
SC I ENCE IMMUNOLOGY | R E S EARCH ART I C L E
CANCER IMMUNOLOGY
1Dynamics of Immune Responses Unit, Equipe Labellisée Ligue Contre le Cancer, Insti-
tut Pasteur, 75015 Paris, France. 2INSERM U1223, 75015 Paris, France. 3Genome Integ-
rity, Immunity and Cancer Unit, Department of Immunology, Department of Genomes
and Genetics, Institut Pasteur, 75015 Paris, France. 4University Paris Diderot, Sorbonne
Paris Cité, Cellule Pasteur, rue du Dr Roux, 75015 Paris, France. 5Institut Curie, PSL Re-
search University, CNRS UMR168, 11 rue Pierre et Marie Curie, 75005 Paris, France.
6Sorbonne Universités, UPMC University Paris 06, 4 place Jussieu, 75005 Paris, France.
7Department of Immunology, Weizmann Institute of Science, Rehovot 76100, Israel.
*Corresponding author. Email: philippe.bousso@pasteur.fr

Milo et al., Sci. Immunol. 3, eaat1435 (2018) 23 November 2018
Copyright © 2018

The Authors, some

rights reserved;

exclusive licensee

American Association

for the Advancement

of Science. No claim

to original U.S.

Government Works
D
ow

nloaded f
The immune system profoundly restricts intratumor
genetic heterogeneity
Idan Milo1,2, Marie Bedora-Faure3, Zacarias Garcia1,2, Ronan Thibaut1,2,4, Leïla Périé5,6,
Guy Shakhar7, Ludovic Deriano3, Philippe Bousso1,2*

Tumors develop under the selective pressure of the immune system. However, it remains critical to establish how the
immune systemaffects the clonal heterogeneity of tumors that often display cell-to-cell variation in genetic alterations
and antigenic expression. To address these questions, we introduced a multicolor barcoding strategy to study the
growth of a MYC-driven B cell lymphoma harboring a large degree of intratumor genetic diversity. Using intravital
imaging, we visualized that lymphoma subclones grow as patches of sessile cells in the bone marrow, creating a spa-
tially compartmentalized architecture for tumor diversity. Using multicolor barcoding and whole-exome sequencing,
we demonstrated that immune responses strongly restrict intratumor genomic diversity and favor clonal dominance,
a processmediated by the selective elimination ofmore immunogenic cells and amplified by epitope spreading. Anti–
PD-1 treatment also narrowed intratumor diversity. Our results provide direct evidence that immune pressure shapes
the level of intratumor genetic heterogeneity and have important implications for the design of therapeutic strategies.
rom

 at bibC

N
R

S
 IN

S
B

 on M
arch 30, 2021

http://im
m

unology.sciencem
ag.org/

 

INTRODUCTION
Cancer development results froma complex evolutionary process fueled,
in large part, by stochastic genomic alterations and outgrowth of sub-
clones endowed with selective survival and proliferative advantages in
the tumor microenvironment (1, 2). These processes often proceed in
a branched manner (3), with distinct subclones developing in parallel,
generating considerable genetic and functional diversity within the tu-
mor of a given patient (4–6). How this diversity is structured at the an-
atomical and microanatomical level has yet to be fully understood for
each cancer. Understanding the shaping of intratumor heterogeneity is
essential not only because it encompasses fundamental mechanisms of
tumor evolution but also because itmayhave profound consequences on
therapeutic response (5). Genomic instability, cell autonomous fitness,
and microenvironmental constraints are well-characterized factors that
influence the level of tumorheterogeneity (4, 6). The immune systemcan
also impose pressure on tumor cells (7). In this model, referred to as tu-
mor editing, tumor cells are initially eliminated by the immune response
as part of a process that will favor the emergence of cells invisible to the
immune system. Evidence for immune-edited tumors has been provided
by several groups (8). However, the overall impact of immune surveil-
lance on intratumor heterogeneity is not known. It is, for example, un-
clear whether each subclone is subjected to immunoediting, a process
that should maintain overall diversity. Alternatively, immune responses
may promote genomic instability in tumor cells, favoring the emergence
of new subclones and thus the possibility of increasing tumor heteroge-
neity (9). Last, immune responses could act primarily by eliminating the
progeny of most subclones and selecting the residual subclones, thus di-
minishing intratumor diversity.

In addition, the contribution of various immune mechanisms
involved in shaping tumor diversity remains to be established. A poten-
tially critical consequence of intratumor diversity on immune responses
lies in the mosaic expression of tumor antigen. Tumor antigens are
often detected in only a fraction of tumor cells, a phenomenon that
potentially constitutes a strong limitation for successful establishment
of antitumor immunity (10–12). Addressing these important questions
experimentally is somewhat complicated by the paucity ofmethods to
dynamically track intratumor diversity. Here, we develop amulticolor
labeling strategy to visualize and analyze the diversity within a MYC-
driven B cell lymphoma in the bone marrow. Using this approach, we
examined how tumor heterogeneity is regulated in time and space and
established mechanisms by which the immune response can pro-
foundly restrict intratumor diversity.
RESULTS
A mouse model of spontaneous B cell lymphoma exhibits
extensive intratumor genetic diversity
To evaluate the extent of genetic heterogeneity in a developing tumor,
we relied on the Em-myc transgenic mouse model (13). These animals
express the c-myc oncogene under the control of the immunoglobulin
heavy chain enhancer and spontaneously develop B cell lymphoma after
a few months of age. Tumors isolated from five individual mice were
subjected to chromosomal analysis using spectral karyotyping (SKY).
As shown in Fig. 1 and fig. S1, we observed large diversity in the genetic
alterations of each tumor including chromosome gains/losses and trans-
locations. Within a givenmouse, virtually all tumor cells shared specific
chromosomal alterations. These shared alterations were unique to each
mouse analyzed, strongly suggestive of a common ancestor and most
probably reflecting stochastic events in the transformation process
and tumor evolution.Within a givenmouse, individual tumor cells also
displayed distinct genetic modifications indicative of further diversifica-
tion. For example, within tumor cells isolated from a male Em-myc
transgenic mouse (Fig. 1C, lymphoma #1), virtually all cells displayed
three copies of chromosomes 3 and 5, whereas around 28, 5, and 5%
of the cells had lost the Y chromosome, one copy of chromosome 8,
and one copy of chromosome 19, respectively. Similar features were ob-
served in the other tumors analyzed (Fig. 1C and fig. S1). Chromosome
loss events were documented in a large fraction (42 to 100%) of the var-
ious chromosomes (fig. S2). Overall, these results establish the extensive
1 of 13
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genetic intratumor heterogeneity inMYC-driven B cell lymphomas and
illustrate the frequent loss of chromosomes, a process that could poten-
tially translate into mosaic expression of tumor antigens.

A multicolor barcoding strategy allows the analysis and
visualization of tumor clonal diversity
The intratumor heterogeneity observed in this B cell lymphoma raises
fundamental questions of how this diversity is established and further
evolves in situ. To address these questions, we developed a multicolor
barcoding strategy, adapted from the previously described fluorescent
marking method (14, 15), with the aim to visualize and measure clonal
heterogeneity. In brief, lymphoma cells isolated from an individual
Em-myc transgenic mouse were retrovirally transduced to express
distinct fluorescent proteins or a combination of two proteins (Fig. 2A).
Cells with different color combinations were sorted and mixed. Five
clearly distinguishable equally distributed populations were repro-
ducibly generated in the initialmix (fig. S3A). Each colored population
exhibited the same growth characteristics (fig. S3, B and C) with only
minimal variations over 2 to 3 weeks of culture and were genetically
diverse (fig. S3D). In addition, the cell mixture was genetically very
similar to the parental line as detected by SKY (fig. S3E). Aliquots of
this cell mixture were injected into multiple recipient mice and could
then be followed in thesemice by flow cytometry (Fig. 2B).We reasoned
that preservation or a moderate reduction of intratumor heterogeneity
in vivo should translate into a relatively equal repartition of the various
colors. By contrast, loss of tumor diversity and emergence of one or a
few dominant clones should strongly skew the color distribution
(Fig. 2B). In addition, our strategy allows visualization of the spatial
organization of individual cell progeny by means of intravital imaging
(Fig. 2B). In sum, this multicolor labeling method offers the ability to
gauge the extent of tumor heterogeneity in different anatomical loca-
Milo et al., Sci. Immunol. 3, eaat1435 (2018) 23 November 2018
tions, at different stages of tumor devel-
opment, and under different experimental
conditions.

Tumor heterogeneity is
compartmentalized at the
anatomical and
microanatomical level
Upon transfer of a multicolor mix of
tumor cells, we observed lymphoma
growth primarily in the bone marrow
but also in the spleen and in some lymph
nodes—very similar to what is seen in
Em-myc transgenic mice. We also occa-
sionally observed tumor masses devel-
oping in nonlymphoid tissues, such as
skin-associated nodules, a feature also
observed in Em-myc mice (13). To assess
whether the extent of tumor heterogene-
ity is similar across organs, we compared
the color distribution in various organs
of individual mice on day 21. As shown
in Fig. 3A and fig. S4, we most often re-
covered the five colored lymphoma pop-
ulations in the bone marrow, spleen,
lymph nodes, and blood, although some
degree of anatomical variations was noted
in a given animal. Notably, tumor nod-
ules developing in nonlymphoid compartments were almost always
made of one colored population, suggestive of seeding from a single
cell (Fig. 3A). Such restriction of diversity in nonlymphoid sites was
also observed in Rag−/−mice, excluding a role for the adaptive immune
response in these anatomical differences (fig. S5). For each sample, we
calculated the evenness index (16), which reflects the diversity and
abundance of the colored populations, with high (0.5 to 1) or low
(<0.3) values reflecting balanced or strongly biased distribution, respec-
tively (Fig. 3B). Overall, these results suggest that tumor cells maintain a
degree of heterogeneity in lymphoid organs but not in nonlymphoid
tumor nodules.

To better characterize how tumor heterogeneity is spatially
organized in the bone marrow, the primary site of tumor development,
we relied on intravital two-photon imaging. At early time points, we
observed tumor seeding in the form of multiple small patches of cells,
each composed of one color (Fig. 3C). Numerous patches of the differ-
ent colors were detected in most of the areas imaged. In addition, time-
lapse imaging revealed that tumor cells were largely sessile, consistent
with the establishment of individual niches containing the progeny of
one cell (movie S1). At later time points, patches became larger but
remained largely nonoverlapping (Fig. 3C andmovie S2). Overall, our
results are consistentwith amodel inwhich numerous individual tumor
cells establish their own niches in the bone marrow, providing a se-
ries of spatially compartmentalized locations for establishment of tumor
diversity.

The immune response strongly affects tumor heterogeneity
We next assessed the potential role of the immune system in shaping
intratumor heterogeneity. First, we tested the potential of T cells to
attack lymphoma cells in the bone marrow. Intravital imaging of tumor-
reactive activated T cells revealed efficient infiltration in the bonemarrow
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Fig. 1. Lymphoma B cells developing in Em-myc transgenicmice display extensive intratumor genetic diversity.
(A) Experimental setup. Lymphoma cells were isolated from the lymphoid organs of Em-myc transgenic mice. Metaphases
were prepared, and 20 to 50 cells from each individual tumor were subjected to SKY. (B and C) Genetic heterogeneity in
different cells isolated from the same tumor. (B) Representative images of various chromosomes obtained from four indi-
vidual cells from one tumor. (C) Tables recapitulating the karyotypes of 40 cells analyzed from each individual tumor. Each
table corresponds to the tumor cells isolated fromonemouse. Red represents gain of chromosomes, black represents loss of
chromosomes, and gray shows translocations. Data are representative of a total of five tumors isolated frommale or female
tumor-bearing Em-myc mice.
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(Fig. 4, A and B), with some level of heterogeneity in T cell densities
among individual clonal tumor patches. We frequently observed stable
conjugates between T cells and lymphoma cells (Fig. 4C, movies S3
and S4, and fig. S6). These interactions were specific, because control T
cells that are not tumor specific displayed higher motility and did not
form stable contacts with tumor cells (Fig. 4, D and E; movie S5; and
fig. S6). In addition, using a fluorescence resonance energy transfer
(FRET) reporter for caspase 3 activation (17), we detected evidence for
tumor apoptosis after contacts with tumor-reactive T cells (Fig. 4F and
movies S6 and S7). As illustrated in Fig. 4 (A and B) and movie S3,
patches with high T cell infiltration tended to contain fewer tumor cells,
possibly as the result of T cell–mediated killing. These results suggest that
B cell lymphomas can be efficiently infiltrated and attacked by cytotoxic
CD8+ T cells in the bone marrow.

One important consequence of intratumor heterogeneity is the
potential variability in tumor antigen presentation. Tumor neoantigens
may arise after the initial transformation event, leading to mosaic anti-
gen expression. In addition, the frequent occurrence of chromosome
loss could eliminate antigens from a fraction of the tumor cells, estab-
lishing a source of immune escape variants. To address how the immune
system deals with intratumor diversity in the antigenic landscape, we
took advantage of amale Em-myc tumor in which about 28% of the cells
had lost the Y chromosome (Fig. 1C, lymphoma #1). We reasoned that,
Milo et al., Sci. Immunol. 3, eaat1435 (2018) 23 November 2018
upon transfer into female recipients, H-Y
should act as a tumor antigen in a subset
of the lymphoma cells, mimicking a situa-
tion where only a fraction of the tumor
cells is immunogenic. First, we observed
that, whereas the tumor grew rapidly in
male mice, female animals exhibited pro-
longed tumor control (Fig. 5A). This was
somewhat surprising given the fact that
a large fraction of the initial tumor cells
had lost the Y chromosome and therefore
should not be more immunogenic in
females than inmales.We then compared
the extent of tumor diversity in the bone
marrow of male versus female recipient
mice using ourmulticolor coding strategy.
We observed a drastic loss of tumor het-
erogeneity in female animals and theemer-
gence of one (or a few) dominant clone(s)
(Fig. 5, B to D). These results were con-
firmed by in situ imaging where tumor
cell patches in female recipients typically
consistedof oneor twocolorsonly (fig. S7).
When tumors isolated from female recip-
ients were cultured ex vivo to release the
immune pressure, we did not observe re-
emergence of new colors, suggesting a
permanent sculpting (fig. S8). We also
observed evidence for loss of tumor phe-
notypic diversity with unlabeled tumors
in female mice (fig. S9), suggesting that
immune-mediated restriction of tumor
heterogeneity was not a consequence of
the viral transduction used to label tumor
cells. A kinetic analysis revealed that intra-
tumor heterogeneity was initially high in
both male and female but declined specifically in female recipients at
later stages (Fig. 5, E and F). Restriction of diversity was not seen inmale
Rag2−/−or femaleRag2−/−mice (Fig. 5F and fig. S10A), implicating adapt-
ive immunity in this process. Moreover, the restriction was associated
with the emergence of H-Y–specific CD8+ T cells in female recipients
and anoverall higher frequency of interferon-g (IFN-g)–producingCD8+

T cells in female recipients as compared with males (fig. S10, B to D).
These results demonstrate that the adaptive immune response in female
miceprofoundly restricted tumordiversity over the courseof the response.

Epitope spreading amplifies the impact of the immune
response on tumor heterogeneity
To gain some insight into the mechanism underlying the shaping of
tumor heterogeneity by the immune response, we analyzed the karyo-
type of the lymphoma cells developing in male or female mice. With
respect to Y chromosome loss, we observed a similar frequency (28
to 48%) in the initial population (Fig. 1C, lymphoma#1) and after trans-
fer in male mice (Fig. 6A), suggesting that tumor cells without Y chro-
mosome proliferate on average at the same rate as the rest of the tumor
population. In female animals, however, only cells without the Y chro-
mosome were detected, demonstrating efficient elimination of all H-Y–
expressing tumor cells (Fig. 6A), and this phenomenon required CD8+

T cells (fig. S10E). It is, however, unlikely that the profound restriction
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Fig. 2. A multicolor barcoding method to study intratumor clonal diversity. (A) Experimental setup used to produce
color-barcoded tumors. Tumor cells isolated from a lymphoma-bearing Em-myc mouse were retrovirally transduced with a
mixture of CFP- and GFP-encoding viruses or a mixture of GFP- and YFP-encoding viruses. CFP+, GFP+, YFP+, CFP+GFP+, and
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and/or intravital imaging of the bone marrow.
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of tumor heterogeneity seen in female animals uniquely resulted from
the elimination of H-Y–expressing tumor cells because around 1 ×
105 cells (about 25% of injected cells) in the initial mix did not have the
Y chromosome (Fig. 6A). Even when we restricted the analysis of these
experiments to tumor cells that did not harbor the Y chromosome
(X-only karyotypes), we observed a lower genetic diversity in females
compared with males (Fig. 6A and fig. S11), with evidence of clonal
Milo et al., Sci. Immunol. 3, eaat1435 (2018) 23 November 2018
dominance in females. This result sug-
gested that the immune pressure ex-
erted in female mice extended beyond
H-Y–specific responses. We therefore
explored the possibility that the anti–
H-Y T cell response in female mice
promoted a response to cryptic tumor
antigens, a process often referred to as
epitope spreading. Although the nature
of tumor antigens expressed by our lym-
phoma line is not known, we took ad-
vantage of the introduction of the green
fluorescent protein (GFP) and its var-
iants in our multicolor tumor cell mix.
The retroviral transduction of the fluo-
rescent protein appears poorly immuno-
genic, and fluorescent cells are not
eliminated in male mice. However, we
observed that the tumor cells recovered
fromfemale animalsdisplayed significant-
ly lower fluorescence intensity than those
recovered from male mice (Fig. 6, B and
C). To confirm this finding, we injected a
mixture of fluorescent andnonfluorescent
tumor cells and again showed specific
elimination of fluorescent tumors in fe-
male but not inmalemice (Fig. 6D). This
elimination was dependent on the en-
dogenous T cell repertoire and was not
simply a bystander effect of the anti–
H-Y T cell response, because fluorescent
cells were not specifically eliminated in
female MataHari T cell receptor (TCR)
transgenicmice in which all CD8+ T cells
are H-Y specific (Fig. 6D). We also ex-
cluded the possibility that female mice
have an intrinsic higher capacity tomount
anti-GFP responses (for example, due to a
different preimmune TCR repertoire)
compared with male animals (fig. S12).
Last, we tested the presence of a CD8+

T cell response against a previously de-
fined H-2Db–restricted epitope of GFP
(18) and could detect a GFP-specific re-
sponse in female but not in male animals
(Fig. 6E). Together, our results support
the idea that the immune system pro-
foundly restricts intratumor heterogene-
ity of developing tumor cells even in the
context of mosaic expression of a tumor
antigen. This restriction occurred through
the elimination of the most immuno-
genic cells and through broadening of the response to additional
epitopes.

The immune response restricts intratumor
genetic heterogeneity
To firmly establish that changes in intratumor diversitymeasured using
fluorescent barcoding reflected changes at the genetic level, we relied on
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of tumor growth. Pie charts show the distribution of individual colored tumors in the indicated organs for three represen-
tative animals. (B) The graph displays the evenness index measured in different organs for 11 individual mice. ***P < 0.001
(one-way ANOVA with Bonferroni’s corrections). n.s., not significant. (C) Spatially organized architecture of clonal growth in
the bone marrow. Color-barcoded tumor cells were injected intravenously, and recipients were subjected to intravital im-
agingof the bonemarrowat the indicated timepoints. Twoexamples for each timepoints are shownand are representative
of multiple regions of the bone marrow imaged in two independent experiments. Scale bar, 50 mm.
4 of 13

http://immunology.sciencemag.org/


SC I ENCE IMMUNOLOGY | R E S EARCH ART I C L E

Milo et al., Sci. Immunol. 3, eaat1435 (2018)

 at bibC
N

R
S

 IN
S

B
 on M

arch 30, 2021
http://im

m
unology.sciencem

ag.org/
D

ow
nloaded from

 

.

-

-
-
f

-

.

-
.
-

-

-

-
,

-
-
.
f

-
.

tumor whole-exome sequencing. Of the relatively frequent mutations
previously reported in Em-myc lymphoma (19), we identifiedmutations
in Trp53 in the tumor used. Several nonsynonymous mutations were
predicted to generate putative neoantigens using the NetMHCpan
algorithm (fig. S13) (20–22). For each identified single-nucleotide var-
iant (SNV), we calculated its variant allele frequency (VAF). As de-
scribed previously, the overall distribution of VAFs reflects the sample
genetic heterogeneity. In clonal tumors, most SNVs should be present
at a frequency of around 50% (that is, 50% of the reads harbor the mu-
tationwhen themutated allele is present in all cells), whereas the presence
23 November 2018
of multiple subclones in the sample implies that a large number of SNVs
are present at low frequency (typically <20%). The mutant-allele tumor
heterogeneity (MATH) score can be inferred from the VAF distribution
to estimate intratumor genetic diversity (23, 24). We first compared the
genetic diversity in tumors growing in the bone marrow versus nonlym-
phoid sites (in the same recipients) because the diversity measured with
fluorescent barcoding in these two locations was drastically different. Tu-
mors isolated from the bone marrow were genetically more diverse as
reflected by a high number of SNVs present at low frequency and a high
MATH score. By contrast, tumor cells isolated from nonlymphoid sites
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rowwas performed 4 hours later. (A) Represent
ative image showing CD8+ T cell infiltration o
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(D toF) LymphomaBcells isolated fromamale Em
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were injected intravenously into female recipi
ents. On day 10, activated CD8+ T cells bearing
the anti–H-Y MataHari TCR (SNARF labeled) and
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had a low MATH score, with most SNV frequencies being close to 50%
(Fig. 7, A and B). We further examined how the immune response was
shaping intratumor genetic diversity by comparing VAF distributions in
(male) tumor cells growing inmale (low immune pressure) versus female
(high immune pressure) recipients. We found that tumor cells isolated
Milo et al., Sci. Immunol. 3, eaat1435 (2018) 23 November 2018
from female recipients had a significantly reduced intratumor genetic di-
versity, as shown by the VAF distributions and the calculated MATH
scores (Fig. 7,C toE). In sum, these results confirmandextendour findings
obtained with fluorescent barcoding, showing that the immune-mediated
restriction of intratumor heterogeneity is apparent at the genetic level.
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(D) Graph shows the evenness index calculated from tumor cells retrieved at 3 weeks from the bone marrow of male (n = 17) or female (n = 22) recipients. Data are
pooled from three independent experiments. ***P < 0.001 (unpaired t test). (E and F) Progressive decrease in tumor heterogeneity in female recipients. Longitudinal
analysis of tumor composition analyzed in the blood of a representative male or female recipient. (F) Kinetic analysis of the evenness index for color-barcoded tumor
injected in male, female, or female Rag2−/− (Rag2 KO) mice and recovered in the blood. At least six mice were analyzed for each group. ***P < 0.001 and ****P < 0.0001
(one-way ANOVA with Bonferroni’s corrections).
6 of 13

http://immunology.sciencemag.org/


SC I ENCE IMMUNOLOGY | R E S EARCH ART I C L E

Milo et al., Sci. Immunol. 3, eaat1435 (2018) 23 November 2018

 at bib
http://im

m
unology.sciencem

ag.org/
D

ow
nloaded from

 

Immune checkpoint inhibition restricts
intratumor heterogeneity
We next asked whether immunotherapies aimed at increasing anti-
tumor immune responses could also lead to the narrowing of tumor
heterogeneity.We therefore treatedmale recipients injected with amale
lymphoma with anti–PD-1 (programmed cell death protein 1) or anti–
CTLA-4 (cytotoxic T lymphocyte–associated antigen 4). In this model,
the effect of checkpoint blockade did not strongly affect tumor growth,
with a transient reduction of tumor load upon anti–PD-1 treatment (fig.
S14, A and B). Nevertheless, anti–PD-1 treatment significantly reduced
tumor diversity and favored clonal dominance (Fig. 8, A and B). No
significant effect was detected for anti–CTLA-4. Tomaximize the effect,
we repeated the experiments using a combinationof anti–PD-1 and anti–
CTLA-4 antibody (Ab), a treatment that induced a modest increase
(median survival from 19 to 26 days) in survival in tumor-bearing mice
(fig. S14C). In these settings also, checkpoint blockade significantly de-
creased intratumor heterogeneity (Fig. 8C). This was likely due to a
broadening of the antitumor immune response, given that we detected
evidence for a response against the GFP specifically in treated mice
(Fig. 8D). Tumors emerging in mice treated with anti–PD-1 and anti–
CTLA-4 and retransferred in secondary recipients lost the modest
response to checkpoint inhibitors, suggesting that clonal dominance
was associated with tumor immunoediting (fig. S15). To extend these
findings to a different B cell tumormodel, we used viral-Abelson kinase
(v-abl)–transformed pro-B cells (25, 26). One advantage of this ap-
proach is that transformed B cells are generated in vitro and thus have
not been subjected to any immunoediting. Combined anti–PD-1 and
anti–CTLA-4 treatment had a modest effect on tumor growth (fig.
S14D), associated with an increased infiltration of CD8+ T cells (Fig.
8E). Our multicolor labeling strategy also revealed a decrease in tumor
heterogeneity upon checkpoint blockade (Fig. 8F). Thus, immune
checkpoint inhibitors can shape the fine tumor composition and restrict
its diversity even in the absence of strong control of tumor growth.
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DISCUSSION
Individual tumors most often display extensive heterogeneity, in part
fueled by genomic instability. Although many studies have explored
how immune effectors limit tumor growth,we critically lack information
on the impact of the immune response on the subclonal composition
of tumors. Analyzing B cell lymphomas spontaneously developing in
Em-myc transgenic mice, we noted extensive aneuploidy and a large
intratumor genetic diversity. In particular, we observed many cells
lacking one or several chromosomes. Because this phenomenon may
result in the potential loss of tumor neoantigens, it is therefore tempting
to consider that these cells constitute a reservoir for immune escape. In
support of this idea, we have shown the outgrowth of tumor cells that
have lost the Y chromosome when lymphoma cells were injected in fe-
male mice. Although further work will be needed to evaluate the con-
tribution of chromosome loss to immune escape, a recent study
correlated elevated tumor aneuploidy to a lower level of cytotoxic im-
mune cells in human cancer patients (27).

To tackle tumor diversity in a model of MYC-driven B cell lympho-
ma, we introduced a multicolor barcoding strategy. Our method
complements genetic barcoding (28, 29), other fluorescent labeling
approaches (14, 15), or lineage tracing strategies (30–33) with specific
advantages. First, our fluorescent barcoding is adapted to flow cytom-
etry with the possibility of tracking five distinct populations: This was
sufficient to detect the emergence of a dominant clone and to compare
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Fig. 6. Mechanisms of immune-mediated restriction of intratumor heteroge-
neity. (A to C) Color-barcoded lymphoma B cells isolated from a male Em-myc trans-
genicmouse (Fig. 1C, lymphoma #1) were injected intravenously intomale or female
recipients. The injected cell population and the tumor cells recovered from the bone
marrowofmale or female recipientswere subjected to SKY or flow cytometry. (A) The
immune response restricts the genetic diversity of tumor cells developing in female
recipients. Tables recapitulating the karyotypes of 31 cells analyzed from the tumors
of two male and two female recipients. Red represents gain of chromosomes, black
represents loss of chromosomes, and gray shows translocations. (B) Fluorescence in-
tensities were analyzed by flow cytometry. Representative histograms fromonemale
and one female show the fluorescence intensities of the GFP+ population (top) and
YFP+ population (bottom). (C) Graph shows normalized median fluorescence (FITC
channel for all the populations except for the CFP+ population for which AmCyan
fluorescence is considered). The relative fluorescence is set to 1 for male recipients.
Data are pooled from three independent experiments. *P < 0.05; **P< 0.01 (unpaired
t test). A minimum of 18 mice were analyzed for each group. (D) Tumor cells
expressing a fluorescent protein are eliminated in female but not in male mice. A
mixture of fluorescent and unlabeled tumor cells was injected in male, female, or
MataHari TCR transgenic Rag2−/− mice. After 3 weeks, tumors were isolated from
the bone marrow, and the percentage of fluorescent tumor cells among tumor cells
was analyzed by flow cytometry. Error bars represent SEM. Data are pooled from two
independent experiments with a total of at least seven mice per group. *P < 0.05
(one-way ANOVA with Bonferroni’s corrections). (E) CD8+ T cells retrieved from the
bone marrow of tumor-bearing recipients were restimulated for 4 hours with a GFP
peptide (10 mM) in the presence of GolgiPlug and assayed for intracellular IFN-g ex-
pression by flow cytometry. *P < 0.05 (one-way ANOVA).
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Fig. 7. The immune system strongly restricts tumor genetic heterogeneity. Lymphoma B cells isolated from a male Em-myc transgenic mouse were injected intra-
venously into male or female recipients. Tumor cells recovered from the bone marrow or nonlymphoid sites of male or female recipients were subjected to whole-exome
sequencing. (A and B) Higher intratumor genetic heterogeneity in tumors developing in the bone marrow as compared with nonlymphoid site in the same male animal.
(A) The VAF for each SNV is shown with the corresponding chromosome. SNVs with VAFs <20% are highlighted in red. (B) Graph shows the density distribution of VAFs.
(C to E) Higher intratumor genetic heterogeneity in tumors developing in male compared with female recipients. (C) Whole-exome sequencing was performed on eight tumor
samples (recovered from the bone marrow of four male and four female recipients). For two representative tumors of each group, the VAF for each SNV is shown with the
corresponding chromosome. SNVs with VAFs <20% are highlighted in red. (D) Graphs show the density distribution of VAFs. (E) After whole-exome sequencing, the MATH score
was used to evaluate intratumor heterogeneity in tumors recovered from male (n = 4) and female (n = 4) recipients. *P < 0.05 (unpaired t test)
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Fig. 8. Immune checkpoint inhibition reduces intratumor heterogeneity. (A to D) Lymphoma B cells isolated from a male Em-myc transgenic mouse were injected
intravenously into male recipients. Recipients were injected every 3 days with the indicated Abs. (A) Pie charts representing the tumor composition in the bonemarrow of three
representative mice from each group at 3 weeks. (B) Graph shows the evenness index calculated from tumor cells retrieved at 3 weeks from the bonemarrow of individual mice.
Each dot represents one animal. Data are compiled from two independent experiments with at least 13 mice per group. *P < 0.05 (unpaired t test). (C) Combined anti–PD-1 and
anti–CTLA-4 treatment reduces tumor diversity. Graph shows the evenness index calculated from bone marrow tumor cells for the indicated group. Each dot represents one
animal. **P < 0.01 (unpaired t test). (D) Graph shows normalized median fluorescence (FITC channel for all the populations except for the CFP+ population for which AmCyan
fluorescence is considered). The relative fluorescence is set to 1 for isotype-treated recipients. *P < 0.05 (unpaired t test). (E and F) v-abl–transformed pro-B cells from femalemice
were injected intravenously into female recipients. Recipients were injected every 3 days with the indicated Abs. (E) Graph shows percentage of CD8+ T cells present in the bone
marrow at 2 weeks after tumor injection. Each dot represents one animal. *P < 0.05 (unpaired t test). (F) Graph shows the evenness index calculated for tumor cells in the bone
marrow at 2 weeks. Each dot represents an individual mouse. **P < 0.01 (unpaired t test).
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tumor composition in different locations and could be used to assess
phenotypic variations within distinct tumor subsets. Second, this ap-
proach can be combined with intravital imaging, offering insight into
tumor motility and growth. In our lymphoma model, we found that
individual tumor subclones seeding the bone marrow established their
own compartmentalized niche, an architecture likely favored by their
lowmotility. Thus, the progenies of different subclones appear spatially
separated at the microanatomical level, with potential variability in the
access to therapeutic drugs and/or to the immune infiltrate. Evidence
for spatially separated subclones has been provided in human cancer
patients by sampling of multiple tumor regions (3, 34).

A key unanswered question in cancer development is the relation-
ship between intratumoral heterogeneity and the ongoing immune re-
sponse. We used tumor cells derived from a male mouse in which a
fraction of tumor cells has lost the Y chromosome to mimic heteroge-
neity in tumor antigen expression. We found that, upon transfer into
females but not into males, tumor diversity was lost and one dominant
clone typically emerged. At least two phenomena concurred to restrict
tumor diversity. First, we observed the efficient elimination of all tumor
cells harboring the Y chromosome, most likely because of their high
immunogenicity. Second, our results support the idea that the immune
response in femalemice extended to subdominant or cryptic epitopes, a
process referred to as epitope spreading. This was illustrated by the
elimination of tumor cells expressing high levels of fluorescent proteins
and the detection of GFP-specific CD8+ T cell responses specifically in
female recipients. We speculate that the T cell responses also extend to
other unknown subdominant tumor antigens. Epitope spreading has
been described in a variety of contexts including autoimmunity (35).
With respect to cancer, vaccination of melanoma patients against
MAGE antigens has been shown to elicit CTLs directed against tumor
antigens not harbored by the vaccine (36, 37). We propose that epitope
spreading represents an important mechanism by which the immune
system narrows tumor diversity. The model of immunoediting postu-
lates that the immune pressure will lead to the emergence of escape var-
iants (7). This has been elegantly demonstrated through the observation
that tumor cells lacking immunogenic neoantigens emerged as a result
of T cell–mediated pressure (38, 39). Evidence for tumor immunoedit-
ing has also been provided in human patients (40, 41). However, most
previous analyses of tumor immunoediting have not been performed at
the clonal level and therefore have not directly addressed whether re-
duced tumor antigenicity promoted by the immune pressure originates
from substantial changes in intratumor clonal diversity. Our results are
consistent with a progressive narrowing of tumor diversity at the clonal
and genomic levels and suggest that a single subclone may emerge as a
consequence of an efficient immune response. Such a subclonemayhave
preexisted at low frequency at early stages, in a process that would be
very similar to what is observed during tumor escape from conventional
therapy (28, 42–44). Alternatively, immune escape could appear later
during an equilibrium phase with the immune response. In this context,
it has been recently proposed that T cell–derived IFN-g could increase
genetic instability in tumor cells and favor immunoediting (9).

We also analyzed the effect of checkpoint blockade on tumor heter-
ogeneity. We found that anti–PD-1 treatment significantly decreased
intratumor diversity even in models in which the effect on tumor bur-
denwas limited.Recent analyses of acquired resistance toPD-1blockade
in patients with metastatic melanoma revealed the outgrowth of cells
with defects in IFN receptor signaling or in antigen presentation (45).
Together, these results support a model in which the increased immune
pressure mediated by anti–PD-1 leads to the elimination of most sub-
Milo et al., Sci. Immunol. 3, eaat1435 (2018) 23 November 2018
clones, restricting overall heterogeneity and favoring clonal dominance.
Such diminished intratumor clonal heterogeneity could also account for
the reducedmutational burden recently observed inmelanoma patients
treated with anti–PD-1 (46). Whether tumors with a reduced genetic
complexity could be more easily targeted through secondary therapies
will be important to assess, in particular to define the best settings for
drug combinations. A recent study in human cancer patients has re-
ported an inverse association between the level of intratumor heteroge-
neity and the extent of immune infiltration (47). Our results may
provide a causal link for these correlations by showing that a low level
of intratumor heterogeneity arises as a result of a strong antitumor
immune reaction. Future work using slowly developing spontaneous
tumors and additional cancer models will be important to generalize
this idea.

By using a multicolor tumor barcoding to track the spatiotemporal
dynamics of tumor diversity as well as whole-exome sequencing, we re-
vealed that the immune response can profoundly restrict intratumor
clonal and genetic heterogeneity in a developing lymphoma, a process
favored by the phenomenon of epitope spreading. Understanding how
specific immunotherapies not only control tumor burden but also alter
the overall intratumor heterogeneity represents an important goal to
guide and optimize treatment strategies.
MATERIALS AND METHODS
Study design
The aim of this study was to establish the impact of the immune re-
sponse on tumor heterogeneity. For this, we fluorescently barcoded
lymphoma cells and transferred them in recipients subjected to differ-
ent intensities of immune pressure. Tumor heterogeneity was assessed
using a combination of intravital imaging in the bone marrow, flow
cytometry, SKY, and whole-exome sequencing. Two models of B cell
lymphomawere used, and treatment with anti–PD-1 and anti–CTLA-4
was evaluated. The number of mice per experimental group and the
number of repetitions of the experiments are indicated in individual
figure legends.

Mice
C57BL/6 (B6) mice were purchased from Charles River Laboratories.
Em-myc transgenic, MataHari TCR transgenic (48), Rag2−/−, and
CD45.1 B6 mice were bred in our animal facility. All mice used were
8 to 12 weeks old. All procedures were performed in agreement with
the Pasteur Institute’s institutional guidelines for animal care. Exper-
imental protocols were approved by the Animal Ethics Committee
#1 of the Comité Régional d’Ethique pour l’Expérimentation Animale,
Ile de France.

Flow cytometry
Cells were stained with the following Abs: allophycocyanin (APC)–
eFluor 780–conjugated anti-CD8a (clone 53.67; catalog no. 47-0081-
82), Alexa Fluor 647–conjugated anti–IFN-g (XMG1.2; catalog no.
51-7311-82) (eBioscience), phycoerythrin (PE)–Cy7–conjugated anti-
CD19 (6D5; catalog no. 115520), biotinylated anti-CD45.1 (A20; cata-
log no. 110704), and PE- or Alexa Fluor 647–conjugated streptavidin
(catalog nos. 405204 and 405237, respectively) (BioLegend). Intra-
cellular IFN-g staining was performed using the Cytofix/Cytoperm
Kit (BD Biosciences) according to the manufacturer’s instructions.
Before IFN-g staining, cells were restimulated for 4 hours with 10 mM
GFP118–126 peptide (DTLVNRIEL, CliniSciences) in the presence of
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GolgiPlug (BD Biosciences). Flow cytometry was performed on a
FACSCanto II or an LSR/Fortessa cytometer (BDBiosciences) and ana-
lyzed using FlowJo software v.10.0.6 (Tree Star). Cell sorting was per-
formed on an Aria III sorter (BD Biosciences).

Spectral karyotyping
Metaphases were prepared as described (49). Briefly, cells were incu-
bated with colcemid (0.03 mg/ml; KaryoMAX Colcemid Solution, Life
Technologies) for 3 hours at 37°C. Cells were then incubated in 0.075M
KCl for 10 min at 37°C, fixed (75% methanol/25% acetic acid), and
washed three times in the fixative solution. Cell suspensions were
dropped onto humid slides, which were air dried for further analysis.
SKY was performed on metaphases using the mouse chromosome
sky probe (MetaSystems) according to the manufacturer’s instructions.
Metaphaseswere imaged using a ZEISSAxioImager.Z2microscope and
a Metafer automated capture system (MetaSystems). At least 20 meta-
phases were analyzed for each sample.

Multicolor barcoding of tumor cells
Lymphoma cell lines were isolated from tumor-bearing female or
male Em-myc mice (13), a transgenic mouse developing spontaneous
Burkitt-like lymphomas. Immortalized pro-B cell lines were gener-
ated by infecting bone marrow cells with a retrovirus encoding v-abl
(26, 49, 50). To produce viruses encoding fluorescent proteins, the
following vectors were used: pMSCV-eCFP-N1, pMSCV-eGFP-N3,
and pMSCV-eYFP-N1. Em-myc B cell lymphoma or transformed
pro-B cells (3 × 106) were incubated with medium containing a mix-
ture of CFP (cyan fluorescent protein)– and GFP-encoding retroviral
particles or a mixture of GFP- and YFP (yellow fluorescent protein)–
encoding retroviral particles for spin transduction in the presence of
polybrene (8 mg/ml; Sigma-Aldrich). Cells were sorted 2 days later
to isolate five distinct populations (CFP+, GFP+, YFP+, CFP+GFP+,
and GFP+YFP+). Sorted cells were mixed at an equivalent ratio and
expanded, and the multicolor mix was intravenously injected (5 ×
105 cells) in the indicated recipients. To quantify intratumor diver-
sity, we used the evenness index. Evenness is based on Simpson’s di-
versity index, which is commonly used in ecology to describe the
diversity and abundance of species within a habitat (16). Evenness
index was calculated according to the following formula:

∑
i¼1

5 ðciÞ2
� ��1

� 1
5, where Ci represents the fraction of the tumor

population i (among total tumor cells) detected in the indicated organ.

Intravital two-photon imaging of the bone marrow
Bone marrow imaging was performed by adapting a previously de-
scribed protocol (51) and using an upright microscope (DM6000 B,
Leica) with a water-dipping 25×/1.05 numerical aperture objective
(Olympus). Excitation was provided with a Ti:sapphire laser (Coher-
ent) tuned at 880 to 920 nm.Mice were anesthetized with a mixture of
xylazine (Rompun, 10 mg/kg) and ketamine (Imalgène, 100 mg/kg),
which was replenished hourly. The scalp hair was removed, and the
scalp was incised at the midline. The skull was then exposed, and a
small steel plate with a cut-through hole was centered above the fron-
toparietal suture, glued to the skull using a cyanoacrylate-based glue,
and bolted down. To visualize blood vessels, mice were injected intra-
venously with 200 mg of Evans blue (Sigma-Aldrich). During imaging,
mice were supplied with oxygen and their core temperature wasmain-
tained at 37°C. To create time-lapse sequences, we typically scanned a
Milo et al., Sci. Immunol. 3, eaat1435 (2018) 23 November 2018
50-mm-thick volume of tissue at 5-mm Z steps and 30-s intervals.
Three-dimensional (3D) cell tracking was performed using Imaris
software (Bitplane). Movies and figures based on two-photon micros-
copy are shown as 2D maximum intensity projections of 3D data. The
following filters were used: 483/32 (CFP), 520/35 (GFP), 542/27 (YFP),
and 641/75 (Evans blue). To represent the various colors, YFPwas pseu-
docolored in red.

T cell adoptive transfer and checkpoint blockade
Splenocytes fromMataHari TCR transgenic mice were cultured for
2 days in the presence of H-2Db–restricted Uty246–254 peptide
(WMHHNMLDI). Cells were then subjected to Ficoll gradient centrifu-
gationandculturedwith completemediumcontaininghuman interleukin-
2 (20 ng/ml; ROCKLAND). Cells were used on days 4 to 8, at which
time >95% were CD8+ T cells. Cells were stained with 10 mM
SNARF-1 (Life Technologies) and adoptively transferred into tumor-
bearing mice. Intravital imaging was started 4 hours after transfer. To
test the effects of checkpoint blockade, we intravenously injected 250 mg
of anti–PD-1 (RMP1-14, Bio X Cell) or 250 mg of anti–CTLA-4 (9H10,
Bio X Cell) every 3 days. A control group was injected with 250 mg of
rat immunoglobulin G2a (IgG2a) isotype control (2A3, Bio X Cell)
or polyclonal Syrian hamster IgG (Bio X Cell).

Whole-exome sequencing
Whole-exome sequencing was performed on tumor cells recovered
from the bone marrow or from nonlymphoid sites of the indicated re-
cipientmice (NewYorkGenomeCenter). Libraries were prepared using
the Agilent SureSelectXTTarget Enrichment System in accordance with
the manufacturer’s instructions. Briefly, 200 ng of DNA was sheared
using a Covaris LE220 sonicator (adaptive focused acoustics). DNA
fragments were end repaired, adenylated, ligated to Illumina sequencing
adapters, and amplified by polymerase chain reaction (PCR) (using 10
cycles). Exome capturewas subsequently performed using 500 to 750 ng
of the DNA library and the Agilent SureSelectXT Mouse All Exon
Capture Probe Set (version 1). Captured exome libraries were then
enriched by PCR (using 10 cycles). Final libraries were evaluated using
fluorescent-based assays including PicoGreen (Life Technologies) or
Qubit Fluorometer (Invitrogen) andFragmentAnalyzer (AdvancedAn-
alytics) or BioAnalyzer (Agilent 2100) and were sequenced on an Illu-
minaHiSeq 2500 sequencer (v4 chemistry; v2 chemistry for Rapid Run)
using 2 × 125–base pair cycles and aiming for a coverage of 150×. Actual
coverage ranged from 110× to 150×. SNVs were called by MuTect,
Strelka, and LoFreq, and the corresponding VAF was calculated. To
estimate intratumor diversity, we used the MATH score that cor-
responds to the ratio of the width to the center of the distribution of
VAFs. Specifically, the MATH score was calculated from the median
absolute deviation (MAD) and the median of the VAF distribution as
MATH = 100*MAD/median, as described in (23, 24). Typically, high
intratumorheterogeneity is reflectedby awider distributionofVAFswith
numerous SNVs present at low frequency (typically <20%) and therefore
a high MATH score. Highly homogeneous (clonal) tumors contain pri-
marily SNVs with VAFs of about 50% and display a low MATH score.

Statistical analysis
Significance was assessed by Student’s t test or one-way analysis of var-
iance (ANOVA), as specified in individual figure legends. Points in
graphs indicate individualmice, and lines indicatemeans. In bar graphs,
bars indicate means, and error bars indicate SEM. Analysis was per-
formed using GraphPad Prism software.
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Fig. S1. Lymphoma B cells developing in Em-myc transgenic mice display extensive intratumor
genetic diversity.
Fig. S2. Frequent chromosome loss in MYC-driven lymphoma B cells.
Fig. S3. Multicolor fluorescently labeled tumor cells maintain clonal and genomic
heterogeneity.
Fig. S4. Tumor heterogeneity is also detected in the blood.
Fig. S5. Tumor clonal dominance in nonlymphoid sites is independent of the adaptive
immune system.
Fig. S6. Tumor-specific CD8+ T cells form long-lasting contacts with tumor cells in the
bone marrow.
Fig. S7. Restricted tumor diversity in female recipients as detected by intravital imaging.
Fig. S8. The immune-mediated restriction of intratumor heterogeneity is not reversible upon in
vitro culture.
Fig. S9. Untransduced lymphoma cells exhibit higher phenotypic diversity in males compared
with females.
Fig. S10. The restriction of tumor heterogeneity requires the adaptive immune system with an
important role for CD8+ T cells.
Fig. S11. Lymphoma cells with an X-only karyotype are less diverse in females compared
with males.
Fig. S12. GFP is not more immunogenic in female than in male mice.
Fig. S13. Putative neoantigens in Em-myc tumors.
Fig. S14. Modest reduction in tumor load upon checkpoint blockade.
Fig. S15. Restriction of tumor diversity mediated by checkpoint blockade is associated with
tumor immunoediting.
Movies S1 and S2. Lymphoma subclones establish independent niches in the bone marrow.
Movie S3. CD8+ T cells infiltrate the bone marrow and interact with lymphoma cells.
Movie S4. CD8+ T cells form stable contacts with lymphoma cells.
Movie S5. Tumor-reactive but not control CD8+ T cells establish stable contacts with tumor
cells in the bone marrow.
Movie S6. Visualization of lymphoma cell apoptosis after interactions with tumor-reactive
CD8+ T cells.
Movie S7. Lymphoma cell apoptosis after interactions with tumor-reactive CD8+ T cells but not
control T cells.
Table S1. Raw datasets.
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