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SUMMARY

Immune responses involve coordination across cell
types and tissues. However, studies in cancer immu-
notherapy have focused heavily on local immune
responses in the tumor microenvironment. To inves-
tigate immune activity more broadly, we performed
an organism-wide study in genetically engineered
cancer models using mass cytometry. We analyzed
immune responses in several tissues after immuno-
therapy by developing intuitive models for visualizing
single-cell data with statistical inference. Immune
activation was evident in the tumor and systemically
shortly after effective therapy was administered.
However, during tumor rejection, only peripheral im-
mune cells sustained their proliferation. This sys-
temic response was coordinated across tissues
and required for tumor eradication in several immu-
notherapy models. An emergent population of pe-
ripheral CD4 T cells conferred protection against
new tumors and was significantly expanded in pa-
tients responding to immunotherapy. These studies
demonstrate the critical impact of systemic immune
responses that drive tumor rejection.

INTRODUCTION

Since the use of bacterial vaccines for the treatment of cancer
over a century ago (Coley, 1893), evidence demonstrating the
ability of the immune system to reject tumors has mounted.
Several immunotherapeutic strategies have now yielded sus-
tained clinical responses, including blocking antibodies against
suppressive receptors (Topalian et al., 2015) and transfer of
adoptive T cells (Restifo et al., 2012), dendritic cells (Kantoff

et al., 2010), or engineered T cells (Porter et al., 2011). For spe-
cific immunotherapies, individual cell subsets have been exam-
ined for mechanistic roles, and features have been correlated
with responsiveness (Herbst et al., 2014). However, a compre-
hensive understanding of the global immune dynamics that
mediate effective anti-tumor immunity remains unclear. Because
most cancer patients do not respond to immunotherapy, there is
an urgent need to improve upon the current toolkit, especially for
adenocarcinomas, the most common forms of cancer.

Another gap in our knowledge is which anatomic sites drive
anti-tumor immunity. Expansion of tumor-infiltrating T cells has
shown striking results in melanoma, demonstrating that effective
cells can be found within the microenvironment (Restifo et al.,
2012). In contrast, dendritic cell vaccines can stimulate de
novo T cell responses and have shown efficacy (Kantoff et al.,
2010). For strategies that initiate anti-tumor immunity in the pa-
tient, it remains unclear where immune cell activation takes
place. For example, in the case of CTLA-4 blockade, adminis-
tering antibody into the tumor can induce rejection (Simpson
et al., 2013) and is dependent on Fcy receptors (Bulliard et al.,
2013), consistent with depleting intratumoral regulatory T cells
and releasing local effector cells. However, new tumor-reactive
T cell clones emerge in patients experiencing clinical benefit,
suggestive of new priming (Kvistborg et al., 2014). For other stra-
tegies to induce immune responses in situ, this question has not
been addressed conclusively.

New methods of assessing the immune state under any given
condition allow us to systematically address this question by
characterizing diverse cell subsets and their activation states
simultaneously. Mass cytometry builds upon the success of
flow cytometry and enables over 40 simultaneous parameters
to be quantified by replacing fluorophores with mass tags (Ban-
dura et al., 2009; Bendall et al., 2011). It is thus possible to
discern the identity and behavior of numerous cell types from
asingle experiment (Bendall et al., 2011; Spitzer et al., 2015). Us-
ing a spontaneous model of triple-negative breast cancer, we
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assessed immune cell dynamics across the organism during tu-
mor rejection.

RESULTS

Tumor-Binding Antibodies Combined with Dendritic Cell
Adjuvants Induce Potent T Cell Immunity against
Spontaneous Breast Tumors

To characterize effective anti-tumor immunity, we chose a therapy
with efficacy in multiple cancer types. We recently described the
combination of tumor-binding antibodies and adjuvants to stimu-
late dendritic cells as a means of inducing potent T cell-mediated
immunity (Carmi et al., 2015). Beyond melanomas, this strategy
was effective against Lewis lung and 4T1 breast carcinomas.
While carcinomas are the most common class of cancer, more
limited progress has been made in immunotherapy against these
compared to melanoma or hematological malignancies (Topalian
et al., 2015). Therefore, we determined whether this approach
would be effective in a widely used spontaneous model of carci-
noma, MMTV-PyMT (murine mammary tumor virus-polyoma
middle T) triple-negative breast cancer, which is refractory to
other immunotherapies such as checkpoint blockade (i.e., anti-
programmed death-1 [anti-PD-1]) (Bos et al., 2013).

Once animals developed a tumor of 25 mm?, they were injected
intratumorally with allogeneic tumor-binding immunoglobulin G
(1gG) (allolgG) antibodies combined with anti-CD40 antibody
and interferon vy (IFNvy) (Carmi et al., 2015). Treated animals expe-
rienced regression of the injected lesion (Figure 1A). We previ-
ously established that the efficacy of this therapy in melanoma de-
pends on T cell responses. Treated MMTV-PyMT tumors were
infiltrated by CD8 T cells, concurrent with tumor shrinkage and tu-
mor cell death indicated by TUNEL staining (Figures 1B and 1C).

We devised an experimental strategy for elucidating the sys-
tem-wide immunological underpinnings of this response (Fig-
ure 1D). AllolgG from CD-1 and C57BL/6 mice bound MMTV-
PyMT breast tumor cells (Figure 1E). Mice were randomized to
one of those sources of allolgG, ensuring that responses were
not specific to one antibody source. Anti-PD-1 served as a
model of ineffective therapy due to its wide clinical use but
lack of efficacy in this model. PyMT-expressing females were
randomized to treatment groups as follows: B6-allolgG + anti-
CD40 + IFNy, CD-1-allolgG + anti-CD40 + IFNy, anti-PD-1, or
no treatment. The mouse began treatment once it developed a
tumor of 25 mm?, which was considered day 0.

We previously determined that immune activation is discernable
by 3 days after treatment (i.e., “priming phase”), with tumor
shrinkage by day 8 (i.e., “rejection phase”). At these time points,
we sacrificed mice from each treatment (n = 34 per treatment,
per time point) and prepared tissues for mass cytometry. Animals
receiving therapy with allolgG experienced significant tumor regres-
sion by day 8, with no significant difference between untreated
animals and those receiving anti-PD-1 (Figure 1F). This design
enabled us to contrast effective and ineffective immune responses.

Immune Cell Proliferation Is Not Maintained in the
Tumor Microenvironment during Tumor Rejection
We next sought to systematically define changes in immune cell
organization and behavior in the tumor microenvironment
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between the effective and ineffective treatments. We recently re-
ported a computational method called Scaffold (single-cell anal-
ysis by fixed force- and landmark-directed) maps for creating
a reference map from high-dimensional single-cell data, facili-
tating comparisons across samples (Spitzer et al., 2015). These
maps provide a data-driven representation of the cells present in
a sample while also denoting the location of landmark immune
cell populations, defined using prior knowledge of the immune
system (Figure S1). These landmarks (visualized as red nodes
in the graph in Figure S1) function as flags to orient the investi-
gator. Inthese graphs, the similarity of two groups of cells is visu-
alized by the length of the edge connecting them. In other words,
two groups of cells connected by a short line are similar to one
another with respect to the proteins they express (see STAR
Methods).

This method was developed in an extensible manner for future
datasets to be incorporated, but it did not enable precise statis-
tical comparisons across groups of samples. Another algorithm
for mass cytometry analysis, Citrus (Bruggner et al., 2014), pro-
vides statistical comparisons between groups. The results from
Citrus, however, can be cumbersome to interpret. We therefore
determined whether the statistical inference integrated into Cit-
rus could, instead, be applied to Scaffold maps. We call this
hybrid method “Statistical Scaffold” (Figure S1). We altered
the first step of Scaffold maps, clustering data from all tumor
specimens together to define cell groups in an unbiased manner.
This enables direct comparisons across samples. We then used
the Significance Analysis of Microarrays framework to identify
statistically significant features between the sample types (effec-
tive versus ineffective treatment groups) as in Citrus (Bair and
Tibshirani, 2004; Bruggner et al., 2014). The resulting Scaffold
maps can then be colored by statistical significance, where fea-
tures with q values less than 0.05 (adjusted for multiple testing)
are given either in red or in blue, depending on the directionality
of the change (e.g., up or down in the group that received effec-
tive therapy). These features can be changes in either the fre-
quency or the molecular expression of a particular cell subset.

Because the text identifying landmark populations can be
obscured, an empty reference graph can be found in Figure S2.
The frequency, coefficient of variation, and protein expression of
each cluster are shown in Figure S3 and Table S2. Because the
plasmacytoid dendritic cells (pDCs) are far from other cell popu-
lations in the graph, they are displayed in an inset image (Figures
2, 3, and 4, black dashed outline).

We began applying Statistical Scaffold to data from the
tumor specimens collected during the priming phase. In animals
treated with effective therapies, a large number of immune cells
increased in frequency as a percentage of total cells in the tumor,
consistent with an anti-tumor immune response (Figure 2A). Very
few differences existed between untreated mice and those
receiving the ineffective anti-PD-1 therapy (Figures S2B-S2E),
demonstrating that effective therapy initiated a fundamentally
different immune response. We therefore asked how these cell
populations were changing with effective therapy at the molecu-
lar level, leveraging the interactivity of Scaffold maps to visualize
protein expression between the treatment groups.

Subsets of macrophages increasing in frequency with effec-
tive treatment expressed high levels of the immunosuppressive



Please cite this article in press as: Spitzer et al., Systemic Immunity Is Required for Effective Cancer Immunotherapy, Cell (2017), http://
dx.doi.org/10.1016/j.cel.2016.12.022

A D Untreated
Days 3 and 8 Tissue Processing
c Tumor
@ B¢
400 e
Labelin
T Lymph Node .?
£ Treatment Group Ineffective Therapy ’ *,_ Y
g == Untreated
& R —IFNg + ant-CDAO Spleen NEsS Cytenicty
g =@ + allolgG
2 200
A Blood Analysis and Modeling
Effective Therapy
J Bone Marrow
0
L3 16 o 24

Q 12
* Time (days)
T | Treatment

=
2 allolgG from CD-1
@
fat allolgG from C57BL/6
5 no IgG control
F
e =
fol
28 150
8=
58
=
ré s Treatment Group
£100 — Untreated
§ : anti-PD-1
é IFNg + anti-CD40
}5 é + CD1-allolgG
e — IFNg + anti-CD40
£& 50 +B6-allolgG
Q=
S T
L2
w
0
scale bars are 100um Time (days)
Sample collection fimepoints
cD8 PYMT TUNEL Merge p-004
C Y g
0 =004
p-values: =
1
3 IFNg + anti-CD40 IFNg + anti-CD40
jo3 | -
& Unfieaizel - @ntiPe- +CDA-alolgG + B6-allolgG
&
=
=}
5 - - - -
e
&
[
@
&
S
©

scale bars are 100um

Figure 1. Tumor-Binding Antibodies and Dendritic Cell Adjuvants Induce Rejection of Spontaneous Breast Tumors

(A) MMTV-PyMT mice with tumors of 25 mm? treated with allogeneic IgG pooled from C57BL/6 and CD-1 mice, treated with anti-CD40 and IFNy, or untreated.
(B and C) H&E (B) and immunofluorescence (C) of tumors from treated mice 8 days after therapy.

(D) Mass cytometry experiment.

(E) Binding of 1gG antibodies from naive CD-1 or C57BL/6 mice to MMTV-PyMT tumor cells.

(F) Tumor sizes, at day 8 after therapy, for mass cytometry.

See also Figure S1 and Table S1.
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co-receptor programmed death-ligand 1 (PD-L1) and plasmacy-
toid dendritic cell antigen 1 (PDCA-1), both of which are inducible
by IFNy. Additionally, these cells had high expression of the co-
stimulatory receptor CD86 and major histocompatibility complex
class Il (MHC class ), indicating activation and enhanced anti-
gen presentation. A small decrease in the expression of Fcy re-
ceptors (FcyRs) CD16/32 could reflect internalization upon liga-
tion by allolgG (Figure 2B).

Classical dendritic cells (cDCs) increasing during the priming
phase also expressed high levels of CD86, MHC class Il and
PD-L1 (Figure 2C). The integrin CD103 mediates trafficking to
the tissues and is expressed by cross-presenting DC that can
promote anti-tumor immunity (Broz et al., 2014). Interestingly,
this population significantly decreased in tumors after effective
therapy, perhaps indicating migration. Dendritic cells (DCs)
increasing in frequency after effective therapy displayed higher
variance in FcyR CD16/32 expression, consistent with modula-
tion of this pathway during effective therapy with allolgG.
Concurrently, there was also an unexpected increase in myeloid
populations traditionally thought to be immunosuppressive in
cancer, such as Ly6C* monocytes and Ly6G* neutrophils (Ga-
brilovich et al., 2012).

Natural killer (NK) cell subsets markedly increased with higher
expression of GCD11b, killer-cell lectin-like receptor G1 (KLRG1),
and the transcription factor T-bet, consistent with an effector
phenotype (Figure 2D). These cells had little expression of the
immunosuppressive co-receptor PD-1.

Several types of T cells expanded significantly with effective
therapy. Several increasing subsets were attributable to conven-
tional CD4 and CD8 T cells. Contrary to expectations, however,
regulatory T cells (Tregs) expressing the transcription factor
Foxp3 were also more prevalent after effective therapy (Figure 2E).
These cells co-expressed KLRG1 and CD44, denoting anincrease
in effector Tregs (Cheng et al., 2012) present in the tumor. The fre-
quency of Tregs has been suggested as a negative prognostic
feature for various tumors (Bates et al., 2006; Curiel et al., 2004).
Based on our data, utilizing this metric would be quite misleading.
Taken together, these results demonstrate the complex dynamics
that underlie productive anti-tumor immunity, including the
effector and regulatory arms of myeloid and lymphoid lineages.

We next queried whether changes in immune cell proliferation
within the tumor were observed. During the priming phase, a
large portion of immune cell types exhibited increased rates of

proliferation with effective therapies, evident by the proportion
of cells expressing Ki67 (Figure 2F), including Tregs (Figure 2G).
Despite decreasing in frequency, CD103+ DCs also exhibited
higher proliferation (Figure 2H), suggesting that these cells do
become activated. Thus, the priming phase of the effective
anti-tumor immune response is characterized by broad expan-
sion of leukocytes as well as enhanced proliferation in the tumor
microenvironment across many immune cell types.

We next mapped the dynamics of intratumoral immune
cells during the rejection phase (8 days after therapy) (Figure 2I).
Similar changes to those seen in the priming phase were
observed in the macrophage compartment during tumor rejec-
tion, consistent with activation (Figure 2J). The frequency of B
cell subsets and innate lymphoid cells (ILCs) also increased
during the rejection phase. One prominent ILC cluster (outlined
in orange) contained cells expressing FcyRs, some of which
expressed T-bet (Figure 2K). Manual identification of T-bet+
type-1 ILCs confirmed their increased prevalence (Figure 2L).
Numerous clusters of T cells were also significantly expanded
with effective therapy, including effector memory CD4 and
CD8 T cells (Figures 2M and 2N) as well as Tregs.

In stark contrast to the priming phase, there was no difference
in the rate of proliferation across immune cells in the tumor
microenvironment during the rejection phase (Figure 20). Similar
results were found in a genetically engineered inducible mouse
model of melanoma driven by Braf'®°°F and loss of Pten (referred
to as BP melanoma mice) on day 8 after treatment with effective
therapy (Figure S3A) (Dankort et al., 2009). We therefore hypoth-
esized that other anatomical locations were responsible for sus-
taining the immune response during the rejection phase.

Lymphocyte Activation and Proliferation Are Maintained
in the Secondary Lymphoid Organs throughout the
Immune Response
We next analyzed the immune cell composition in the tumor-
draining lymph nodes of treated animals. During the priming
phase, several specific clusters of lymphocytes expanded in fre-
quency (Figure 3A). Marked expansion of activated, naive B cells
expressing immunoglobulin M (IgM) and high levels of CD44,
CD86, and MHC class I, but low levels of immunoglobulin D
(IgD), was observed (Figure 3B).

In the T cell compartment, a cluster of Th1 cells (CD44+T-bet+)
emerged with effective therapy with a unique phenotype

Figure 2. The Tumor Microenvironment Is Remodeled and Immune Cells Transiently Proliferate during Effective Responses

(A) Statistical Scaffold map of the tumor on day 3. Black nodes are landmark nodes, representing canonical cell populations identified manually. Other nodes
reflect unsupervised clustering of live leukocytes (see STAR Methods). Clusters in red denote populations significantly higher in frequency with effective therapy;
blue clusters are significantly lower in frequency. pDCs are in the dashed box to maximize space. Colored boxes are populations analyzed in (B)-(E).

(B-E) Expression profile of (B) B cell, (C) cDC, (D) NK cell, or (E) Treg cell clusters expanding with effective therapy (red) versus those decreasing (blue).

F) Scaffold map of Ki67 expression in immune cells in the tumor on day 3. Subsets more proliferative after effective therapy are indicated in red.

H) Percentage of Ki67+ ¢DCs.

(

(G) Percentage of Ki67+ Tregs.

(

(I) Scaffold map of the tumor on day 8.

(J) Expression profile of macrophage clusters expanding with effective therapy (red) versus those decreasing (blue).

(K) Expression profile of ILC cluster increasing with effective therapy.

() ILC1 frequencies.

(

(O) Scaffold map of Ki67 expression in immune cells in the tumor on day 8.
See also Figures S2, S3, and S4 and Tables S2 and S3.

M and N) Expression profile of (M) CD4 T cell cluster or (N) CD8 T cell cluster increasing with effective therapy.
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(C-E) Expression profile of (C) Th1, (D) Treg, or (E) CD8 T cell clusters increasing with effective therapy.
(legend continued on next page)
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(CD90"CD69+CDB2L—CD27—KLRG1-) and active proliferation
(Ki-67+) (Figure 3C). Additionally, a Treg subset with a similar
molecular profile to intratumoral Tregs (KLRG1MCD103+) signif-
icantly expanded (Figure 3D). The CD8 T cells that became more
prevalent with effective therapy had some features of central
memory cells (Ly6C+ and CD62L+), though they did not upregu-
late CD44 expression (Figure 3E) (Hanninen et al., 2011; Wherry
et al., 2007).

Analysis of proliferation in the draining lymph node revealed
active cell division across many cell types during the priming
phase of an effective anti-tumor immune response (Figure 3F).
Nearly all clusters of B cells, NK cells, cDCs, pDCs, and ILCs
displayed enhanced Ki67 expression. Effector/memory T cell
clusters (CD44+ or Ly6C+) exhibited significant increases in pro-
liferation (Figure 3G), consistent with the development ofa T cell-
mediated immune response.

The rejection phase in the tumor-draining lymph node dis-
played similarly complex dynamics (Figure 3H). Similar changes
in the B cell compartment were observed as during the initiation
phase (Figure 3l), which may, in part, be in response to anti-
CD40. Both increasing CD4 and CD8 T cell subsets exhibited
higher expression of CD62L without a change in PD-1 levels (Fig-
ures 3J and 3K). A subset of expanding CD8 T cells also ex-
pressed Ly6C and CD44 (Figure 3K), denoting the formation of
central memory CD8 T cells. Consistent with the tumor microen-
vironment, Tregs also increased in frequency (Figure 3L), once
again highlighting immune regulation.

In contrast to the tumor microenvironment, however, signifi-
cant increases in leukocyte proliferation across the system
were observed during the rejection phase in the draining lymph
node (Figure 3M). This observation was also consistent in mice
with BP melanoma after therapy (Figure S4B). Furthermore,
this trend extended to some naive T cell subsets that had not
increased their rates of division during the priming phase (Fig-
ure 3M). These dynamics, with elevated proliferation of anti-
gen-experienced cells followed by naive cells, suggest that pre-
viously activated T cell clones form a memory immune response,
followed by a wave of de novo T cell activation. These results
conclusively demonstrate that immune cell proliferation persists
in the periphery, even after cells in the tumor microenvironment
return to baseline levels of cell division.

We next asked whether the immune response extended into
other secondary lymphoid organs such as the spleen, where con-
tact with the treated tumor was less direct. Similar changes were
observed in the priming and rejection phases (Figures S5A and
S5H), including expansion of activated B cells (Figures S5B and
S5I). Plasma cells also increased in frequency, proliferating
and upregulating MHC class Il, which has been associated with
regulation of T cell responses (Figures S5C and S5J) (Pelletier
et al., 2010). The T cell and NK cell compartments in the spleen

also changed similarly (Figures S5D-S5F and S5K-S5M),
including the emergence of a CD90"Ki-67+ Th1 cell population
(Figure S5E). Proliferation in the spleen was also widespread dur-
ing priming and rejection (Figures S5G and S5N), demonstrating
that sustained proliferation is generalizable across secondary
lymphoid organs during effective anti-tumor immunity.

Systemic Activation during Effective Immunotherapy Is
Captured in Peripheral Blood

To assess whether the responses we observed during tumor
rejection were indeed systemic, we analyzed peripheral blood.
Profound changes were apparent during the priming phase (Fig-
ure 4A). NK cells, cDC, activated B cells, and a subset of acti-
vated pDCs (Ly6C+CD4+MHGC 11"} all increased in frequency
(Figures 4B and 4C). Changes in the T cells paralleled those of
the secondary lymphoid organs. CD4 T cell subsets increasing
in frequency were largely naive cells (CD62L+CD44—) with no
change in PD-1 levels (Figure 4D). The emergence of CD90" pro-
liferative Th1 cells was also evident (Figure 4E). CD8 T cells
increasing in frequency were antigen-experienced cells express-
ing Ly6C and variable levels of CD44 (Figure 4F). Alterations in
circulating monocytes were observed, with subsets of classical
(Ly6C*) and non-classical (Ly6C~) monocytes expressing
elevated levels of F4/80, the CSF-1 receptor (CD115), MHC class
II, and PD-L1, indicative of activation and, perhaps, differentia-
tion to a macrophage-like state (Figures 4G and 4H). Many cell
types exhibited increased proliferation as well (Figure 4l),
including macrophages, cDCs, pDCs, B cells, NK cells, and
many T cell clusters, particularly effector/memory cells. These
results support the notion that the priming phase of the anti-tu-
mor immune response is systemic in nature.

The rejection phase in the blood was marked by more sub-
stantial decreases in immune cell frequencies (Figure 4J) and
an increase in platelet frequencies (Figure 4K). These dynamics
may reflect immune cells trafficking into the tissues. Many im-
mune cell populations retained elevated levels of proliferation
during the rejection phase (Figure 4L), demonstrative of ongoing
immune responses in circulating cells. This was also observed in
mice with BP melanoma (Figure S4C). This sustained immune
cell proliferation in the blood may present opportunities for
non-invasive immune monitoring of anti-tumor immunity.

Immune Remodeling by Effective Immunotherapy
Extends to the Bone Marrow

Because the immune response was evidently systemic, we
asked whether changes might also take place in the bone
marrow, thereby affecting hematopoiesis. Similarly widespread
changes were evident (Figures S6A and S6l), involving the emer-
gence of activated B cells, CD4 and CD8 T cells, macrophages,
and pDCs (Figures S6B-S6F and S6J-S6N). No changes were

F) Scaffold map of Ki67 expression in cells in the draining lymph node on day 3.

G) Expression of CD44 and Ly6C in T cell clusters.
H) Scaffold map of the draining lymph node on day 8.

L) Frequency of Treg clusters.

(
(
(
(I-K) Expression profile of (I) B cell, (J) CD4 T cell, or (K) CD8 T cell clusters expanding with effective therapy (red) versus those decreasing (blue).
(
(

M) Scaffold map of Ki67 expression in the draining lymph node on day 8.
See also Figures S4 and S5 and Tables S2 and S3.
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observed in the frequency of hematopoietic progenitors (Line-
age-cKit+ cells), however (Figures S6G and S60). Many T cell,
B cell, and DC subsets exhibited more proliferation during both
theinitiation and rejection phases (Figures S6H and S6P), reflect-
ing a truly systemic response.

Systemic Immune Responses Are Required for Tumor
Eradication

Effective immunotherapy induces marked changes in both the
microenvironment and the periphery, but the prevailing dogma
holds that productive immunotherapy functions by reinvigorating
immune cells that are actively suppressed in the tumor microen-
vironment (Jiang et al., 2015). We thus sought to clarify the pre-
dominant site in which the anti-tumor immune response was
generated. To segregate the immune response in the tumor
from the systemic immune response, we treated animals with
FTY720, a ligand of the sphinosine-1-phosphate receptor 1,
which is required forimmune cells to migrate from the secondary
lymphoid organs (Matloubian et al., 2004). Treatment was initi-
ated 1 day prior to immunotherapy to inhibit migration caused
by immunotherapy. Animals treated with vehicle control and
immunotherapy experienced tumor regression, but those co-
administered FTY720 had progressive tumor growth (Figure 5A).
Therefore, we conclude that the local activation of tumor-infil-
trating leukocytes is insufficient to mediate tumor rejection in
this system, instead pointing to an essential role for the systemic
immune response.

We previously reported that tumor-binding antibody therapy
induces tumor-eradicating immune responses in the transplant-
able 4T1 breast cancer model (Carmi et al., 2015). Consistent
with the autochthonous model, blocking leukocyte egress from
lymphoid organs prevented regression of 4T1 tumors as well
(Figure 5B). Treating these mice again on day 7 after the initial
dose resulted in modest tumor shrinkage followed by continued
growth, demonstrating that the kinetics of the response were not
simply altered by inhibiting leukocyte egress (Figure 5B). Consis-
tently, histological analysis of tumors revealed robust T cell infil-
tration in animals treated with tumor-binding antibody therapy
alone, while simultaneous inhibition of leukocyte egress pre-
vented accumulation of CD4 and CD8 T cells but not CD11b+
myeloid cells (Figure 5C). Inhibition of leukocyte egress also pre-
vented immunological control of metastasis to the lungs (Figures
5D and 5E).

Finally, we assessed whether the T cells in the secondary
lymphoid organs were sufficient to induce anti-tumor immunity.
After tumor-binding antibody therapy with egress blockade,
T cells were transferred from the secondary lymphoid organs
into naive animals, which were challenged with 4T1 tumor cells

the following day. Consistent with our previous findings, these
T cells from the periphery were sufficient to confer protection
from 4T1 tumors (Figure 5F). These results rule out the possibility
that FTY720 directly prevented the anti-tumor activity of T cells
and demonstrate that anti-tumor T cells are induced in the sec-
ondary lymphoid organs during the immune response.
Tumor-binding antibody therapy functions by enabling den-
dritic cell-mediated activation of T cells (Carmi et al., 2015). In
contrast, the rejuvenation of exhausted T cells has been sug-
gested as a primary mechanism underlying other immunother-
apies, such as checkpoint blockade with anti-PD-1 antibodies
(Topalian et al., 2015). We thus determined whether T cell re-
sponses in the lymphoid organs were required for productive
anti-PD-1 therapy as well. Treatment of mice bearing MC38 co-
lon carcinomas with anti-PD-1 antibodies did induce anti-tumor
immune responses capable of controlling tumor growth for up to
2 weeks (Figure 5G). In contrast, tumors in animals treated with
anti-PD-1 and FTY720 grew progressively, similarly to untreated
animals (Figure 5G). These results demonstrate that a systemic
immune response is required for effective immunotherapy
across multiple cancer models and therapeutic strategies.

A Peripheral CD4 T Cell Subset Confers Protection to
New Tumors

Having established a requirement for peripheral immune re-
sponses and previously determined that tumor eradication initi-
ated by tumor-binding antibody therapy is T cell dependent
(Carmi et al., 2015), we asked whether we could identify the pe-
ripheral T cell subsets that drove tumor eradication. Network an-
alyses have proven effective for identifying dominant elements of
a systems-level response (Hotson et al., 2016; Ideker and Kro-
gan, 2012). We therefore calculated immune cell population fre-
quencies from each tissue and calculated pairwise correlations
across all animals receiving effective therapy. Indeed, several
coordinated modules were readily apparent (Figure 6A). While
many immune features in the tumor were concentrated in a sin-
gle module, features from peripheral tissues were interspersed,
demonstrating coordination across organs during the productive
immune response. This was especially evident among effector/
memory T cell subsets in the peripheral sites (Figure S7A). These
modules did not simply represent basal organization at steady
state (Figures S7B and S7C), confirming that effective immuno-
therapy involves new systemic coordination of an immune
response.

To identify the key T cell populations that may coordinate the
response, we assessed the degree of connectivity of each sub-
set. We generated an adjacency matrix, filtering out weak corre-
lations, and ranked populations by their connectivity in the

Figure 4. Inmune Responses Are Sustained in Peripheral Blood
(A) Scaffold map of blood on day 3.

(B-H) Expression profiles of (B) B cell, (C) pDC, (D) CD4 T cell, (E) Th1 cell, (F) CD8 T cell, (G) Ly6C+ monocyte, or (H) Ly6C— monocyte clusters expanding with

effective therapy (red histogram) versus those decreasing (blue histogram).
(I) Scaffold map of Ki67 expression in immune cell clusters in blood on day 3.
(J) Scaffold map of blood on day 8.

(K) Frequency of platelets on day 8.

(L) Scaffold map of Ki67 expression in cells in blood on day 8.

See also Figures S4 and S6 and Tables S2 and S3.
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Figure 5. Interfering with Systemic Immune Responses Prevents Effective Immunotherapy
(A) MMTV-PyMT tumor-bearing mice treated with allolgG, anti-CD40, IFNy, and daily FTY720 or ethanol control starting 1 day before therapy.

(B) Mice with orthotopic 4T1 tumors treated as in (A).
(C) Immunofluorescence of 4T1 tumors 14 days after therapy.

(D and E) Representative pictures (D) and quantification of 4T1 lung metastases 20 days after therapy (E).

(F) T cells from spleen and lymph nodes of mice with 4T1 tumors, treated with allolgG, anti-CD40, IFNy, and FTY720 were transferred with IL-2 into naive BALB/c
mice. Controls only received IL-2. Recipients were challenged subcutaneously (s.c.) with 4T1 cells the next day.

(G) MC38 tumor-bearing mice untreated or treated with anti-PD-1 and ethanol control or FTY720.

All p values reflect two-tailed, heteroskedastic t tests in R. Error bars represent SD.

network. Of the T cell subpopulations, seven of the top eight
ranking subsets were types of CD4 T cells (Figure 6B). We thus
hypothesized that CD4 T cells were more central to the effective
immune response than were CD8 T cells, in contrast to the domi-
nant focus on CD8 T cell responses in cancer immunotherapy
(Chen and Mellman, 2013; Topalian et al., 2015). Based on the
assumption that CD8 T cells are the critical targets for therapy,
numerous efforts focus on CD8 CAR T cells or identifying HLA
class | epitopes that can be targeted with vaccines.

To address this question experimentally, we treated animals
bearing MMTV-PyMT tumors with effective tumor-binding anti-

10 Cell 168, 1-16, January 26, 2017

body therapy. During tumor rejection, we sacrificed animals, iso-
lated the peripheral lymphoid organs (lymph nodes, spleen, and
blood), and sorted antigen-experienced (CD44+) CD4 and CD8
T cells. After expansion in culture, we transferred either the pe-
ripheral CD4 or CD8 T cell subsets into untreated animals
bearing several large MMTV-PyMT tumors. While both CD4
and CD8 T cells were capable of mediating tumor rejection, an-
imals receiving peripheral CD4 T cells experienced significantly
more prolonged protection (Figure 6C).

We then sought to identify the CD4 T cell subset responsible
for orchestrating this anti-tumor activity. To investigate whether
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unique T cell phenotypes emerged after therapy, we performed
an unsupervised clustering of all T cells across all tissues and
visualized their similarities using a force-directed graph (Fig-
ure 6D). Each tissue was colored uniquely, with light colors rep-
resenting cells from the priming phase and dark colors repre-
senting cells from the rejection phase. Cells from animals left
untreated or treated with ineffective therapy are indicated in
black in Figure 6D (with the inverted coloration in Figure S7D).

T cells from the tumor microenvironment occupied markedly
distinct regions of the graph, denoting that these cells exhibited
unique characteristics from cells in other organs. In contrast,
cells from the draining lymph node, spleen, and blood were inter-
spersed. Only animals treated with effective therapy contained
T cells in the tumor similar to those from secondary lymphoid or-
gans (Figure 6D). CD4 T cells in the periphery were mixed
together by tissue but distinctly organized by treatment (Fig-
ure 6D). One region of the graph was highly enriched in
cells from the periphery of mice receiving effective therapy
(Figure BE). The phenotype of these cells is most consistent
with an activated, effector memory Th1 subset (CD44+CD69+
CD62L—CD27'°"T-bet+), and they uniquely expressed high
levels of the immunoglobulin family member CD90 involved
in T cell receptor signaling (Haeryfar and Hoskin, 2004). A
similar subset also emerged after treatment in BP melanoma
(Figure 6F).

We then tested whether this subset of CD4 T cells found in the
periphery conferred tumor protection. These cells were sorted
from the periphery of treated MMTV-PyMT mice and transferred
into untreated animals at the time of tumorigenesis following
sublethal irradiation. Indeed, this subset of peripheral CD4
T cells was capable of conferring significant protection against
tumor development (Figure 6G). These results conclusively
demonstrate that peripheral activated CD4 T cells are capable
of orchestrating potent anti-tumor immunity.

A Similar CD4 T Cell Subset Is Associated with a
Favorable Response to Immunotherapy in Melanoma
Patients

We next determined whether similar CD4 T cells could be found
in the blood of cancer patients who responded to immuno-
therapy. We recently described a clinical study of melanoma pa-

tients who received anti-CTLA-4 antibodies (Ipilimumab) in com-
bination with GM-CSF (Kwek et al., 2015). We analyzed blood
from these patients both three and six weeks post-therapy using
Statistical Scaffold. Consistent with our pre-clinical results, spe-
cific clusters of CD4 T cells were significantly elevated in re-
sponders compared to non-responders at both time points (Fig-
ures 6H and S6E). A subset of Tregs was also elevated in
responders 6 weeks after therapy (Figure S7E). The expanded
clusters expressed lower levels of CD127 compared to the re-
maining CD4 T cells, indicative of activation, and lower levels
of PD-1, suggesting that they were not exhausted (Figure S7F).
We confirmed these results by manually gating PD-1-CD127'°%
CD4 T cells (Figure 6l). These results provide further experi-
mental evidence of a critical role for CD4 T cells in coordinating
effective anti-tumor immunity.

Simultaneous PD-L1 Blockade Breaks Tolerance to Un-
injected Tumors in Multifocal Disease

We next asked whether we could leverage this modeling-based
approach to improve the efficacy of the tumor-binding antibody
therapy. An observation from the initial analysis is that many im-
mune cells in the tumor significantly upregulate PD-L1 after the
effective therapy (Figures 2B and 2C). PD-L1 is a repressor of
T cell responses, and PD-L1 expression by tumor cells and im-
mune cells mediates immunosuppression. We confirmed our
observation by globally mapping cell subsets exhibiting signifi-
cant differences in PD-L1 expression between therapies (Fig-
ure 7A). In the effectively treated animals, all myeloid cell subsets
and some T cell subsets upregulated PD-L1 after effective ther-
apy, as did tumor cells (Figure 7B). We hypothesized that PD-L1/
PD-1 signaling may limit the efficacy of these immune re-
sponses. However, because these tumors do regress, a modi-
fied experimental setting was required to investigate this
possibility.

MMTV-PyMT animals eventually develop tumors in all of their
mammary fat pads. We had previously observed that, when an-
imals were treated with tumor-binding antibody therapy after
they had developed many tumors, only the injected tumor is re-
jected. In addition to the injected tumor, we also observed PD-L1
upregulation in the draining lymph node and blood (Figures 7C
and 7D), as well as un-injected tumors during the priming phase

Figure 6. A CD4 T Cell Subset from the Periphery Is Sufficient to Mediate Anti-tumor Immunity

(A) Pairwise correlations and hierarchical clustering of immune cell frequencies across organs of mice treated with effective therapy.

(B) Adjacency matrix from (A) ordered by connectivity. CD4 T cells are indicated in black; CD8 T cells are indicated in white.

(C) CD44+ CD4 or CD8 T cells from the lymph node, spleen, and blood of MMTV-PyMT mice treated with effective therapy were expanded and transferred into

treatment-naive MMTV-PyMT mice (n = 3-4 per group).

(D) Force-directed graph of T cells from each tissue, time, and treatment. Colored by tissue of origin. Light colors indicate initiation phase; dark colors indicate
rejection phase. Clusters from mice receiving no or ineffective therapy are indicated in black. Node size reflects the frequency of T cells in that cluster as a

percentage of T cells by tissue.
(E) CD4 T cells enriched in the periphery after effective therapy.

(F) Frequency of Thet+CD44+CD62L—CD27'°% CD4 T cells in the draining lymph node of mice with BP melanoma on day 8.

(G) CD44+CD62L—CD27"°" CD4 T cells were isolated from the lymph node, spleen, and blood of MMTV-PyMT mice treated with effective therapy. Treatment-
naive MMTV-PyMT mice were sublethally irradiated, and sorted T cells (n = 4) or PBS control (n = 3) was injected intravenously (i.v.). All p values reflect two-tailed,
heteroskedastic t tests in R. Error bars represent SD.

(H) Scaffold map of flow cytometry data from blood of melanoma patients treated with anti-CTLA-4 antibodies and GM-CSF, 3 weeks after therapy began. Red
nodes are cell subsets significantly expanded in responding patients compared to non-responders.

(I Frequency of CD4+PD-1-CD127"°% T cells (identified manually) of total leukocytes, analyzed by two-tailed Wilcoxon rank-sum test.

See also Figure S7.
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(Figures 7E and 7F). We hypothesized that the PD-L1/PD-1 axis
may act more broadly to protect un-injected tumors.

We therefore asked whether systemic administration of anti-
PD-L1 blocking antibodies might break tolerance to un-injected
tumors. We treated MMTV-PyMT animals once they had devel-
oped many tumors with tumor-binding antibody therapy alone
or in combination with anti-PD-L1. Combination with anti-PD-
L1 resulted in additional reduction in overall tumor burden (Fig-
ure 7G) and rejection of multiple, un-injected tumors (Figure 7H).
These results suggest that the PD-L1/PD-1 axis dampens the
anti-tumor immune response to distal tumors, despite the sys-
temic nature of the immune response.

DISCUSSION

The variance in clinical responses to immunotherapy suggests
that productive immune responses against cancer are neces-
sarily complex. There is an urgent need for methods to under-
stand the nature of anti-tumor immunity to more reproducibly
harness the immune system against cancer.

Here, we provide a systems-wide, organism-wide assessment
of effective anti-tumor immune responses. Even for a therapy
delivered intratumorally, a systemic immune response was
required for tumor rejection. The effective tumor-binding antibody
therapy activates a broad immune cell network including dendritic
cells, which can prime T cells in the periphery. This could explain
its efficacy against less immunogenic tumors compared to anti-
PD-1, which is thought to act downstream on T cells themselves.
With the increased use of immunotherapies, systemic responses
should be taken into account when determining radiation or surgi-
cal regimens, including lymphadenectomy.

Our results indicate that secondary lymphoid organs are crit-
ical sites of T cell generation. This contrasts with results from a
B16 melanoma model engineered to express strong model anti-
gens, where intratumoral T cells could mediate rejection when
combination immunotherapy was initiated early after tumor im-
plantation (Spranger et al., 2014). While most adoptive T cell pro-
tocols utilize tumor-infiltrating cells (Rosenberg, 2014), a recent
study has shown that T cells from blood can be used success-
fully (Cohen et al., 2015). While immune cells in the microenviron-
ment may be sufficient in some settings, development of new im-
munotherapies must consider the benefit of systemic immunity.

Many studies have focused on CD8 T cells (Chen and Mell-
man, 2013; Im et al., 2016), with less emphasis on harnessing
CDA4 T cells (Tran et al., 2014; Xie et al., 2010). In other contexts,
CDA4T cells orchestrate functional immune responses by coordi-
nating immune activity (Swain et al., 2012). Our results extend

this notion to anti-tumor immunity, providing a rationale for
leveraging CD4 T cell responses in cancer.

These results highlight the benefit of system-wide assess-
ments. Simple prognostic metrics have been proposed for moni-
toring anti-tumor immunity, including Treg frequency in tumors
(Bates et al., 2006; Curiel et al., 2004). Productive immunity in
this setting was accompanied by an increase in Treg frequency
and proliferation in the context of a powerful T cell response.
With high-throughput and high-dimensional single-cell technolo-
gies such as mass cytometry, assessing allimmune cells simulta-
neously is now achievable, enabling individual metrics to be
contextualized into the broader immune state. For instance, the
systemic proliferative response identified may provide a means
for noninvasive monitoring during immunotherapy. The graphical
user interface that accompanies SCAFFoLD maps (https://
github.com/nolanlab/scaffold/) enables further interrogation of
this dataset. Using similar approaches, we expect that future
studies will identify a multitude of drivers of effective responses.

A thorough understanding of the immune dynamics essential
to any anti-tumor response requires comparison across
numerous therapies. A systematic approach to understanding
the mechanisms of new therapies will shed light on the core
elements of immune activation required to reproducibly reject
tumors. Additional behavioral programs, such as signaling,
metabolism, and cytokine production, would enrich our view of
the immune response.

These approaches also enabled rational design of drug com-
binations. PD-L1 induction mediated active resistance before
T cells primed in the periphery could reach distal tumors,
revealing another opportunity for modulating this pathway. Sys-
tem-wide studies should provide numerous opportunities for
augmenting therapeutic efficacy.

The number of clinical trials in immunotherapy today provides
opportunities to perform parallel studies in humans, building on
our initial analysis here. A systematic understanding of anti-
tumor immunity at the organismal and systems levels should
enable significant progress in developing rational immunothera-
peutic strategies.

STARX*METHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
e CONTACT FOR REAGENT AND RESOURCE SHARING
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Figure 7. PD-L1 Blockade Combined with Tumor-Binding Antibody Therapy Enables Distal Tumor Rejection in Multifocal Disease
(A) Scaffold map denoting PD-L1 expression in immune cells in the tumor between effective and ineffective groups on day 3.

(B) Percentage of tumor cells expressing PD-L1 on day 3.

(C and D) Scaffold maps representing changes in PD-L1 expression in the (C) draining lymph node or (D) blood.

(E) PD-L1 expression in un-injected tumors in MMTV-PyMT mice with multi-focal disease on day 3.

(F) Frequency of PD-L1+ leukocytes in un-injected tumors of treated or untreated mice.

(G) Tumor burden in MMTV-PyMT animals with late-stage multi-focal disease after tumor-binding antibody therapy alone or in combination with systemic anti-

PD-L1.
(H) Number of palpable tumors in mice from (G).

All p values reflect two-tailed, heteroskedastic t tests in R. Error bars represent SD.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mass cytometry antibodies are found in Table S1. This paper N/A

Rat anti-mouse CD40, clone FGK4.5 BioXCell Cat#BE0016-2; RRID: AB_1107647
Rat anti-mouse PD-L1, clone 10F.9G2 BioXCell Cat#BEO101; RRID: AB_10949073
Rat anti-mouse PD-1, clone RMP1-14 BioXCell Cat# BEO146

Biological Samples

Serum from C57BL/6 retired breeders Charles River N/A

Serum from CD-1 retired breeders Charles River N/A
Chemicals, Peptides, and Recombinant Proteins

Recombinant mouse interferon-y Biolegend Cat#575302
Recombinant human IL-2 Peprotech Cat#200-02
FTY720 (Fingolimod) Cayman Chemical Cat#10006292
Critical Commercial Assays

Mass cytometry antibody conjugation kits Fluidigm Cat#201300

HiTrap Protein G HP columns

GE Healthcare

Cat#17-0404-01

Deposited Data

Mass cytometry data This paper https://github.com/spitzerlab/Modeling
Effective_Cancer_Immunotherapy

Experimental Models: Cell Lines

4T1 breast carcinoma cells ATCC Cat#CRL-2539

MC38 colon carcinoma cells

Corbett et al., 1975

RRID:CVCL_B288

Experimental Models: Organisms/Strains

Mouse: FVB/N-Tg(MMTV-PyVT)634Mul/J

Mouse: B6.Cg-Braftm1Mmcm Ptentm1Hwu
Tg(Tyr-cre/ERT2)13Bos/BosJ

Jackson Laboratory
Jackson Laboratory

Cat#002374
Cat#013590

Software and Algorithms

Statistical Scaffold

Scaffold Maps (as originally implemented)
Gephi

This paper

Spitzer et al., 2015
Bastian et al., 2009

https://github.com/spitzerlab/Modeling_
Effective_Cancer_Immunotherapy

http://www.github.com/nolanlab/scaffold/
https://gephi.org

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by Lead Contact Matthew Spit-
zer (matthew.spitzer@ucsf.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Female MMTV-PyMT mice and male Tyr::CreER; Braf'5°°%+; Pten'®/1°% mice were bred in our colony at Stanford University. All mice
were housed in an American Association for the Accreditation of Laboratory Animal Care-accredited animal facility and maintained in
specific pathogen-free conditions. Animal experiments were approved and conducted in accordance with Stanford University Asia
Pacific Laboratory Accreditation Cooperation #13605. Animals began treatment when they developed a primary tumor reaching
25mm? in area (referred to as day 0) and were randomized to different treatment groups. Wild-type female FVB, BALB/c or
C57BL/6 mice were purchased from The Jackson Laboratory and housed at our facility or were bred at Stanford University.
Mice were transplanted with 2.5 x 10° tumor cells when the mice were nine to twelve weeks of age. 4T1 breast cancer cells were
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transplanted into the fourth mammary fat pad, and MC38 cells were transplanted into the subcutaneous region of the flank when
animals were between 8-10 weeks old. Animals were housed under standard SPF conditions with typical light/dark cycles and stan-
dard chow.

Human Subjects
Eligible patients were adults with histologically confirmed unresectable metastatic melanoma as previously reported (Kwek et al.,
2015). The protocol was approved by the Institutional Review Board of each participating institution and was conducted in accor-
dance with the ethical principles of the Declaration of Helsinki and within the Good Clinical Practice guidelines as defined by the
International Conference on Harmonization. All patients gave written informed consent for participation in the study. The trial was
registered on ClinicalTrials.gov with Identifier NCT01363206.

At the initiation of treatment (months 1-3), patients were treated with four cycles of GM-CSF and ipilimumab administered every
3 weeks. Ipilimumab was administered intravenously at a dose of 10 mg/kg on day 1 of each 21 d cycle. GM-CSF was administered
subcutaneously daily for 14 d at a dose of 125 mg/m? beginning on day 1 of each cycle. After the first four cycles of treatment, GM-
CSF administration without ipilimumab continued for four more cycles on the same schedule and dose for the first 14 d of every 21 d
cycle until month 6. Maintenance therapy began at month 6 and consisted of ipilimumab in the same dose (10 mg/kg) combined with
14 d of GM-CSF. This combination was administered every 3 mo thereafter for up to 2 y or until disease progression or unacceptable
toxicity. Blood samples were obtained at week 3 (end of cycle 1) and at week 6 (end of cycle 2) and were cryopreserved for subse-
quent analysis by flow cytometry.

Cell Lines
4T1 cells were purchased from the ATCC (catalog number CRL-2539). 4T1 and MC38 cells were cultured in RPMI-1640 supple-
mented with 10% FCS, 2 mM L-glutamine,100 U/mL penicillin and 100 ug/mL penicillin/streptomycin.

Primary Cell Cultures

MMTV-PyMT T Cell Transfer Studies

MMTV-PyMT animals bearing 25mm? tumors were treated with anti-CD40, IFNy, and allogeneic (CD-1) IgG antibodies as described
under “Treatments.” On day 7 following treatment, mice were euthanized and their spleens and lymph nodes harvested. Following
tissue dissociation, T cells were enriched using the EasySep Mouse T Cell Enrichment Kit (StemCell, 588CAD), and sorted by FACS
for the following markers: CD4+CD69+CD44+Lin- or CD8a+Ly6C+CD44+Lin-. Cells were expanded in vitro by culturing in RPMI-
1640 supplemented with 10% FCS, 2 mM L-glutamine,100 U/mL penicillin, 100 pg/mL penicillin/streptomycin, 30IU of hiL-2 and
anti-CD3/CD28 Dynabeads (Life Technologies, 11452D) at a bead:cell ratio of 1:2. Cells were expended with beads for 7 days, after
which the beads were removed and the cells were cultured for an additional two days. Tumor-bearing naive MMTV-PyMT recipient
mice were sub-lethally irradiated with 4 Gray. Subsequently, 3x10° CD4 or CD8 T cell populations were transferred to the mice
through tail vein injections in 200 uL of PBS. Tumor burden was assessed on days 0, 4, 8, 12, and 16 following T cell transfer.

METHOD DETAILS

Tumor-Binding Antibody Purification

Mouse antibodies were obtained from the pooled sera of retired breeders from Charles River using protein-G columns (GE Health-
care). The levels of purified IgG and were measured using a NanoDrop spectrophotometer (Thermo Scientific). The capacity of pu-
rified antibodies to bind tumor cells was tested by flow cytometry before their use in vivo.

Treatments

Animals treated for tumor kinetics analysis were injected intratumorally with 100 ug anti-CD40 (clone FGK4.5; BioXCell)and 1 ug IFNy
(Biolegend) with or without 300 pg B6 IgG antibodies and 300 ng CD-1 IgG antibodies. Animals treated for mass cytometry analysis
with tumor-binding antibody therapy were injected intratumorally with 400 pg allo-1gG (either B6 or CD-1) and 100 pg anti-CD40 and
IFNvy or with 250 pg anti-PD-1 (clone RMP1-14, BioXCell) injected i.p. Injections were performed on day 0 and day 2. In some cases,
mice were injected i.p. with 200 pg of anti-PD-L1 (clone 10F.9G2; BioXCell) every 3 days until the experiment was terminated. Day
0 was considered the first day of treatment.

Mass Cytometry Antibodies

A summary of all mass cytometry antibodies, reporter isotopes and concentrations used for analysis can be found in Table S1. Pri-
mary conjugates of mass cytometry antibodies were prepared using the MaxPAR antibody conjugation kit (Fluidigm) according to the
manufacturer’s recommended protocol. Following labeling, antibodies were diluted in Candor PBS Antibody Stabilization solution
(Candor Bioscience GmbH, Wangen, Germany) supplemented with 0.02% NaNj3 to between 0.1 and 0.3 mg/mL and stored long-
term at 4°C. Each antibody clone and lot was titrated to optimal staining concentrations using primary murine samples. One antibody
cocktail was prepared for the staining of all samples for mass cytometry analysis.
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Cell Preparation

All tissue preparations were performed simultaneously from each individual mouse. After euthanasia by CO, inhalation, peripheral
blood was collected via the posterior vena cava prior to perfusion of the animal and transferred into sodium heparin-coated vacuum
tubes prior to 1:1 dilution in RMPI 1640. Spleens and lymph nodes were homogenized in PBS + 5mM EDTA at 4°C. Bone marrow was
flushed from femuri and resuspended in PBS + 5mM EDTA at 4°. Tumors were finely minced and digested in RPMI 1640 with 1 mg/ml
collagenase 1V, and 0.1 mg/ml DNase |. After digestion, cells re-suspended cells were quenched with RPMI with 10% FCS at 4°C.
Cells were then homogenized in RPMI with 10% FCS. All tissues except peripheral blood were washed with PBS with 5mM EDTA and
resuspended 1:1 with PBS with 5mM EDTA and 100 uM Ciaplatin (Enzo Life Sciences, Farmingdale, NY) for 60 s before quenching 1:1
with PBS with 0.5% BSA and 5mM EDTA to determine viability as previously described (Spitzer et al., 2015). Cells were centrifuged at
500 g for 5 min at 4°C and resuspended in PBS with 0.5% BSA and 5mM EDTA at a density between 1-10*108 cells/ml. Suspensions
and blood were fixed for 10 min at RT using 1:1.4 Proteomic Stabilizer according to the manufacturer’s instructions (Smart Tube Inc.,
Palo Alto, CA) and frozen at —80°C.

Mass-Tag Cellular Barcoding

Mass-tag cellular barcoding was performed as previously described (Zunder et al., 2015). Briefly, 1*10° cells from each animal were
barcoded with distinct combinations of stable Pd isotopes chelated by isothiocyanobenzyl-EDTA in 0.02% saponin in PBS. Samples
from any given tissue from one mouse per treatment group were barcoded together, with at least 3 biological replicates per treatment
group across different plates. Cells were washed two times in PBS with 0.5% BSA and 0.02% NaN3 and pooled into a single FACS
tube (BD Biosciences). After data collection, each condition was deconvoluted using a single-cell debarcoding algorithm (Zunder
et al., 2015).

Mass Cytometry Staining and Measurement

Cells were resuspended in PBS with 0.5% BSA and 0.02% NaN; and metal-labeled antibodies against CD16/32 were added at
20 pg/ml for 5 min at RT on a shaker to block Fc receptors. Surface marker antibodies were then added, yielding 500 uL final reaction
volumes and stained at room temperature for 30min at RT on a shaker. Following staining, cells were washed 2 more times with PBS
with 0.5% BSA and 0.02% NaN3 then permeabilized with 4°C methanol for at 10 min at 4°C. Cells were then washed twice in PBS
with 0.5% BSA and 0.02% NaNj3 to remove remaining methanol, and then stained with intracellular antibodies in 500 uL for 30 min at
RT on a shaker. Cells were washed twice in PBS with 0.5% BSA and 0.02% NaN; and then stained with 1 mL of 1:4000 191/193Ir DNA
intercalator (Fluidigm) diluted in PBS with 1.6% PFA overnight. Cells were then washed once with PBS with 0.5% BSA and 0.02%
NaNjz and then two times with double-deionized (dd)H20. Care was taken to assure buffers preceding analysis were not contami-
nated with metals in the mass range above 100 Da. Mass cytometry samples were diluted in ddH20 containing bead standards
(see below) to approximately 106 cells per mL and then analyzed on a CyTOF 2 mass cytometer (Fluidigm) equilibrated with
ddH,0. We analyzed 1-5*10° cells per animal, per tissue, per time point, per treatment, consistent with generally accepted practices
in the field.

Bead Standard Data Normalization

Just before analysis, the stained and intercalated cell pellet was resuspended in ddH,O containing the bead standard at a concen-
tration ranging between 1 and 2*10* beads per ml as previously described (Finck et al., 2013). The bead standards were prepared
immediately before analysis, and the mixture of beads and cells were filtered through a filter cap FACS tubes (BD Biosciences) before
analysis. All mass cytometry files were normalized together using the mass cytometry data normalization algorithm (Finck et al.,
2013), which uses the intensity values of a sliding window of these bead standards to correct for instrument fluctuations over time
and between samples.

Scaffold Map Generation

Total live leukocytes (excluding erythrocytes) were used for all analyses. Cells from each tissue for all animals were clustered together
(rather than performing CLARA clustering on each file individually as originally implemented in Spitzer et al., 2015.) Cells were then
deconvolved into their respective samples. Cluster frequencies or the Boolean expression of Ki67 or PD-L1 for each cluster were
passed into the Significance Across Microarrays algorithm (Bair and Tibshirani, 2004; Bruggner et al., 2014), and results were tabu-
lated into the Scaffold map files for visualization through the graphical user interface. Cluster frequencies were calculated as a
percent of total live nucleated cells (excluding erythrocytes). For each cluster in each tissue, the most similar cluster in every other
tissue is included as Table S3 for comparisons.

Scaffold maps were then generated as previously reported (Spitzer et al., 2015). Briefly, we chose the spleen data to spatialize the
initial Scaffold map because all major, mature immune cell populations are present in that tissue. A graph was constructed by first
connecting together the nodes representing the manually gated landmark populations and then connecting to them the nodes rep-
resenting the cell clusters as well as connecting the clusters to one another. Each node is associated with a vector containing the
median marker values of the cells in the cluster (unsupervised nodes) or gated populations (landmark nodes). Edge weights were
defined as the cosine similarity between these vectors after comparing the results from the implementation of several distance met-
rics. Edges of low weight were filtered out. We experimented with different threshold values for the weights and we found values of
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0.8 for the initial subgraph of landmark nodes, and 0.7 for the complete graph to produce satisfying results. The graph was then laid
out using an in-house R implementation of the ForceAtlas2 algorithm from the graph visualization software Gephi. To overlay the
additional samples on the spleen map, the position and identity of the landmark nodes was fixed and the clusters of each sample
were connected to the landmark nodes as described above. Once again the graphs were laid out using ForceAtlas2 but this time
only the unsupervised nodes were allowed to move. All analyses were performed using the open source Scaffold maps R package
available at http://www.github.com/nolanlab/scaffold.

Cell Population Expression Profiles

Cell clusters of interest were further investigated by visualizing the distribution of protein expression within the cells comprising each
cluster as a histogram. This was performed using the density visualization feature of the Scaffold maps R package. Histograms
shown in the figures were created by exporting clusters as. FCS files using the Scaffold maps R package and using the flowCore
and ggplot2 packages in R to write vector histogram plots. Scripts are available at http://www.github.com/mhspitzer.

Unsupervised Force-Directed Graph Generation

Cells were manually gated as Live CD45+ lineage- (Ter119, Ly6G, Siglec-F, CD19, B220, F4/80, CD11¢, PDCA-1, FceR1a) and then
CD3+ to identify T cells. The gated cell populations for each tissue/time point/treatment group were clustered independently in 50
clusters using clara in R. The clusters for all the tissues were combined in a single graph with edge weights defined as the cosine
similarity between the vectors of median marker values of each cluster. All the pairwise distances were calculated and for each
node only the 10 edges of highest weight were retained. The graph was then laid out using the ForceAtlas2 algorithm in Gephi
(https://gephi.org).

Correlation Network Analysis and Connectivity Analysis

Immune cell subsets were gated from mass cytometry data, and the frequency of each subset in each tissue of each mouse was
calculated. For animals receiving effective therapy or those receiving no or ineffective therapy, pairwise Spearman correlations
were calculated for each immune cell subset, and hierarchical clustering was performed to organize the correlation matrix. The hi-
erarchical clustering result from the mice receiving effective therapy was additionally imposed on the correlation matrix for the an-
imals receiving no or ineffective therapy as a means of comparing the networks.

For the connectivity analysis, an adjacency matrix was created from the correlation matrix of animals receiving effective therapy,
using a Spearman correlation coefficient of 0.5 as the threshold. The number of remaining correlations was tabulated for each im-
mune cell population from each tissue, and these were rank ordered. The graph of the adjacency matrix visualizes all positive and
negative correlations present in the adjacency matrix for each subset.

Histology and Immunohistochemistry

Following excision from mice, tissues were fixed in 4% buffered formalin for one hour at room temperature. Tissues were then trans-
ferred to 30% sucrose solution in PBS and left overnight at 4°C. They were then embedded in O.C.T. Compound (Tissue-Tek) and
frozen on dry ice. Tissue blocks were sectioned at 6 um on a microtome onto positively charged glass slides (Fisher Scientific) and
stained with Hematoxylin and Eosin (H&E) according to standard protocols.

Additional slides were blocked with PBS containing 10% normal goat serum and 5% BSA for 30 min at room temperature and
stained for the following antigens at a 1:100 dilution overnight at 4°C: CD45 (30-F11, BioLegend), CD8q. (53-6.7, BioLegend), CD4
(RM4-5, BioLegend), and CD11b (M1/70, BioLegend), mounted with LabVision PermaFluor Aqueous Mounting Medium (Thermo Sci-
entific), and imaged on a Zeiss LSM700 confocal microscope.

When co-stained with TUNEL, sections were stained overnight at 4°C with 1:50 dilution of rat-anti mouse polyoma virus- middle T
antigen (Santa Cruz Biotechnology). Sections were then washed three times in PBS, incubated for 1 hr at room temperature with,
and stained with 1:100 Alexa Fluor 647-conjugated anti-CD8p (YTS156.7.7) and with 1:200 Alexa Fluor 488-Conjugated anti-rat IgG
antibodies (BioLegend). Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assays were performed ac-
cording to manufacturer’s instructions (Roche manual). Briefly, cells were washed thrice in PBS, and fixed in freshly prepared 4% para-
formaldehyde in PBS for 1 hr at room temperature, and then washed with PBS and permeabilized in 0.1% Triton X-100in 0.1% sodium
citrate. Cells were then incubated with TUNEL reaction mixture (Roche) for 60 min at 37°C in a humidified atmosphere in the dark.

Leukocyte Egress Blockade
Animals bearing 25mm? tumors were treated with allolgG (from B6 mice), anti-CD40 and IFNy and were randomized to receive daily
i.p. injections of FTY720 (3 mg/kg) or ethanol control beginning one day prior to therapy.

Adoptive T Cell Transfer

BALB/c mice were injected orthotopically into the fourth mammary fat pad with 10°% 4T1 tumor cells. On days 12 and 14, mice were
injected intratumorally with 100 pg anti-CD40 (clone FGK4.5; BioXCell) and 1 ug IFNYy (Biolegend) and 400 ng allo-IgG along with daily
i.p. injections of FTY720 (3mg/kg). On day seven, mice were euthanized and the draining lymph nodes and spleens were removed
and mechanically dissociated to obtain single cell suspension. T cells were then enriched by negative selection using magnetic beads
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(EasySep, StemCell technologies) and a total of 8x10° cells were injected intravenously into BALB/c female mice. After one day, both
T cell-recipient mice and naive control mice were challenged with 5x10% 4T1 tumor cells subcutaneously. Starting the day of T cell
transfer, mice were treated twice a day for five days with 220,000 IU of human IL-2 (Peprotech).

Flow Cytometry

For human samples, cell surface staining was performed in fluorescence-activated cell sorting (FACS) buffer for 30 min at 4°C. Intra-
cellular foxhead box P3 (FoxP3) was performed using the FoxP3 fix/perm buffer set (Biolegend, Inc.) according to the manufacturer’s
protocol. The following anti-human antibodies were used: (Alexa Fluor 700)-CD3 (clone HIT3a), (Brilliant violet 570)-CD4 (clone RPA-
T4), (Brilliant violet 650)-CD25 (clone BC96), (Alexa Fluor 647)-CD127 (clone A019D5), (Alexa Fluor 488)-FoxP3 (clone 206D), and
(Brilliant violet 421)-PD-1 (clone EH12.2H7). All antibodies were purchased from Biolegend, Inc. Stained cells were fixed with Fluo-
rofix buffer (Biolegend, Inc.) according to manufacturer’s instructions and analyzed with an LSR Il flow cytometer (BD Biosciences).

QUANTIFICATION AND STATISTICAL ANALYSIS

Comparison of cell frequencies and protein expression in Statistical Scaffold was performed using Significance Analysis of Micro-
arrays as described above and in Bair and Tibshirani, 2004 and Bruggner et al., 2014. Individual comparisons presented as
stand-alone panels were made using heteroskedastic, two-tailed t tests performed in R.
Analysis of tumor sizes was performed by calculating a fold change in the size of the tumor at time point  compared to the baseline
size at the time of treatment or adoptive transfer. Comparisons were made using heteroskedastic, two-tailed t tests performed in R.
Frequency of human CD4+PD-1-CD127"" T cells (identified manually) was calculated as a percent of total leukocytes, and results
were compared between responding and non-responding patients by two-tailed Wilcoxon rank-sum test performed in R.

DATA AND SOFTWARE AVAILABILITY

Statistical Scaffold and all mass cytometry data are publicly available at http://www.github.com/spitzerlab/Modeling_Effective_
Cancer_Immunotherapy/.
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Figure S1. The Statistical Scaffold Algorithm, Related to Figure 1

(A) Scaffold maps as originally designed (Spitzer et al., 2015). () A reference sample (or group thereof) is chosen for the analysis. (i) Canonical cell
populations are identified manually and all cells are also clustered in an unsupervised manner. (i) Canonical populations are represented as landmark
nodes, while clusters are represented as unsupervised nodes. (iv) These nodes are spatialized into a force-directed graph. (v) Landmark nodes are fixed in
place to provide common reference points. (vi) Cells from other samples are clustered independently and (viii) graphs are generated for each sample. (B)
Statistical Scaffold. (i-ii) A set of reference samples is chosen and canonical cell populations as performed previously. However, all samples are clustered
together. (iii-iv) Same as above. (v) Features (i.e., population frequencies, expression levels in each cluster, etc.) are extracted from the clusters for each
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sample. Each sample is also annotated according to the therapy to which it belongs. (vi) Significance Analysis of Microarrays is performed to identify
features that are statistically significant between treatment groups. (vii) Features displaying statistically significant differences between groups are colored
according to the direction of the change (increase or decrease) in the Scaffold maps to visualize which parts of the immune system are impacted by

therapy.
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Figure S2. Architecture of the Scaffold Map, Related to Figure 2

(A) An empty Scaffold map displaying landmarks alone is presented here for assistance when reading the primary figures. (B) Statistical Scaffold map showing
differences in immune cell population frequencies in the tumor microenvironment of animals 3 days after treatment with anti-PD-1 antibodies or left untreated. (C)
Statistical Scaffold map showing differences in immune cell proliferation (Ki67 expression) in the tumor microenvironment of animals 3 days after treatment with
anti-PD-1 antibodies or left untreated. (D) Statistical Scaffold map showing differences in immune cell population frequencies in the tumor microenvironment of
animals 8 days after treatment with anti-PD-1 antibodies or left untreated. (E) Statistical Scaffold map showing differences in immune cell proliferation (Ki67
expression) in the tumor microenvironment of animals 8 days after treatment with anti-PD-1 antibodies or left untreated.
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Figure S3. Immune Cell Cluster Frequencies and Protein Expression Profiles, Related to Figure 2

Heatmaps on the left (black and white) convey the protein expression profile or each immune cell cluster. Heatmaps on the right (colored) convey the frequency of

each immune cell cluster in each animal at both time points.
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Figure S$4. Sustained Immune Cell Proliferation in the Periphery after Effective Therapy Is Observed in BP Melanoma Mice as Well, Related to

Figures 2, 3, and 4
(A-C) BP melanoma mice were treated with intra-tumoral injections of allolgG antibodies (purified from the sera of CD-1 mice), anti-CD40 and IFNy or were left
untreated. Percent of leukocytes proliferating during the rejection phase (8 days after initiation of therapy) at various sites. (A) Tumor microenvironment. (B)

Draining lymph node. (C) Peripheral blood. All p values reflect two-tailed, heteroskedastic t tests performed in R.
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Figure S5. Immune Activation in the Spleen during Anti-tumor Immune Responses, Related to Figure 3

(A) Statistical Scaffold map of the spleen 3 days after the initiation of therapy. (B-F) Expression profile of cell clusters expanding with effective therapy (red
histogram) versus those decreasing (blue histogram) on day 3 after initiation of therapy. (B) B cells. (C) Plasma cells. (D) CD4 T cells. (E) CD8T cells. (F) NK cells. (G)
Statistical Scaffold map of Ki67 expression in immune cell clusters in the spleen on day 3 after therapy. (H) Statistical Scaffold map of the spleen 8 days after the
initiation of therapy. (I-M) Expression profile of cell clusters expanding with effective therapy (red histogram) versus those decreasing (blue histogram). (1) B cells.
(J) Plasma cells. (K) CD4 T cells. (L) CD8 T cells. (M) NK cells. (N) Statistical Scaffold map of Ki67 expression in immune cell clusters in the spleen on day 8 after

therapy.
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Figure S6. Anti-tumor Immune Responses Involve Widespread Activation in the Bone Marrow as Well, Related to Figure 4

(A) Statistical Scaffold map of the bone marrow 3 days after the initiation of therapy. (B) Expression profile of B cell clusters expanding with effective therapy (red
histogram) versus those decreasing (blue histogram). (C) Expression profile of CD4 T cell cluster increasing with effective therapy. (D) Expression profile of CD8
T cell clusters increasing with effective therapy. (E) Expression profile of macrophage clusters expanding with effective therapy (red histogram) versus those

(legend continued on next page)




decreasing (blue histogram). (F) Expression profile of pDC clusters expanding with effective therapy (red histogram) versus those decreasing (blue histogram). (G)
Frequency of hematopoietic progenitor cells (Lineage- cKit+) during the initiation phase. (H) Statistical Scaffold map of Ki67 expression in immune cell clusters in
the bone marrow on day 3 after therapy. (l) Statistical Scaffold map of the bone marrow 8 days after the initiation of therapy. (J) Expression profile of B cell clusters
expanding with effective therapy (red histogram) versus those decreasing (blue histogram). (K) Expression profile of CD4 T cell cluster increasing with effective
therapy. (L) Expression profile of CD8 T cell clusters increasing with effective therapy. (M) Expression profile of macrophage clusters expanding with effective
therapy (red histogram) versus those decreasing (blue histogram). (N) Expression profile of pDC clusters expanding with effective therapy (red histogram) versus
those decreasing (blue histogram). (O) Frequency of hematopoietic progenitor cells (Lineage- cKit+) during the rejection phase. (P) Statistical Scaffold map of Ki67
expression in immune cell clusters in the bone marrow on day 8 after therapy. All p values reflect two-tailed, heteroskedastic t tests performed in R.
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Figure S7. A CD4 T Cell Subset from the Periphery Is Sufficient to Mediate Anti-tumor Immunity, Related to Figure 6
(A) Zoomed in view of modules containing effector/memory T cell subsets in the peripheral sites. (B) Pairwise correlations of animals left untreated or treated with
ineffective therapy. Order is imposed from the hierarchical clustering of the animals receiving effective therapy. (C) Pairwise correlations as in (B) but with
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hierarchical clustering performed on the correlation coefficients from animals left untreated or treated with ineffective therapy. (D) T cell landscape as in Figure 6D,
but with T cell subsets from mice receiving effective therapy in black and those subsets from untreated mice or those receiving ineffective therapy in colors
reflecting their tissue and time point of origin. (E) Statistical Scaffold map highlighting differences in peripheral blood immune cell frequencies between re-
sponding and non-responding melanoma patients 6 weeks after anti-CTLA-4 and GM-CSF immunotherapy. (F) Histograms comparing the protein expression
profiles of those CD4 T cell clusters that were significantly different in frequency between responders and non-responders at week 3 and the remainder of the CD4
T cell subsets that were not significantly different in frequency between these patient populations.



