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Sexual dimorphism in the antitumor immune responses
elicited by the combination of fasting and chemotherapy

Fasting reduces chemotherapy toxicity [1], enhances
immunogenic tumor cell death [2, 3] and increases CD8*
T cell infiltration in tumors, particularly when combined
with chemotherapy [2, 3] or immunotherapy [4]. More-
over, fasting exhibits a sexual dimorphism in the immune
system [5].

The aim of our study was to elucidate the role of
sex in the beneficial anti-tumoral effects of combining
fasting and chemotherapy. For this, we inoculated B16-
F10-derived melanoma allografts into immunocompetent
male and female mice. Three days later, the mice were
divided into: (1) not treated; (2) two cycles of 48-hour
fasting; (3) two cycles of 10 mg/kg doxorubicin; (4) two
cycles of doxorubicin and fasting for 24 hours before
and 24 hours after doxorubicin inoculation (“combina-
tion treatment” or “CT”). The study methods are shown
in the Supplementary Material file. Doxorubicin and fast-
ing alone reduced tumor growth in both sexes with the
same efficacy, and CT amplified this effect only in males
(Figure 1A and Supplementary Figure S1A-C). Male mice
bearing YUMMI1.7 melanoma-derived tumors responded
to fasting and doxorubicin, but females were insensitive
to any of them (Figure 1B and Supplementary Figure
S2A-C). Oxaliplatin did not affect B16-F10 tumor growth
(Supplementary Figure S3A-D). Fasting reduced serum
levels of testosterone only in males ([6, 7] and Supple-
mentary Figure S4A). To explore the role of testosterone,
we castrated males or implanted testosterone pellets in
females. CT lost efficacy in castrated males and became
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tumors; Thl, T helper type 1; TIM-3, T-cell immunoglobulin mucin-3;
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efficient in females with testosterone pellets (Figure 1C
and Supplementary Figure S4B-E). Next, we inoculated
mice with MC38 colon carcinoma cells [8]. Oxaliplatin
or fasting reduced tumor growth, and CT amplified this
effect in both sexes (Figure 1D and Supplementary Figure
S5A-C). Our findings indicate that sexual dimorphism
occurs in different tumor types, is dependent on tumor and
chemotherapy type, and testosterone is a key player in this
sexual dimorphism.

To study the immune response in B16-F10 allografts
treated with doxorubicin and/or fasting (Supplementary
Figure S6A-D), we analyzed relevant immune cell types
in inguinal lymph nodes (LN), peripheral blood (B) and
tumors (T) (Supplementary Table S1-S4). CT increased
stage II Natural Killer (NK) and Natural Killer T (NKT)
cells in B16-F10 tumors only in males (Figure 1E-F and
Supplementary Figure S6E-H). Females on CT had more
exhausted CD8* T cells in their tumors (Figure 1G and
Supplementary Figure S6I-K). Tumor-infiltrated CD8*
T cells were functionally more active in CT in males
(Supplementary Figure S7A-C), while serum TNFa did
not change (Supplementary Figure S7D-E). Immunoab-
lation of CD8 cells in male mice tended to reduce CT
efficacy, which still improved the antitumor response
(Supplementary Figure S8A-F and Supplementary Table
S5), indicating that immune cell populations other than
CDS8 cells were also involved in this response. Evolution
with treatment and sex of all other analyzed populations
is shown in Supplementary Figure S9A-L and S10A-J.
The transcription of many cytokines and chemokines
was strongly upregulated in CT only in males (Supple-
mentary Figure S11A-B). Finally, we treated male and
female Hsd:Athymic Nude-FoxnI™ mice lacking T lym-
phocytes with the same protocol. Fasting alone did not
reduce tumor progression; single chemotherapy reduced
tumor growth, and CT enhanced chemotherapy efficacy
mostly in male mice (Supplementary Figure S12A-H).
These results suggest that the beneficial effects of CT are
dependent on the cellular immune system, particularly on
NK and NKT cells. We then performed a high-dimensional
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FIGURE 1

Sexual dimorphism in the antitumor immune responses elicited by the combination of fasting and chemotherapy. (A) Male

and female 12-22-week-old mice were inoculated subcutaneously with melanoma B16-F10 cells. Some mice were left untreated (NT group);

fasted for 2 cycles of 48 hours (F group); inoculated intraperitoneally with two cycles of 10 mg/kg doxorubicin 4 and 13 days after the

inoculation of B16-F10 cells and fed with a standard diet (D group, indicated by vertical grey lines); or inoculated with 10 mg/kg doxorubicin
and followed a 48-hour fast around each chemotherapy cycle (D+F group, indicated by grey boxes). Tumor progression was monitored on the
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analysis of the immune populations in the tumors using
17 surface markers representing relevant immune pop-
ulations (Supplementary Table S6). After a dimensional
reduction and unsupervised clustering, we obtained 13
immune clusters (Figure 1H and Supplementary Figure
S13A) and quantified the differential presence of these
immune cell types between experimental groups (Supple-
mentary Figure S13B). Cluster 1 (M2 macrophages) was
increased in chemotherapy and CT only in males (Sup-
plementary Figure S13C), coinciding with Supplementary
Figure S10J. Clusters 4 and 13, expressing markers of
exhaustion (TIM-3 and PD-1), tended to be higher in
females on CT (Figure 1I and Supplementary Figure S13D),
confirming Figure 1G. Cluster 7 (stage I NKT) was sig-
nificantly increased in CT compared with chemotherapy

alone in both sexes (Supplementary Figure SI3E). Next, we
focused on CD8* T cells (Supplementary Figure S14A-B).
Cluster 14 (exhausted central memory/effector CD8 cells)
was increased following CT in both sexes (Supplemen-
tary Figure S14C-D). Clusters 18 and 20 (regulatory CD8
T cells [9]) tended to be decreased only in males with
chemotherapy alone (Supplementary Figure S14C and E).
These findings stress the differential response of CD8 cells
between both sexes to chemotherapy and CTs. We also
checked for sub-clusters within the NK1.1* cells and did
not find informative sub-clusters (Supplementary Figures
S14F-G).

We then analyzed the immune populations in mice
bearing MC38 colon carcinoma cells (Figure 1D). CT
increased total intratumoral effector and exhausted CD8*

indicated days after the inoculation of the tumor cells and the tumor area in mm? is represented. The area under the curve (AUC) is shown as
an inset in each panel. (B) Male and female 11-22-week-old mice were inoculated subcutaneously with the YUMM1.7 cell line. Tumors grew
until they reached a 13-47 mm? tumor area, having 25 mm? as the average size. Then, the chemotherapy and/or fasting treatments began as
indicated by the grey boxes. Treatment groups were the same as indicated in (A). Tumor progression was monitored on the indicated days
from the day before chemotherapy injection and the tumor area in mm? is represented. The area under the curve (AUC) is shown as an inset
in each panel. (C) Male mice were castrated at 8 weeks of age, and B16-F10 cells were inoculated subcutaneously 7-9 weeks later. 25 mg
testosterone was implanted subcutaneously in pellets to 12-16-week-old female mice, and 11 days later B16-F10 cells were inoculated
subcutaneously. After tumor implantation, treatment groups (D and D+F) are the same as those described in (A). Tumor progression was
monitored on the indicated days after the inoculation of the tumor cells. The area under the curve (AUC) is shown as an inset in each panel.
(D) Male and female 11-19-week-old mice were inoculated subcutaneously with the colon carcinoma cell line MC38. Tumors grew until they
reached a 5-38 mm? tumor area, having 16 mm? as the average size. Then, the chemotherapy and/or fasting treatments began as indicated by
the grey boxes. Some mice were left untreated (NT group); fasted for 2 cycles of 48 hours (F group); were inoculated intraperitoneally with two
cycles of 7.5 mg/kg oxaliplatin at the indicated days after tumors reached the initial size and were fed with a standard diet (O, indicated by
vertical grey lines); or were inoculated with 7.5 mg/kg oxaliplatin and followed a 48-hour fast around each chemotherapy cycle (O+F group,
indicated by grey boxes). Tumor progression was monitored on the indicated days after the first chemotherapy inoculation and the tumor area
in mm? is represented. The area under the curve (AUC) is shown as an inset in each panel. (E-G) Tumor-draining lymph nodes (LN),
peripheral blood (B) and B16-F10 tumor (T) samples obtained from mice shown in Supplementary Figure 6A-D six days after the second
chemotherapy cycle were analyzed by flow cytometry (Supplementary Tables 1-4) for the indicated immune populations: NK Stage II, NKT
Stage II and exhausted CDS cells. (H) B16-F10 allograft samples from a group of male and female mice treated as in (A) were obtained six days
after the second doxorubicin cycle, and the intra-tumoral immune response was analyzed using a panel of 17 surface markers (Supplementary
Table S6). After dimensional reduction and clustering, a set of 13 clusters was identified in every treatment group, according to the marker
expression shown in Supplementary Figure 13A. The color code of the dot plots is represented on Supplementary Figure 13A. Populations that
changed significantly between different conditions are circled. (I) Quantification of cells in Cluster 4 (circled in the dot plot in H) in the tumor
of mice under the indicated treatments. (J-L) Quantification of the indicated immune populations in tumor samples from mice shown in (D).
(M) MC38 allograft samples from a group of male and female mice treated as in (D) were obtained six days after the second oxaliplatin cycle,
and the intra-tumoral immune response was analyzed using a panel of 19 surface markers (Supplementary Table S7). After dimensional
reduction and clustering, a set of 15 clusters was identified in every treatment group, according to the marker expression shown in
Supplementary Figure 21A. The color code of the dot plots is represented in Supplementary Figure 21A. (N) Quantification of cells in Cluster
13 (marked in the dot plot in M) in the tumor of mice under the indicated treatments. (O) The diagram summarizes the observations in the
B16-F10 and MC38 tumor models. The gating strategy used for the immune populations of the classical cytometry is indicated in
Supplementary Tables S1-4 or cell discrimination for the high-dimensional cytometry was made according to each marker expression as
indicated in Supplementary Figure SI3A and S21A. Line-connected dots and bars represent the average of the indicated number of tumors.
Error bars represent the standard error of the mean. Statistical significance was assessed with the two-tailed unpaired t-test (insets in C); with
the one-way ANOVA test (E-G, I-L, N; insets in A-B, D); with the two-way ANOVA with mixed effects model (line graphs, A-D). In the
ANOVA analysis, Tukey’s (A-B, D) or Sidak’s (C) correction for multiple comparisons was used. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Colors
of asterisks placed next to data points indicate the treatment group to which that point is significantly different. Abbreviations: AUC: area
under the curve; B: peripheral blood; CD: cluster of differentiation; D: doxorubicin; Dox.: doxorubicin; Eff.: effector; Exh.: exhausted; F:
fasting; LAG-3: lymphocyte activation gene 3; LN: lymph nodes; M®: macrophages; NK: natural killer cells; NKT: natural killer T cells; NT:
not treated; O: oxaliplatin; Oxa.: oxaliplatin; PD-1: programmed cell death protein 1; T: tumor; TAM: tumor-associated macrophages; TIM-3: T
cell immunoglobulin domain and mucin domain 3; Thl: T helper type 1; YUMM: yale university mouse melanoma.
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cells (Figure 1J and Supplementary Figure S15A-D). CD8
tumor infiltration was more active in fasting, chemother-
apy and in CT than in the untreated mice (Supplementary
Figure SISE-F). CT also increased intratumoral CD4 Thl
cells, with anti-tumoral properties (Figure 1K and Supple-
mentary Figure S16A). Total intratumoral macrophages,
with pro-tumoral properties, were decreased with CT
(Figure 1L and Supplementary Figure S16B). The evolu-
tion of all other analyzed populations in both sexes is
shown in Supplementary Figures S17-19, where popula-
tions in females behaved very similarly to males. Tumor
cytokine and chemokine transcription did not signif-
icantly change with treatment or sex (Supplementary
Figure S20A-B). High-dimensional analysis of the intra-
tumoral immune populations using 19 surface markers
(Supplementary Table S7), followed by a dimensional
reduction and unsupervised clustering, generated 15 clus-
ters (Figure 1M and Supplementary Figure S21A). Cluster
1 (M-MDSC) was reduced with chemotherapy and CT
(Supplementary Figure S21B-C); Cluster 2 (PMN-MDSC)
was increased in CT, especially in males (Supplemen-
tary Figure S21B and D); and Cluster 13 (tumor-associated
macrophages) was reduced in both treatments and sexes
(Figure IN and Supplementary Figure S21B). The evo-
lution of these three populations fit with our previ-
ous results (Figure 1L and Supplementary Figure S18I-L
and S19C).

We analyzed tumor-draining lymph nodes and blood for
aphysiological understanding of the immune response. CT
increased lymph node MDSC only in females bearing B16-
F10 (Supplementary Figure S10B), partly explaining the
failure of females to respond to fasting, and this change was
not reflected in the tumors (Supplementary Figure S10A).
CT increased lymph node-relevant central memory and
naive CD8 cells in the B16-F10 model in both sexes (Supple-
mentary Figure S9C-D), and this was not reflected in blood
or tumors. NK and NKT cells were important in the B16-
F10 model: in males, CT decreased NK cells in the blood
and increased them in the tumor (Supplementary Figure
S9E), while stage II NKT cells were only increased in the
tumor (Figure 1F). Comparing both tumor models, doxoru-
bicin reduced total immune cells in blood and lymph nodes
but oxaliplatin did not (Supplementary Figures S9A and
S17A). These results indicate different global responses of
the immune system between tumor types and that changes
in blood or lymph nodes did not reflect those observed in
tumors, in contrast to previous reports [10].

Our work confirms the beneficial effects of combining
fasting with chemotherapy (doxorubicin and oxaliplatin)
in mice. We observe for the first time a sexual dimor-
phism in this process with relevant clinical implications.
Finally, we show that different tumor models show distinct
immune responses, and therefore, the chemotherapy-

enhancing ability of fasting may not depend on specific
immune populations (Figure 10).
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