6. In Figure 6, the investigators report that high Sk1 expression in tumors correlates with the upregulation of a
number of inhibitory pathways known to be upregulated by T cells in inflamed tumors. This observation does
not fit well with the previous observations made by the investigators that multiple inhibitor receptors (Tim3,
TIGIT....etc) appeared to increase in mouse tumors that downregulate SK1 (Figure 3).

We observed an upregulation of CTLA-4, PD-1 and TIM-3 expression in CD8 T cells (Fig. 3, and sup.
Fig. 4) and no changes were observed for TIGIT expression (sup. Fig.4) after SK1 silencing at day 11.
At this time point, these upregulations likely reflect a higher activation phenotype associated with an
increased proliferation (K167+, Fig.3) and antitumor activity (IFNy, GrzB, CD107a, supplementary Fig.
1C), rather than an exhaustion phenotype. Moreover, these three checkpoint molecules are
upregulated upon T cell activation during the anti-tumor response, and tumor-infiltrating CTLA-4+ PD-
1+ CD8+ T cells have been shown to contain the majority of tumor-antigen specific T cells (15, 16).
We performed additional experiments to address this very important point and analyzed the proportion
of PD-1+ Eomes+ CD8+ T cells that have been defined as an exhausted T cell populations in chronic
infection and in melanoma (17, 18). Although, we did not detect any Eomes+ CD8+ T cells at day 11,
we saw a decreased frequency of PD-1+ Eomes+ and PD-1+ TIM3+ CD8+ T cells at day 23 in shSK1
tumors that could reflect a decreased exhaustion phenotype in these tumors at later time points (8, 9).
Since this tenet remains to be confirmed by additional experiments, we prefer not to depict these data
in the revised version.
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CD8/Treg ratio and percentage of PD-1+TIM-3+ and PD-1+Eomes+ CD8 TILs at day 23. shCtrl(2)
or shSK1(3) Yumm melanoma cells were injected intradermally in C57BL/6 mice, and TIL content
was analyzed by flow cytometry on day 23.

The data in Figure 6 would rather suggest that high sk1 tumors are inflamed and may be more likely respond
to immune checkpoint blockade. This observation is puzzling and it is unclear how this supports the main
conclusion of the manuscript. In addition, it is unclear what the authors mean with “HIGH” SK1 expression.

We agree with the Reviewer that one of the limitations to the successful use of ICI to treat cancer
patients is the requirement for tumors to be pre-infiltrated with immune cells (i.e., inflamed tumors)
and more specifically TILs. However, a high proportion of patients affected by cancers that are
described as “immunogenic” still poorly respond to these therapies. As opposed to the “primary
resistance”, these resistance mechanisms are defined as “adaptive immune resistance” and “acquired
resistance” (19).

In figure 6B, we observed an interesting correlation between SPHK1 expression and PTGES or TGFB1.
Increased level of TGFB is associated with poor prognosis in multiple different tumor types (20, 21),
Moreover, preclinical models have shown that TGF-B receptor kinase inhibitor | synergizes with anti-
CTLA-4 to inhibit tumor growth in the BRAFV600E PTEN™" melanoma model (Hanks et al., 2014). Pges
produces PGE2, a major mediator of resistance to immunotherapies, including oncolytic vaccinia
virotherapy (22). COX2 inhibitors, used to block PGE2 production, have been used to improve the
efficacy of immunotherapy (23). Furthermore, Ptges has been described as a regulator of
immunosuppression in cutaneous melanoma (24). Therefore, the data depicted in Figure 6 further
argue that high SK1 tumors are likely more resistant to immune checkpoint therapy, in accordance
with our data depicted in Fig. 1.

High SPHK1 patients from TCGA metastatic melanoma cohort are in the 80" percentile as regard to
SPHK1 expression in melanoma samples. Low SPHK1 patients are in the 20™" percentile.

Reviewer #2 (Remarks to the Author):

The MS entitled “Resistance of Melanoma to Immune Checkpoint Inhibitors is Overcome by targeting the Lipid
Kinase SK1” from Caroline Imbert and colleagues studies the impact of the sphingosine kinase-1 (SK1) in the
context of cancer immunotherapy. In the underlying MS the authors identified a novel resistance mechanism
to ICI, which is timely and clinical relevant. Using preclinical models of cancer and melanoma patient data,
they showed that downregulation of SK1 reduces tumour growth, improves ICI therapy and is associated with
a favorable outcome of anti-PD1 therapy in melanoma patients, respectively. Despite this is a very interesting
finding several concerns have been raised (see below). In general the study is very descriptive and lacks
mechanistic insights. The authors attempt to gain some insights but these are not convincing in the current
version. The translational aspect is questionable as the inhibitor used raises more questions than it delivers
answers. The human data is descriptive and the statements made are speculative. This part needs a more
careful characterization and more in depth analysis. All these points are accompanied by technical issues
which need to be addressed to validate the initial findings. In summary, this study addresses an important topic
and has potentially interesting and novel findings, which need to be substantiated in further experiments.



MAJOR COMMENTS.

1. The authors should characterize their melanoma patient cohort. It is intriguing that SPHK1 high
patients are less likely to respond to anti-PD1, however this could be explained by other parameters
e.g. stage, tumour load, T cell infiltration etc. How is SPHK1 expressed across different melanoma
stages?

The clinical characteristics of melanoma patients in our cohort is described in the new Table
1. There are no differences in SPHK1 high and SPHK1 low group for tumor stage, histological
subtype, and mutation status (BRAF and NRAS). Concerning the level of T cell infiltrate
observed in these tumors, please see response to question 1c from Reviewer 1.

The data presented in Figure 1 is rather preliminary. Could it be that all good responder are llic IVa?
Does SPHK1 correlate with T cell infiltration, maybe SPHK1 melanoma are T cell poor and thus do
not respond? What about Treg infiltration. In the Figure legend the authors write n=11 SPHK1 high
patients and n=19 SPHK1 low, however in table 1 there are only 22 patients annotated. Could
SPHKZ1 be expressed by other cells in the tumour microenvironment? Which cells would express it?
Overall the human data are interesting, but preliminary.

We performed new RNAscope staining for SPHK1 mRNA using a second cohort of melanoma
patients treated with anti-PD-1 (Nivolumab or Pembrolizumab). Therefore, we obtained new
survival data described in the new figure 1 with 32 patients (Low SPHK1 group, n=21; High
SPHK1 group, n=11). For illustration purposes, Kaplan-Meier estimates were used to produce
PFS and OS curves with two groups (50 and >50%) (p-value equal to 0.0112 for PFS and
0.0445 for OS). The error in the figure legend has been corrected accordingly.

Moreover, we analyzed T cell infiltration by IHC staining for CD8, Foxp3 and PD-L1. Although
not included in the current manuscript, we found that the longer progression-free survival
and overall survival found in the Low SPHK1 group could not be explained by differences on
CD8 and PD-L1 staining on tumor biopsies. However, the Foxp3 staining was positively
associated with the SPHK1 expression, in line with our preclinical data. Since the Foxp3
staining was low, we prefer not to depict those data in the paper.

Additionally, as reviewer 2 rightfully mentioned, SPHK1 is expressed by other cells from the
tumor microenvironment, the main subtype being endothelial cells, which constituted one of
our quality control criteria for the RNAscope staining.

As mentioned in our response to Reviewer 1’s question 1c, we performed new analysis and
stained FFPE tumor sections from melanoma patients for the detection of CD8 and PD-L1
markers. One important observation was that CD8 (bright versus no bright), PD-L1 (positive
versus negative or <1%) or Foxp3 (positive versus negative) markers did not allow to
discriminate between good responders versus non-responders for anti-PD-1 therapy using
Kaplan Meier analysis (see figure below). Under these settings, SPHK1 staining seems to be
a more powerful variable to predict response of patients to anti-PD1 treatment.
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2. In figure 2. The authors show that downregulation of SK1, mediated by shRNA, reduces tumour
growth in wild type mice. This effect is abolished in NSG and CD8-deficient mice. What are CD8-
deficient mice? Nowhere in the MS the authors explain this mouse model. In general genetic
alteration of CD8 or CD4 causes issues with T cell development (Immunology. 1996 Feb;87(2):220-
9.). The authors should perform antibody depletion experiments to dissect the role of CD8, CD4 and
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NK cells in this model.

As requested by the Reviewer, we now provide more information regarding CD8 deficient
mice in the methods section of the paper. We also performed in vivo depletion experiments
and we demonstrated that CD4 and CD8 cells, but not NK cells, are important lymphocytes in

tumor growth inhibition following SK1 silencing.

These results depicted below are now included in the revised version of the manuscript in

supplementary Fig.3.
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In vivo depletion of NK, CD4 and CD8 cells. Mice received an intraperitoneal injection of anti-CD4,
anti-CD8, and anti-NK1 one day before intradermal injection of shCtrl(2) or shSK1(3) Yumm cells,
two days after and then every six days.

3. Figure 3 is partially counter intuitive. Despite the increased proliferation and IFNg production the
authors describe increased expression of PD-1, CTLA4, TIM3. These are all exhaustion marker and
associated with T cell dysfunction. Especially, when expressed at the same time by the same cell.
This needs to be discussed in more detail (Blood 2011 117:4501-4510).

At day 11, we observed an upregulation of CTLA-4, PD-1 and TIM-3 expression but not TIGIT
expression on CD8+ TILs (Fig. 3, and sup. Fig. 4) following SK1 silencing. At this time point,
this upregulation seems likely to reflect a higher activation phenotype associated with an
increased proliferation (KI67+) of TILs as depicted in Fig. 3 and antitumor activity (IFNy, GrzB,
CD107a, supplementary Fig. 1C), rather than an exhaustion phenotype. Moreover, these three
checkpoint molecules are upregulated upon T cell activation during the anti-tumor response,
and tumor-infiltrating CTLA-4+ PD-1+ CD8+ T cells have been shown to contain the majority
of tumor-antigen specific T cells (15, 16).

We performed additional experiments to address this very important point in order to analyze
the expression of PD-1+ Eomes+ CD8 T cells that have been defined as an exhausted T cells
in chronic infection and in melanoma (17, 18). Whereas we didn’t observe Eomes+ CD8+ T
cells at day 11, we observed a decreased frequency of PD-1+ Eomes+ and PD-1+ TIM3+ CD8
T cells at day 23 in shSK1 group that could reflect a decreased exhaustion phenotype in SK1
knockdown tumors at late time points (8, 9). Since this tenet remains to be confirmed by
additional experiments, we prefer not to depict those data.
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CD8/Treg ratio and percentage of PD-1+TIM-3+ and PD-1+Eomes+ CD8 TILs at day 23. shCtrl(2)
or shSK1(3) Yumm melanoma cells were injected intradermally in C57BL/6 mice, and TIL content
was analyzed by flow cytometry on day 23.

4. In Figure S4 the authors state SKI silencing also abolished the ICI-induced increased expression
of immune inhibitory checkpoint molecules... S4A However, there is no increase in CTLA4+PD1+ or
PD1+TIM3+ CD8 t cells upon aCTLA4 or aPD1 treatment. What do the authors mean?



We thank the Reviewer for raising this issue that was not properly explain in the previous version of
our manuscript. We observed an increase of CTLA-4, PD-1 and TIM-3 after SK1 silencing and without
ICI treatment.

SK1 knockdown increased the proportion of PD-1+ CD8+ TILs co-expressing CTLA-4 or TIM-3 at day
11 post-melanoma cell injection. Although, the co-expression of PD-1 with CTLA-4 or TIM-3 likely
reflects the activation of TILs at early time points, those immune checkpoints trigger TIL dysfunctions
at later stages, facilitating immune escape and melanoma progression (25, 26). Interestingly, anti-
CTLA-4 or anti-PD-1 prevented this increase of CTLA-4 and TIM-3 molecules on PD-1+ CD8+ TILs in
SK1 knockdown tumors (new Fig. 4). Moreover, we also observed an upregulation of CD226 and a
downregulation of TIGIT on CD8+ and CD4+ TILs upon anti-PD-1 in SK1 knockdown tumors
(supplementary Fig. 4C and D). Together, our findings indicate that the synergism between SK1
knockdown and ICI therapy depends, at least in part, on the modulation of immune checkpoint
expression on TILs.

5. The therapeutic effect of aCTLA4 and PD1 is impressive. However, the mechanistic insights are
limited. Treating shSK1 tumours with aCTLA4 only slightly increases the number of tumour infiltrating
CD8 T cells and marginally reduces the number of Treg cells. This slight changes hardly explain the
dramatic phenotype. The statistical comparisons are also misleading. The authors should compare
frequency of CD8 and Tregs between Ctrl shSK1 and a CTLA4 shSK1!ll This does not look
significant!!!

As mentioned in our response to Reviewer 1’s question 4, we analyzed the functional activity
of tumor-infiltrating CD8+ T cells after combinatorial therapies. We observed that the
frequency of IFN-y CD8 positive cells was increased in shSK1 tumors as compared to shCtrl
tumors. This phenomenon was also observed in the context of ICI therapy (new
supplementary figure 4B). In contrast, we observed a decreased in the frequency of TNF+
CD8+ TILs, which likely reflect a partial dysfunction of CD8+ T cells in SK1 knockdown
tumors. As a matter of fact, anti-CTLA-4 or anti-PD-1 injection increased the proportion of
TNF+ CD8+ TILs, indicating that ICI may restore some biological functions of TILs, leading to
tumor rejection (new supplementary figure 4B).

We added in the new figure 4 the percentage of Foxp3+ cells among total tumor cells (Fig.
4D), indicating that anti-CTLA-4 or anti-PD-1 therapy further decreases Treg content in SK1
knockdown tumors. This phenomenon is associated with a decreased expression of CCL17
and CCL22 in shSK1 tumors leading to a lower accumulation of Treg in the tumors (Fig. 4D),
irrespectively of ICI treatment.
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6. The authors write on p. 8 SKI-I treatment also enhanced anti-PD-1 efficacy (Fig 4G)...although
statistically significant, there is no biological meaningful effect of SKI-I in combination with anti-PD1.
This sentence should be rephrased. On a different note, these data are actually contradicting the
findings present above where shRNA-mediated knockdown in combination with PD-1 leads to the
cure of 2/3 of mice. The explanation the inhibitor is not as effective is not helpful, as this inhibitor
shows efficacy in combination with CTLA-4 (Fig 4F). It is also to mention that the knockdown of
SHPK1 is incomplete!

In accordance with the results obtained with the knockdown strategy (Fig. 4A), the
pharmacological approach showed that SK1 inhibition sensitizes melanoma tumors more
efficiently to anti-CTLA-4 than anti-PD-1 treatment (Fig. 4G). However, as aptly mentioned by
the Reviewer, the effects of SKI-l were less pronounced as compared to SK1 knockdown for
tumors treated with anti-PD-1. One could speculate that, under our experimental conditions,
SKI-I has also affected other SK1-dependent signaling pathways in host cells from the tumor
microenvironment that have limited the impact of anti-PD-1 and, to alesser extent, anti-CTLA-
4. However, we cannot exclude that SK1 inhibition using SKI-I in vivo is not as powerful as
when using the shRNA approach and careful additional studies in mice harboring melanoma
would be required to determine the best treatment conditions (dose, method of
administration, pharmacokinetics, and chemical nature of the inhibitor). Nonetheless, our
data do show the potential of such pharmacological approach to improve response to ICl in
mouse melanoma. As requested by the Reviewer, the sentence (page 9 of the revised version)
has been modified as follow: “In addition, albeit less potently than SK1 silencing,
pharmacological inhibition of SK1 by SKI-I significantly improved the anti-CTLA-4 therapy on
established Yumm melanoma, and led to a potent increase in tumor rejection and animal
survival (Fig. 4F). Under these conditions, SKI-I treatment slightly enhanced the anti-PD-1
efficacy (Supplementary Fig. 7A). Interestingly, the potentiation of anti-PD-1 efficacy was
more pronounced in the MC38 colon cancer model (Supplementary Fig. 7B).

7. In Figure 4 H the author use MC38. It is surprising that anti-PD1 treatment has only a marginal
therapeutic effect, given that this cell line is one of the most sensitive models.



We fully agree with reviewer that MC38 are sensitive to anti-PD-1 therapy. To be able to
assess a potential benefit of combining the SK1 inhibitor to anti-PD-1 treatment, in this model
we optimized our experiment settings and injected only 100 ug per mouse of anti-PD-1 at day
7 and 10 (as opposed to the 200 pg per mouse used in the literature). This allowed us to
observe a moderate response to anti-PD1 therapy alone and provided us with a good model
to study the impact of SKI-1in these settings. We could obtain a higher therapeutic effect with
effect with 3 injections (at day 7, 10 and 13) of 200 ug per mice of anti-PD-1.

8. Can the authors by re-expressing SK1 in Yumm cells revert the observed phenotype? This
experiment would rule out off-target effect (well known for shRNAs) and strengthen the findings
presented so far.

As suggested by the Reviewer we overexpressed SK1 in shSK1 Yumm cells by transfecting
them with a plasmid expressing the mouse SK1 cDNA. SK1 re-expression reverted the impact
on tumor growth, as described in the new supplementary figure 10 A.
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means + SEM (n=9-12). Samples were compared
using two-way ANOVA test.
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9. In Figure 5 the authors attempt to unravel the molecular mechanisms causing the profound
phenotype described before. For this, they have used a Proteomic screen. In this screen, the authors
found decreased expression of Ptges. However, this could be a shRNA off-target effect. This concern
is substantiate by the fact that there is a dramatic difference of Ptges expression between shSK11
and shSK2, although the have similar SK1 expression. Again this problem should be addressed, by
:1. Re-expressing SK1 to see whether this restores Ptges expression and

2. by analyzing the CRISPR-KO cells, which are less likely to have off-targets compared to shRNA.

We agree with the Reviewer that it is necessary to demonstrate that the inhibitory effect of
the shRNA against Sphk1 on the expression of Ptges is not an off-target effect. Establishment
of a full SK1 KO Yumm cell line, using the CRISPR/Cas9 technology, is not possible as the
deletion of SK1 highly alters cell proliferation. Of note, supplementary Fig. 1 depicting B16
melanoma cells for which the CRISPR technology was used to inhibit SK1 expression is not
a full KO. Residual SK1 expression was found in this cell line to levels comparable to the
ones observed when using the shRNA technology. As this figure may be misleading we
choose to remove it from the manuscript and address the potential off-target effect using a
third shRNA targeting a different sequence than the first two previously used in the
manuscript (see figure below).

As shown in supplementary figure 1A and 10B, shSK1(3) cells exhibited a markedly reduced
expression of SK1. As expected, silencing of SK1 was associated with a decreased
expression of Ptges.
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shSK1(1) GCACCCAAACTACCTTTGGAT
shSK1(2) GCAGGTGACTAATGAAGACCT
shSK1(3) GCTGCGGCTCTATTCTGTGCTCAGTCTGT

Moreover, to completely exclude off-target effect, we performed a rescue experiment by
transfecting shSK1(3) cells with a plasmid encoding murine SK1 (+ mSK1). Under these
conditions, the inhibitory effect on Ptges expression was totally abolished by the rescue of
SK1 expression. These results are now included in new supplementary Fig. 10. Thus, all this
additional data strongly supports the reproducibility of the molecular mechanism.

10. The correlation data presented in Figure 6. are interesting for PTGES, FoxP3, TGFB1 and
CTLAA4. Although significant, the correlation coefficient is very low for the other marker.
These data also raises the question whether Tregs express PTGES and/or SK1?

We compared the expression of Ptges and Sphkl in Treg using transcriptomic data set
obtained from murine T cells (27). The data from 3 replicates are described below. Ptges and
Sphk1 have similar expression in Treg and conventional T cells (Tconv) from thymus and
lymph nodes.
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Minor comments:

In the MM section under Tumor Challenge and treatments: there is no explanation what CD8-
deficient mice are.

We apologize for this omission, CD8-deficient mice are CD8a Knockout mice and have been
kindly given by Prof. J. van Meerwijk, INSERM U1043, Toulouse, France.

In the MM section the authors state “SK1 activity was determined as described 52 with minor
modifications.” Either the modifications are important to reproduce the findings, than they should be
explained! Or it is not important than please delete.

We agree with the reviewer and we decided to delete this sentence.
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Reviewers' comments:
Reviewer #1; cancer immunology:

Following the previous review, the investigators have provided more data to support their
conclusion, Overall, the role of SK1 in modulating immune responses and tumor progression is
very complex, and the mechanisms of action remain uncertain. The revised version and the new
data of the manuscript raised many serious concerns.

MAJOR CONCERNS

1. The correlation of SK1 expression with survival with arbitrary cut off at 50% will need to be
further evaluated with evaluation of all potential confounding variables including disease stage and
tumor burden.

2. Many observations are truly striking and make this reviewer wonder about the relevance of the
mouse tumor model in this study. These include:

a. The high-frequency Tregs in tumor transfected with sh controls (approximately 40% CD4+ T
cells) in Figure 2G and Figure 4C.

b. The observation that only 10% CD8+ TILs express PD-1 in control Yumm tumors (Figure 3D) as
one would expect that the majority of CD8+ TILs would be PD-1+_.

c. The high spontaneous CD8+ TIL proliferation in control tumors (nearly 60% Ki67+ CD8+T cells)
in Figure 3.

d. The high frequency of IFN-g producing CD8+ T cells without in vitro restimulation is also
surprising. Also, these frequencies increased little upon SK1 deletion.

3. The evaluation of T cells in tumors at day 11 has evaluated small-size tumors as depicted in
Figure 4A, which may render the frequencies assessment difficult. One would like to know the
absolute number of cells.

4. The decreased of IR expression upon ICB is puzzling. The reasons supporting this observation
remain elusive.

5. The mechanisms of action of SK1 deletion alone or in combination with ICB remains elusive. The
data would suggest that SK1 deletion and CTLA-4 blockade may allow better Treg depletion to
explain clinical observed. The mechanisms supporting the effect of SK1 removal together with PD-
1 blockade remains uncertain.

6. In Figure suppl 4, Skl deletion appeared to correlate with increased IFn-g+ CD8+ T cells but
decreased TNF-producing CD8+ TILs. This observation would suggest that Sk1 deletion would
increase T cell dysfunction. These data do not fit well with the central hypothesis supported by the

investigators.

7. The investigators have not included the evaluation of IL-2, which may be critical to evaluate T
cell function and exhaustion.

8. The downregulation of PD-L1 expression by tumor cells in sh SK1 tumors together with to
increased IFN-g producing CD8+ T cells is surprising and remains unexplained.

Reviewer #2; cancer immunology/melanoma:

In the revised version of the MS submitted by Caroline Imbert and colleagues have addressed



many of my concerns. They now provide detailed information on the patient cohort studied, the
rescue-experiments are convincing as well as cell depletion experiments. Overall the quality of the
MS has improved. However multiple concerns regarding the mechanism of action and the human
relevance remain.

In the rebuttal letter the authors state:

“1. There are no differences in SPHK1 high and SPHK1 low group for tumor stage, histological
subtype, and mutation status (BRAF and NRAS).”

I disagree with this statement. In the new Table 1 the authors show 81.9% of SK1 High patients
are IVb/c compared to only 38.1% of SK1 low patients. This data suggests to me that SK1 is
upregulated during disease progression (late stage) at least in a fraction of patients. Moreover,
only 9.1 % and 27.3 % of SK1 high patients have a BRAF or NRAS mutation, respectively.
Compared to 40 % and 43.8 % in SK1 low patient. This data suggests to me a possible correlation
between SK1 expression and the absence of BRAF/NRAS pathway activity. The cohort of patients is
small, thus the study might lack the power to address these interesting points, but | think the
authors should at least discuss them in their MS as it indicates a possible regulation of SK1 in
melanoma, which could be followed up in subsequent studies.

The authors also state:

“We performed additional experiments to address this very important point in order to analyze the
expression of PD-1+ Eomes+ CD8 T cells that have been defined as an exhausted T cells in chronic
infection and in melanoma (17, 18). Whereas we didn’t observe Eomes+ CD8+ T cells at day 11,
we observed a decreased frequency of PD-1+ Eomes+ and PD-1+ TIM3+ CD8 T cells at day 23 in
shSK1 group that could reflect a decreased exhaustion phenotype in SK1 knockdown tumors at
late time points (8, 9). Since this tenet remains to be confirmed by additional experiments, we
prefer not to depict those data.”

I think these data is very important for the MS. | would like to see these results repeated in
another experiment. | would also like to see the day 11 data. These findings are in line with
current thoughts that T cell exhaustion is a long-term process. If the data are reproducible, that in
SK1 deficient tumors T cell exhaustion is impaired and effector function is maintained, this would
provide more mechanistic insights.

In the figure provided in the rebuttal letter the authors show no correlation with PD-L1 expression
nor with CD8 T cell infiltration. Why is this? Many other papers show a correlation at least between
CD8 T cell infiltration and response to I/0. This also contradicts the pre-clinical findings, as the
authors clearly see more CD8 T cells in SK1 low tumors. Can the authors please clarify this
discrepancy? Along those lines in Figure 6 the authors focus on the correlation of SPHK1 with
several immune suppressive marker. What would the correlation of SPHK1 with IFNg, GrzA, Perf,
CDS8 look like? One would assume it should be an anti-correlation.

“We apologize for this omission, CD8-deficient mice are CD8a Knockout mice and have been kindly
given by Prof. J. van Meerwijk, INSERM U1043, Toulouse, France.”

CD8-deficient C57BL/6 mice (a gift from Prof. J. van Meerwijk, INSERM U1043, Toulouse, France)
Unfortunately, the authors did not write CD8a-deficient mice in the MM section of the MS. There is
also no citation referring to the origin/phenotype of the mouse. They must cite the exact mouse
strain they have used, as this is an important experimental detail. Have the authors used the Tak
Mak mouse? More importantly, the CD8a-KO mouse has also impaired cross presenting DCs, thus
this model is not ideally suited. The authors should move the CD8a-ko mouse graph into the
supplementary figure and bring the experiments using antibody-mediated depletion into the main
figure.

In line with this, there are no information’s provided on the culture conditions of the various cell
lines used in the study. In the section Murine cell lines, MC38 and 4T1.2 do not even appear.

Figure 3 suggests, that SK1 downregulation affects the recruitment and phenotype of Tregs and
thus the effector function of CD8+ T cells. This data still remains descriptive and correlative. The
authors should inject ctrl and SK1 cells into Foxp3-DTR mice to show the effect of SK1 knockdown



if no Tregs are infiltrating tumours. This would, again strengthen the MS significantly. In line with
finding, | believe the correlation of SK1 expression and the presence of Foxp3+ Tregs in human
melanomas is important to show. Which antibody did the authors use? The clone PCH101, and
Ab20034 as well as Ab10563 have been shown to work reliable. The authors should aim to
substantiate the notion that SK1 through currently unknown mechanisms influences Treg
recruitment in preclinical and human melanoma. Thus, leading to improved anti-tumour immunity.

“In accordance with the results obtained with the knockdown strategy (Fig. 4A), the
pharmacological approach showed that SK1 inhibition sensitizes melanoma tumors more efficiently
to anti-CTLA-4 than anti-PD-1 treatment (Fig. 4G)”

Unfortunately, there is no panel G in Figure 4. The authors probably mean Figure 4F.

In figure 4 the colour code of the box plots in panel C — E are missing. Based on the colour
code/legend in B | could assess the figures, but it would be appropriate to depict the legend at
least once in this figure. The authors also didn’t provide any data on how SK1i treatment affected
Treg recruitment, Chemokine production and CD8 effector phenotype. So far the authors have not
provided convincing data that there SK1 inhibitor has a similar mode of action compared to genetic
silencing. Thus, there data does not support their conclusion.

The authors would need to show TIL analyses after SK1i treatment showing reduced Treg
infiltration, lower levels of CCL17 and CCL22, more PD1+CTLA4+Tim3+ CD8 T cells etc. This data
set is important to address the possible translational relevance of their findings.

“We agree with the Reviewer that it is necessary to demonstrate that the inhibitory effect of the
shRNA against Sphkl on the expression of Ptges is not an off-target effect. Establishment of a full
SK1 KO Yumm cell line, using the CRISPR/Cas9 technology, is not possible as the deletion of SK1
highly alters cell proliferation.”

What do the authors mean by this statement? How does a genetic knockout of Sphk1l inlfuence cell
proliferation? Increase? Decrease? Is there something special about the Yumm cell line?

In response to reviewer 1 point 3 the authors provided their gating strategy for the assessment of
Ki67 in T cells. | am very surprised to see that 73.3% of all viable cells in their tumours are CD45+
immune cells? This can’t be right. What is the fraction of viable cells? Based on the provided dot
plots, it looks like the authors have a significant amount of dead cells in their analyses. Can the
author please clarify, why they have so many dead cells in their preparations and why the 75% of
cells are immune and only 25% are tumour cells?

In Figure 6 again the appropriate labelling of panel A the fold-change scale is missing.



Response to Reviewers' Comments:
The point-by-point response to reviewers' comments is highlighted in blue and bold.

Reviewer #1; cancer immunology:

Following the previous review, the investigators have provided more data to support
their conclusion, Overall, the role of SK1 in modulating immune responses and tumor
progression is very complex, and the mechanisms of action remain uncertain. The
revised version and the new data of the manuscript raised many serious concerns.

MAJOR CONCERNS

1. The correlation of SK1 expression with survival with arbitrary cut off at 50% will
need to be further evaluated with evaluation of all potential cofounding variables
including disease stage and tumor burden

As requested by Reviewer #1 during the first round of revision, the major
variables including disease stage, BRAF or NRAS mutation, Breslow and
ulceration status as well as available treatment information from the study
cohort were presented in Table 1. This table has now been amended by
introducing the chi-squared or Fisher’s exact test used to compare categorical
variables. However, considering the size of our cohort, multivariate analysis
including all potential confounding variables cannot be performed. This would
indeed violate the 10 events per 1 variable rule (Peduzzi, Concato et al. 1995),
inducing greater risks of bias. Importantly, we are currently conducting a
prospective clinical trial (IMMUSPHINX: NCT03627026), which will allow us to
extend our observations to additional tumor specimens from metastatic
melanoma patients treated with immune checkpoint inhibitors. This point is
now mentioned in the discussion (page 11).

2. Many observations are truly striking and make this reviewer wonder about the
relevance of the mouse tumor model in this study. These include:
a. The high-frequency Tregs in tumor transfected with sh controls (approximately
40% CD4+ T cells) in Figure 2G and Figure 4C.

Mouse melanoma models are well described for their propensity to promote
regulatory responses. As a matter of fact, similar tumor Treg frequencies were
reported using other mouse melanoma (e.g., B16-F10 or B16-OVA) models
(Klages, Mayer et al. 2010, Oh, Kim et al. 2017). In addition, Yumm 1.7
melanoma cells carry the BRAF'®°F mutation. This mutation has already been
reported to promote infiltration of tumors by Treg in spontaneous mouse
melanoma models (Shabaneh, Molodtsov et al. 2018). Furthermore, in patients
with metastatic melanoma up to 70% of CD4+ TILs were shown to express
Foxp3 (Ahmadzadeh, Felipe-Silva et al. 2008).

b. The observation that only 10% CD8+ TILs express PD-1 in control Yumm tumors
(Figure 3D) as one would expect that the majority of CD8+ TILs would be PD-1+_.

As shown in Figure 3D, the frequency of CD8+ PD-1+ T cells in control Yumm
tumors is less than 20% because TIL content was analysed on day 11 after



tumor cell injection. As expected, we obviously observed much higher
frequencies at day 20 (see figure A below).
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Figure A (not to be included in the manuscript). Analysis of PD-1 expression in
CD8 TiLs at day 11 (D11) and day 20 (D20) after inoculation of shCtrl Yumm cells.

c. The high spontaneous CD8+ TIL proliferation in control tumors (nearly 60% Ki67+
CD8+T cells) in Figure 3.

This point was already discussed in the first revised version of the manuscript.
We also previously explained the gating strategy including isotype control
staining for KI67 expression in T cells isolated from tumors and draining lymph
nodes (TDLN). The high frequency of Ki67+ CD8+ T cells observed at day 11
corresponds to the early phase of T cell activation. Similar percentages of
Ki67+ CD8+ TILs were observed in the well-validated B16F10 mouse melanoma
model, by us (see Figure B below) as well as by others (Zamarin, Ricca et al.
2018).
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Figure B (not to be included in the manuscript). Analysis of KI67 expression in
CD8+ TILs at day 11 after inoculation of shCtrl Yumm or B16F10 cells.

d. The high frequency of IFN-g producing CD8+ T cells without in vitro restimulation
is also surprising. Also, these frequencies increased little upon SK1 deletion.

Actually, IFN-y production was analysed after in vitro restimulation with PMA
and ionomycin as described in the Methods section (page 17) and detailed
again in the Results section (page 7). To avoid any confusion, this technical
point has been added in the legends to Figure 3 and Supplementary Figure 5.
This polyclonal and strong stimulation can therefore explain the high
frequency of IFN-y+ CD8+ T cells. We agree with Reviewer #1 that these
frequencies slightly, yet significantly, increased upon SK1 silencing.

3. The evaluation of T cells in tumors at day 11 has evaluated small-size tumors as



depicted in Figure 4A, which may render the frequencies assessment difficult. One
would like to know the absolute number of cells.

Tumor weights at day 11 averaged 100 mg (irrespectively of SK1 silencing).
Importantly, we selected this particular time point to assess the tumor immune
infiltrate just before tumors evade from the immune system. As requested by
the Reviewer, we calculated the absolute number of T cells at day 11 and found
no differences between the groups, expected for the Treg cell absolute number
that was dramatically decreased in the shSK1 tumor group.
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Figure C (not to be included in the manuscript). Analysis of absolute numbers at
day 11 after inoculation of either shCtrl or shSK1 Yumm cells. The absolute number
of cells per mg of tumor sample was determined using CountBright™ Absolute
Counting Beads (Life technologies). The following formula was used for this
calculation: absolute cell number = number of cells acquired/(tumor wet
weight/[number of beads acquired/number of beads added to sample]) (Simpson, Li
et al. 2013).

4. The decreased of IR expression upon ICB is puzzling. The reasons supporting this
observation remain elusive.

Indeed, we have no clear explanation for this observation. It is unlikely due to a
competition of binding to PD-1 or CTLA-4 between the therapeutic antibodies
and the antibodies used for staining since they recognize different epitopes. As
these data (ex Figure 4E) might be confusing and do not clarify the
mechanisms by which SK1 knockdown enhances ICI therapy, we decided to
delete them from the manuscript.

5. The mechanisms of action of SK1 deletion alone or in combination with ICB
remains elusive. The data would suggest that SK1 deletion and CTLA-4 blockade
may allow better Treg depletion to explain clinical observed. The mechanisms
supporting the effect of SK1 removal together with PD-1 blockade remains uncertain.

Perhaps, as presented in the previous version of Figure 4C, the effects of SK1
silencing on the Treg depletion by anti-PD-1 were not well appreciated by the
Reviewer. These effects can be clearly seen when presented in a semi-
logarithmic scale (see below, new presentation of Figure 4C). As compared to
ICI alone or SK1 knockdown alone, combined therapies led to a significant
additive reduction of Treg depletion. We thus propose to replace the previous
Figure 4C by this new type of presentation.
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Figure 4C. Percent of total CD4+Foxp3+ cells. Data are from Figure 4C middle
panel, presented using a semi-logarithmic scale to emphasize the additive effect of
SK1 silencing on the response to ICI.

As a matter of fact, Treg recruitment into the tumor microenvironment was
reported to impede both the antitumor immune response and the response to
anti-PD-1 therapy. Therefore, clinical ftrials aiming at limiting Treg
accumulation, using for instance, anti-CCR4 antibodies either as monotherapy
or in combination with ICI, are being conducted (Sugiyama, Nishikawa et al.
2013, Ueda 2015).

In order to confirm that Treg play an important role in our model, we
orthotopically grafted shCtrl and shSK1 Yumm cells in DEREG (Foxp3-DTR-
GFP) mice. Following diphtheria toxin (DT) injection, a highly efficient depletion
of Treg was obtained both in the periphery and tumors at day 8 (see new
Supplementary Fig. 4; below). This led to total rejection of the tumors in shCtrl
and shSK1 groups.
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Supplementary Figure 4. Impact of Foxp3+ Treg depletion on Yumm tumor
growth. shCtrl or shSK1(1) Yumm cells were intradermally injected in DEREG or WT
mice on day 0: (A) Mice were i.p. injected with 1ug of diphtheria toxin (DT) or PBS on
days 1, 4, 7 and 10. (B) Analysis of Foxp3+ CD4+ T cells at day 8 in the tumor (TUM)
and tumor draining lymph nodes (TDLN) of DEREG mice injected with PBS or DT at



days 1, 4 and 7. (C) Tumor growth of DEREG or WT mice (n=6-12). Tumor volumes
are presented as means + SEM. Samples were compared using a two-way ANOVA
test.

These novel results clearly demonstrate that Treg are a major
immunosuppressive population that impairs anti-tumor immune responses in
this model. Altogether, our results support the view that SK1 silencing
enhances ICl response via a Treg-mediated mechanism.

This is further corroborated by our finding that SK1 silencing down-regulates
PTGES expression and subsequently attenuates PGE2 production (Figure 5).
As the PGE2 prostaglandin is known to facilitate Treg accumulation in tumors
(refs), this further establishes a mechanistic link between SK1 silencing and
Treg reduction. Moreover, we show that SK1 silencing was associated with a
reduced production of immunosuppressive chemokines CCL17 and CCL22
(Figure 4D), which potently promote Treg infiltration (Curiel, Coukos et al. 2004,
Ishida and Ueda 2006).

6. In Figure suppl 4, Sk1 deletion appeared to correlate with increased IFn-g+ CD8+
T cells but decreased TNF-producing CD8+ TILs. This observation would suggest
that Sk1 deletion would increase T cell dysfunction. These data do not fit well with the
central hypothesis supported by the investigators.

Our central hypothesis is that a high tumor SK1 expression induces an
immunosuppressive microenvironment and our main conclusion is that
“targeting SK1 decreases Treg accumulation and enhances ICI efficacy in
mouse melanoma”.

Whereas reducing the TNF production may be considered as the result of a T
cell dysfunction, we previously demonstrated that TNF promotes the tumor
growth of melanoma cell lines, including the Yumm melanoma cells, by limiting
the accumulation of CD8+ TILs (Bertrand, Rochotte et al. 2015). Moreover, we
showed that TNF triggers the resistance to anti-PD-1 therapy and TNF blockade
overcomes this resistance in mouse cancer models (Bertrand, Montfort et al.
2017). This concept has been recently confirmed by Melero and co-workers
(Perez-Ruiz, Minute et al. 2019).

In this study, our goal was not to dissect the role SK1 from melanoma cells
may play in T cell exhaustion (dysfunction). Analysis of such a phenomenon
would need an evaluation at later stages than examined here and in a situation
of adaptive resistance. Determining the precise interconnection(s) linking
tumor-dependent SK1 expression and the modulation of anti-tumor T cells
effector functions will be the subject of separate study.

7. The investigators have not included the evaluation of IL-2, which may be critical to
evaluate T cell function and exhaustion.

We evaluated the frequencies of IL-2 positive T cells but we found very few IL-
2+ CD8 TILs (around 2% of CD8+ T cells) and no differences between shCtrl
and shSK1 groups (data not shown).



8. The downregulation of PD-L1 expression by tumor cells in sh SK1 tumors together
with to increased IFN-g producing CD8+ T cells is surprising and remains
unexplained.

We agree with Reviewer #1 that IFN-y is known to induce PD-L1 expression in
tumor cells. Under our experimental conditions, whereas we found an
increased IFN-y production by CD8+ TILs from shSK1 tumors following PMA-
ionomycin stimulation of TILs, we noticed a significant reduction of TNF, a
cytokine also known to promote PD-L1 expression in melanoma cells (Lim, Li
et al. 2016). However, there are known additional regulators of PD-L1
expression such as HIF1a, Stat3 and NF-xB (Wang, Wang et al. 2018) that can
be activated by SK1-dependent signalling pathways (Ader, Brizuela et al. 2008,
Alvarez, Harikumar et al. 2010, Liang, Nagahashi et al. 2013). We agree with
Reviewer #1 this is a very interesting observation, however out of the scope of
the present study.

Reviewer #2; cancer immunology/melanoma:

In the revised version of the MS submitted by Caroline Imbert and colleagues have
addressed many of my concerns. They now provide detailed information on the
patient cohort studied, the rescue-experiments are convincing as well as cell
depletion experiments. Overall the quality of the MS has improved. However multiple
concerns regarding the mechanism of action and the human relevance remain.

In the rebuttal letter the authors state:

“1. There are no differences in SPHK1 high and SPHK1 low group for tumor stage,
histological  subtype, and  mutation status (BRAF and NRAS).
| disagree with this statement. In the new Table 1 the authors show 81.9% of SK1
High patients are IVb/c compared to only 38.1% of SK1 low patients. This data
suggests to me that SK1 is upregulated during disease progression (late stage) at
least in a fraction of patients. Moreover, only 9.1 % and 27.3 % of SK1 high patients
have a BRAF or NRAS mutation, respectively. Compared to 40 % and 43.8 % in SK1
low patient. This data suggests to me a possible correlation between SK1 expression
and the absence of BRAF/NRAS pathway activity. The cohort of patients is small,
thus the study might lack the power to address these interesting points, but | think the
authors should at least discuss them in their MS as it indicates a possible regulation
of SK1 in melanoma, which could be followed up in subsequent studies.

We agree with Reviewer #2 that evaluating whether SK1 expression in tumors
is related to the patient BRAF and NRAS mutational status is of particular
importance. However, our cohort does not allow for such an analysis. First, in
this cohort most tumors are not mutated for BRAF (22 out of 31). Second,
among the 9 patients having a BRAF mutation, only one is associated with the
“SK1 high” group, thus precluding a statistically relevant comparison. A much
larger cohort would be necessary to address this issue. As mentioned in the
response to Reviewer #1 (item 1), we are currently conducting a prospective
clinical trial (IMMUSPHINX: NCT03627026), which will allow us (i) to confirm the



prognostic significance of SK1 and (ii) to link this parameter to other
parameters such as treatment, stage and mutational status.

Similarly, a misinterpretation can be made when comparing the expression of
SK1 in patients with different metastatic subclasses. For instance, for stage IVb
there is a single patient in the « SK1 low » group. In contrast, when both
groups contain a reasonable number of patients such as for stage IVc (12
patients), one could conclude that there is no difference between the two
groups.

As recommended by Reviewer #2, the following sentence has been introduced
in the Discussion (page 11): “Considering the small number of patients, the
association between the expression of SK1 and the tumor stage, the mutation
status of BRAF and NRAS as well as immune responses could not be
performed due to weak statistical power in this retrospective study. This will be
performed on a larger cohort of advanced melanoma patients treated with anti-
PD-1 in combination or not with anti-CTLA-4, from a prospective clinical trial
(IMMUSPHINX: NCT03627026) we are currently conducting in our institute”.

The authors also state:

“We performed additional experiments to address this very important point in order to
analyze the expression of PD-1+ Eomes+ CD8 T cells that have been defined as an
exhausted T cells in chronic infection and in melanoma (17, 18). Whereas we didn’t
observe Eomes+ CD8+ T cells at day 11, we observed a decreased frequency of PD-
1+ Eomes+ and PD-1+ TIM3+ CD8 T cells at day 23 in shSK1 group that could
reflect a decreased exhaustion phenotype in SK1 knockdown tumors at late time
points (8, 9). Since this tenet remains to be confirmed by additional experiments, we
prefer not to depict those data.”

| think these data is very important for the MS. | would like to see these results
repeated in another experiment. | would also like to see the day 11 data. These
findings are in line with current thoughts that T cell exhaustion is a long-term process.
If the data are reproducible, that in SK1 deficient tumors T cell exhaustion is impaired
and effector function is maintained, this would provide more mechanistic insights.

As requested by Reviewer #2, we performed additional experiments to analyse
the frequencies of PD-1+ Eomes+ CD8+ T cells (Figure D below). We observed
few PD-1+ Eomes+ CD8+ T cells at day 11 irrespective of the condition;
however these frequencies significantly increased by day 20. In this
experiment, we did not find any differences in the frequencies of PD-1+
Eomes+ CD8+ T cells between shCtrl and shSK1 tumors.
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Figure D (not to be included in the manuscript). Flow cytometry analysis of PD1+
Eomes + CD8 T cells at day 11 and day 20 after inoculation of either shCtrl or shSK1
Yumm cells.

Thus, this T cell exhaustion hypothesis cannot explain the regression of
tumors observed at day 11 upon SK1 silencing and ICI treatment. Reversing
exhaustion of T cells (a long-term process) does not seem to be the main
mechanism through which SK1 inhibition promotes ICI efficacy at early stages,
as opposed to the dramatic impact SK1 silencing has on the Treg population.

In the figure provided in the rebuttal letter the authors show no correlation with PD-L1
expression nor with CD8 T cell infiltration. Why is this? Many other papers show a
correlation at least between CD8 T cell infiltration and response to I/O. This also
contradicts the pre-clinical findings, as the authors clearly see more CD8 T cells in
SK1 low tumors. Can the authors please clarify this discrepancy?

We agree with Reviewer #2 that CD8 T cell infiltration could be associated with
a good prognosis, as described by Tumeh et al. (Tumeh, Harview et al. 2014),
who have used a cohort in which patients are clearly defined as responders or
non-responders. By using the recommended classification of TILs (brisk, non-
brisk; (Mihm and Mule 2015)), no correlation between CD8+ cells and survival
was seen. Nonetheless, PD-L1 expression in human tumors tended to correlate
with progression-free survival (see Figure E below). By extending the cohort,
our prospective clinical trial Immusphinx (NCT03627026) will help investigate
these relationships.



1001 PD-L1

0.751

0.501

0.251

Progression Free Survival

0.00+

0 6 2 m';.ss 2 30

[ == negor <1% = pos |

Figure E (not to be included in the manuscript). Progression-free survival curve of
patients with more than 1% of melanoma cells positive for PD-L1 (black line; n=15) or
less than 1% (red line; n=14). Survival times were calculated from the first day of the
cycle of anti-PD-1 post biopsy.

Along those lines in Figure 6 the authors focus on the correlation of SPHK1 with
several immune suppressive marker. What would the correlation of SPHK1 with
IFNg, GrzA, Perf, CD8 look like? One would assume it should be an anti-correlation.

This anti-correlation can be expected but not always seen in human tumors. As
a matter of fact, it is well established that expression of immune regulatory
molecules in the tumor microenvironment is positively associated with
infiltration of tumors with immune cells such as T cells across multiple cancers
(Trujillo, Sweis et al. 2018). We did not find an anti-correlation for IFNg, GrzA,
Perf, CD8 but instead a weak correlation (Table A below). These findings are
not surprising since TILs including CD8 and as well as Treg are enriched in hot
(inflamed) tumors such as melanoma, a phenomenon Gajewski’s group
demonstrated when showing a remarkable positive correlation between Foxp3
expression and CD8+ cell infiltration in tumors (Spranger, Spaapen et al. 2013).

SPHK1 IFNG GZMA PRF1 CD8A CD8B
r 0.1679 0.2073 0.2264 0.1744 0.1992
p value 0.0016 0.0001 0.0000 0.0012 0.0002

Table A. (not to be included in the manuscript). Correlations between SPHK1 and
IFNG, GZMA, PRF1, CD8A and CD8 gene expression in tumors from metastatic
melanoma patients using Spearman’s rank-order correlation (n=342).

“We apologize for this omission, CD8-deficient mice are CD8a Knockout mice and
have been kindly given by Prof. J. van Meerwijk, INSERM U1043, Toulouse,
France.”

CD8-deficient C57BL/6 mice (a gift from Prof. J. van Meerwijk, INSERM U1043,
Toulouse, France)

Unfortunately, the authors did not write CD8a-deficient mice in the MM section of the
MS. There is also no citation referring to the origin/phenotype of the mouse. They
must cite the exact mouse strain they have used, as this is an important experimental
detail. Have the authors used the Tak Mak mouse? More importantly, the CD8a-KO



mouse has also impaired cross presenting DCs, thus this model is not ideally suited.
The authors should move the CD8a-ko mouse graph into the supplementary figure
and bring the experiments using antibody-mediated depletion into the main figure.

As requested by Reviewer #2, we deleted the data with the CD8a deficient mice
as the CD8 depleting experiments using an antibody are more convincing and
give similar results (Supplementary Figure 1B).

In line with this, there are no information’s provided on the culture conditions of the
various cell lines used in the study. In the section Murine cell lines, MC38 and 4T1.2
do not even appear.

MC38 and 4T1 were maintained in DMEM supplemented with 10% FCS and L-
glutamine. This information has been added in the supplementary methods.

Figure 3 suggests, that SK1 downregulation affects the recruitment and phenotype of
Tregs and thus the effector function of CD8+ T cells. This data still remains
descriptive and correlative. The authors should inject ctrl and SK1 cells into Foxp3-
DTR mice to show the effect of SK1 knockdown if no Tregs are infiltrating tumours.
This would, again strengthen the MS significantly. In line with finding, | believe the
correlation of SK1 expression and the presence of Foxp3+ Tregs in human
melanomas is important to show. Which antibody did the authors use? The clone
PCH101, and Ab20034 as well as Ab10563 have been shown to work reliable. The
authors should aim to substantiate the notion that SK1 through currently unknown
mechanisms influences Treg recruitment in preclinical and human melanoma. Thus,
leading to improved anti-tumour immunity.

Considering the large proportion Treg represent among the total pool of TILs in
mice, it is highly conceivable that a reduction in their proportion favors
response to ICl in our model. In order to prove that Treg play an important role
in this model, we orthotopically grafted shCtrl and shSK1 Yumm cells in
DEREG (Foxp3-DTR-GFP) mice. Following diphtheria toxin (DT) injection, a
highly efficient depletion of Treg in periphery and tumors was observed, which
resulted in tumor rejection in both groups of animals. These new data,
presented in Supplementary Figure 4 (see also response to Reviewer #1, point
5), now clearly establish that Treg Ilymphocytes act as a major
immunosuppressive population in our experimental preclinical model. Given
our previous results demonstrating the effect of SK1 knockdown in
combination either with anti-CTLA-4 or anti-PD-1 on the reduction of Treg
infiltration (Figure 4C), these new findings support the view that SK1 silencing
enhances ICl response via a Treg-mediated mechanism.

Regarding human melanoma samples, Foxp3 staining was performed with the
236A/E7 clone as previously described (Martinet, Le Guellec et al. 2012) (see
Table B below). A significant (p = 0.037) association between SPHK1
expression and Foxp3 staining was observed. Although these data are
interesting, a much larger cohort (such as the prospective clinical trial



Immusphinx NCT03627026) would be necessary to address this issue. We thus
would prefer not to include these data in the body of the manuscript.

Total Low SPHK1 (<=50%) High SPHKI (>50%)
N=32 N= 21 N= 11
Foxp3 score (n=32) p = 0.0367
negative or weak 27 ( 84.4%) 20 ( 95.2%) 7 ( 63.6%)
positive (>1%) 5 ( 15.6%) 1 ( 4.8%) 4 ( 36.4%)

Table B. (not to be included in the manuscript). Foxp3 expression in tumor
samples exhibiting low and high SPHK1 expression.

“In accordance with the results obtained with the knockdown strategy (Fig. 4A), the
pharmacological approach showed that SK1 inhibition sensitizes melanoma tumors
more efficiently to anti-CTLA-4 than anti-PD-1 treatment (Fig. 4G)’
Unfortunately, there is no panel G in Figure 4. The authors probably mean Figure 4F.

This panel is now panel E in the new Figure 4.

In figure 4 the colour code of the box plots in panel C — E are missing. Based on the
colour code/legend in B | could assess the figures, but it would be appropriate to
depict the legend at least once in this figure.

As requested by Reviewer #2, we added the colour code in the new Figure 4.

The authors also didn’t provide any data on how SK1i treatment affected Treg
recruitment, Chemokine production and CD8 effector phenotype. So far the authors
have not provided convincing data that there SK1 inhibitor has a similar mode of
action compared to genetic silencing. Thus, there data does not support their
conclusion.

The authors would need to show TIL analyses after SK1i treatment showing reduced
Treg infiltration, lower levels of CCL17 and CCL22, more PD1+CTLA4+Tim3+ CD8 T
cells etc. This data set is important to address the possible translational relevance of
their findings.

As requested by Reviewer #2, we analysed TILs at day 11 after SKI-l and anti-
CTLA-4 treatment. We demonstrated that this combination resulted in a
significantly higher CD8/Treg ratio in tumors (see Figure below). The latter
results have been added in the new Figure 4F.
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Figure 4F. Mice were challenged with untransfected Yumm cells on day 0, and then
treated or not with vehicle, SKI-1, anti-CTLA-4. (F) CD8/CD4+ Foxp3+ ratio at day 11.
Samples were compared using Kruskal-Wallis test with Dunn’s correction.

“We agree with the Reviewer that it is necessary to demonstrate that the inhibitory
effect of the shRNA against Sphk1 on the expression of Ptges is not an off-target
effect. Establishment of a full SK1 KO Yumm cell line, using the CRISPR/Cas9
technology, is not possible as the deletion of SK1 highly alters cell proliferation.”
What do the authors mean by this statement? How does a genetic knockout of Sphk1
inlfuence cell proliferation? Increase? Decrease? Is there something special about
the Yumm cell line?

SK1 expression/activity is tightly regulated by growth factors and favors cell
proliferation (Pulkoski-Gross and Obeid 2018). Yumm cells exhibit a lower in
vitro cell growth rate as compared to murine B16 melanoma cell lines. In this
context, downregulation of SK1 in Yumm cells does not affect their
proliferation as shown in Fig. 2A. Despite numerous efforts we failed to
generate SK1 knockout Yumm cell lines by using the CrispR/Cas9 technology.
In addition, to our knowledge no melanoma cell model has yet been published
where SK1 has been completely deleted by Crispr/Cas9.

In response to reviewer 1 point 3 the authors provided their gating strategy for the
assessment of Ki67 in T cells. | am very surprised to see that 73.3% of all viable cells
in their tumours are CD45+ immune cells? This can’t be right. What is the fraction of
viable cells? Based on the provided dot plots, it looks like the authors have a
significant amount of dead cells in their analyses. Can the author please clarify, why
they have so many dead cells in their preparations and why the 75% of cells are
immune and only 25% are tumour cells?

We apologize if the data were confusing. This is dependent on the gating
strategy because in this panel we focused on TILs and the parameters (SSC-A,
FSC-A and threshold) were adjusted for TIL analysis. Of course, there is not
73.3% of CD45+ viable cells in tumors. The percentage of CD45 positive cells is
10% of total cells as shown in the Figure F below. The percentage of dead cells
is related to tumor necrosis and tumor digestion protocol (mechanic and
enzymatic digestion).
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Figure F (not to be included in the manuscript). Percentage of total CD45+ cells
in shCtrl and shSK1 tumors at day 11.

In Figure 6 again the appropriate labelling of panel A the fold-change scale is issing.

The fold change has been added in the new Figure 6.
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Reviewers' comments:

Reviewer #2 (Remarks to the Author):

Most of my comments have been addressed or discussed appropriately.
Tobias Bald

Reviewer #3 (Remarks to the Author):

Imbert et al. has responded all the comments raised by two reviewers regarding their revised
manuscript. All the responses are appropriate for the data generated by the author groups.
Although the experiments were sophisticated, the data generated in this manuscript are limited by
relying heavily on one transplant mouse model and shRNA knockdown of SK1. In particular, the
2nd revised manuscript showed so dramatic differences between Day 11 and Day 20 shRNA
knockdown. To truly resolve the concerns from previous reviewers, the best and also a simple
approach would demonstrate the human relevance. It is necessary for the author group to obtain a
cohort of Braf mutated human melanomas to address the human relevance. If the author group is
able to conduct a prospective clinical trial, they should have the capacity of obtaining a
retrospective cohort of melanomas with Braf mutation.



Response to referees

Reviewer #3

Imbert et al. has responded all the comments raised by two reviewers regarding their
revised manuscript. All the responses are appropriate for the data generated by the author
groups. Although the experiments were sophisticated, the data generated in this manuscript
are limited by relying heavily on one transplant mouse model and shRNA knockdown of SK1.
In particular, the 2nd revised manuscript showed so dramatic differences between Day 11
and Day 20 shRNA knockdown.

As stated by Reviewer #3, we did perform experiments using the mouse
melanoma Yumm 1.7 cells (which are BRAF-mutated) transduced with control shRNAs
or shRNA directed against SK1. Of importance, not a single one but 3 different shRNAs
wer e used in these experiments. In addition, asrequested by Reviewer #2, we performed
rescue experiments to validate our concept (Supplementary Fig. 9). Furthermore, to
complement the epigenetic strategy, we used a pharmacological approach and
demonstrated that SK1 inhibition markedly enhanced the responses to anti-CTLA-4
and anti-PD-1 in murine models of both melanoma and colon cancer (new Fig. 5D-H).
Our demonstration of the deleterious impact tumor SK1 plays on cancer development
and ICI resistance was also validated in a breast cancer model using another genetic
background (new Fig. 5A-C). Importantly, both colon and breast cancer models do not
exhibit BRAF mutation. Thus, our data do not “rely on one model” but on different ones
and by using different approaches. These latter data, initially described in
Supplementary Figs. 7 and 8, have been moved in a new Figure5.

Regarding the differencein the tumor immune infiltrate between Day 11 and Day
20, as requested by Reviewer #2, we performed additional experiments to analyse the
frequencies of PD-1+ Eomes+ CD8+ T cells. We observed more exhausted CD8+ TILs
(PD-1+ and Eomest) at Day 20, irrespectively of the level of SK1 expression. Thus, this
T cell exhaustion hypothesis cannot explain the regression of tumors already observed at
day 11 upon SK1silencing and ICI treatment. It ishowever not surprising to see such an
increase in T cell exhaustion at Day 20: this has been vastly documented in the
literature. Reversing exhaustion of T cells (a long-term process) does not seem to be the
main mechanism through which SK 1 inhibition promotes I CI efficacy at early stages, as
opposed to the dramatic impact SK1 silencing exerts on the Treg population. Indeed, we
still observed the increase of the CD8/Treg ratio in SK1-silenced tumors at Days 11, 20
and 23 (see Figure 1 below, not to be inserted in the manuscript).
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Figure 1. CD8/Treg ratio in shCtrl and shSK1(1) tumors at day 11, 20 and 23.

In this study, our goal was not to dissect the role possibly played by SK1 from melanoma
cells in T cell exhaustion (dysfunction). The main conclusion of our study is that
“targeting SK1 decreases Treg accumulation and enhances ICI efficacy in mouse
melanoma”. Our results (Fig. 2, 3 and 4 and Supplementary Fig. 2, 3 and 4) fully
support this.

To truly resolve the concerns from previous reviewers, the best and also a simple
approach would demonstrate the human relevance. It is necessary for the author group to
obtain a cohort of Braf mutated human melanomas to address the human relevance. If the
author group is able to conduct a prospective clinical trial, they should have the capacity of
obtaining a retrospective cohort of melanomas with Braf mutation.

Firstly, we arereally surprised to read this additional query (i.e., to use a cohort of
BRAF mutated patients) asin your message, dated Sept. 9, 2019, you wrote use “We will
let the new reviewer know that we are not looking to introduce additional hurdles for
you at thisround of review”.

Secondly, regarding the focus of our work, there is no scientific rationale to use
BRAF-mutated patients. This at least for two reasons: (i) the most common therapy for
BRAF-mutated melanoma patients is the combination of dabrafenib (BRAF inhibitor)
plus trametinib (MEK inhibitor). Thus, it is not that easy to get access to melanoma
biopsies from BRAF-mutated patients treated with 1CI; (ii)) BRAF mutation does not
seem to be involved in the resistance to immunotherapy as demonstrated by several
studies (Larkin et al. 2019; Wolchok et al. 2017; Wolchok, Rallin, and Larkin 2017).

Until very recently, the first line of treatment for BRAF-mutated melanoma
patients used BRAF inhibitors in combination or not with MEK inhibitors. Since
patients benefiting from IClI can display long-lasting remissions, BRAF-mutated
melanoma patients displaying grade 3 disease now receive anti-PD-1 combined or not
with anti-CTLA-4 as first line treatment (Eggermont et al. 2018; Long et al. 2017,
Weber et al. 2017). Taking into account these recent changes in the treatment options
for BRAF-mutated melanoma patients, retrospective tissue cohorts are still in the early
stages of their building. This is why it is extremely difficult to access retrospective
cohortsfor such patients and why actually we are now performing one prospective study
(Immusphinx:NCT03627026).

Finally, we believe this new request from the reviewers s technically impossible to
fulfill in 3 monthsand isunlikely to yield a meaningful outcome.
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