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Tiragolumab, an anti-TIGIT antibody with an active IgGlk Fc, demonstrated improved
outcomesinthe phase 2 CITYSCAPE trial (ClinicalTrials.gov: NCT03563716) when
combined with atezolizumab (anti-PD-L1) versus atezolizumab alone'. However, there
remains little consensus on the mechanism(s) of response with this combination’.
Here we find that a high baseline of intratumoural macrophages and regulatory
Tcellsis associated with better outcomes in patients treated with atezolizumab plus
tiragolumab but not with atezolizumab alone. Serum sample analysis revealed that
macrophage activation is associated with a clinical benefit in patients who received
the combination treatment. In mouse tumour models, tiragolumab surrogate
antibodies inflamed tumour-associated macrophages, monocytes and dendritic

cells through Fcy receptors (FcyR), in turn driving anti-tumour CD8* T cells froman
exhausted effector-like state to a more memory-like state. These results reveal a
mechanism of action through which TIGIT checkpoint inhibitors can remodel
immunosuppressive tumour microenvironments, and suggest that FcyR engagement
isanimportant considerationin anti-TIGIT antibody development.

PD-L1blockadeisefficaciousinabroad range of malignancies. However,
notall patients benefit, and a considerable fraction of initial responders
eventually relapse®~. One approach to extend and expand theimpact of
cancer immunotherapy has been to target additionalimmune check-
points such as TIGIT (also known as T cellimmunoreceptor with Ig
and ITIM)®.

Atezolizumab is a PD-L1-targeting monoclonal antibody approved
as first-line monotherapy for patients with metastatic non-small cell
lung cancer (NSCLC) whose tumours have high PD-L1 expression, and as
anadjuvant treatment in patients with resected stage II-1IIANSCLC®,
Tiragolumabis amonoclonal antibody that binds to TIGIT and prevents
it from binding to the high-affinity ligand PVR (also known as CD155)
as well as to its counter-receptor CD226". In the randomized phase 2
study CITYSCAPE, we evaluated the efficacy of first-line tiragolumab
plus atezolizumab versus atezolizumab monotherapy in patients
with PD-L1-positive (tumour proportion score (TPS) >1%) NSCLC.
The combination treatment demonstrated superior clinical benefit,
with an objective response rate (ORR) of 31% versus 16% in individu-
als treated with atezolizumab plus placebo, and an improvement in
progression-free survival (PFS) (hazard ratio (HR) = 0.62, 95% confi-
dence interval (CI) = 0.42-0.91) and overall survival (OS) (HR = 0.69,
95% Cl = 0.44-1.07) in the intent-to-treat population’.

In mouse models, the TIGIT and PD-1 pathways are mechanistically
interdependent, and co-blockade of TIGIT and PD-L1 has been shown
tosynergistically elicit anti-tumour T cell responses®°. Several mech-
anisms of action have been proposed for TIGIT targeted therapies,
including Fc-independent receptor-ligand blockade, Fc-dependent
depletion of TIGIT-expressing regulatory T (T,,) cellsand Fc-dependent
myeloid cell modulation®, It is unclear which of these mechanisms
are relevant in the clinical blockade of TIGIT, and the functionality of
the anti-TIGIT Fc domain has been the subject of debate?.

Here, in a clinical biomarker analysis of anti-TIGIT and anti-PD-(L)1
antibody combinationimmunotherapy, coupled with preclinical explo-
ration, weidentify amechanism of action for tiragolumab and suggest
that Fc domain functionality is important in anti-TIGIT antibodies.

Tiragolumab benefits from TAMs and T, cells

We performed bulk RNA sequencing (RNA-seq) analysis of pretreat-
ment tumour samples from patients enrolled in the CITYSCAPE trial.
This biomarker-evaluable population (BEP, n =105) displayed com-
parable baseline demographics to the intent-to-treat population
(n=135; Supplementary Table 1), and similar benefits of tiragolumab
plus atezolizumab therapy witha BEP OS HR 0f 0.55 (95% Cl = 0.34-0.91;
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Fig.1|Intratumoural myeloid and T, cell contentis associated with
patient benefit after combination treatment with tiragolumab plus
atezolizumabin the CITYSCAPE trial. a, Kaplan-Meier curve comparing the
OS of patients in the BEP who received tiragolumab + atezolizumab (blue) or
placebo +atezolizumab (gold). b, Comparison of the overall objective response
oddsratio of tiragolumab + atezolizumab versus placebo + atezolizumabin
patients whose tumours had high cell type abundance. Intratumoural cell types
were determined as high or low on the basis of the median signature score
cut-offs. Odds ratio calculations were performed using Fisher’s exact tests. The
dotsrepresent the objective response odds ratio and the horizontal bars show
the 95% Cl. ¢, Multipleximmunofluorescence staining of pan-cytokeratin
(panCK; green), FOXP3 (white), CD68 (red), and PD-L1 (yellow) in CITYSCAPE

Fig.1a)". Consistent with the results of our post hoc analysis of PD-L1
immunohistochemistry’, high CD274 gene expression was associated
with improved PFS and OS in the tiragolumab plus atezolizumab arm
compared with the placebo plus atezolizumab arm (PFSHR = 0.42, 95%
Cl=0.23-0.78; OSHR = 0.18,95% Cl = 0.06-0.48; Extended Data Fig.1a).

To investigate the mechanisms underlying the tiragolumab plus
atezolizumab combination benefit, we stratified patients on the basis
ofintratumoural leukocyte and stromal cell gene expression signatures
and evaluated the association of each signature with clinical outcome.
Consistent with their central role in the efficacy of other checkpoint
inhibitors, CD8" effector T cells were associated with an improved
ORRin patients treated with tiragolumab plus atezolizumab (Fig. 1b).

Time after treatment start (months)
Number at risk

Time after treatment start (months)
Number at risk

patient tumour samples (n=27). Representative images are shown for T, ,-high/
myeloid-high (top), T,.,-high/myeloid-low (middle) and T,.,-low/myeloid-low
(bottom). Scale bars, 200 pm (columns1and2) and 50 um (columns 3 and 4).
H&E, haematoxylin and eosin. d-g, Kaplan-Meier curves comparing the OSin
patients with tumours enriched (solid lines) or notenriched (dashed lines) for
the top four celltypesinb, including TAMs (d), T, cells (e), CD16" monocytes (f)
and CD8' T effector (T,) cells (g), that were associated with response to
tiragolumab + atezolizumab. Enrichment or not was determined by the median
celltypesignature score cut-offs. Foraand d-g, HRsand 95% Cls were determined
using a univariate Cox model. CAFs, cancer-associated fibroblasts; mono,
monocytes; P +A, placebo +atezolizumab; T + A, tiragolumab + atezolizumab;
Ty, Thelpercells.

Unexpectedly, a higher abundance of tumour-associated macrophages
(TAMs) and T, cells, which function asimmunosuppressive cellsin the
tumour microenvironment, was also associated withimproved ORRin
the combination regimen relative to the control arm (Fig. 1b and Sup-
plementary Table 2). To confirm our TAM and T, cell transcriptional
findings, we evaluated pretreatment tumour samples (n = 27) using
multipleximmunofluorescence staining for pan-cytokeratin (tumour
marker), FOXP3 (T, cellmarker), CD68 (macrophage marker) and PD-L1.
Abundant CD68" cells and FOXP3* cells were detected in samples with
high TAM and T, cell signatures measured by bulk RNA-seq (Fig. 1c),
which also exhibited positive correlations with cell counts measured
by multipleximmunofluorescence staining (Extended Data Fig. 2a,b).
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Kaplan-Meier analysis showed that increased TAMs and T, cells
in the tumour were associated with improved OS for the combina-
tion treatment, but not for atezolizumab monotherapy: OSHR = 0.35
(95% C1=0.17-0.73) for TAMs and OS HR = 0.31 (95% CIl = 0.14-0.67)
for T cells (Fig.1d,e). Monocytes, particularly CD16"#" non-classical
monocytes, also exhibited a positive association with survival in the
tiragolumab plus atezolizumab treatment group (Fig. 1b,f). Increased
CD8" effector T cells were positively associated with treatment benefit
in both arms (Fig. 1g). Combination benefit was not associated with
B cellsand plasma cells, which we and others have previously reported
are strongly associated with atezolizumab clinical benefit” (Fig. 1b).
Similar associations were observed for PFS (Extended Data Fig.1b-e).

We also analysed TAM and T, cell signatures in a similar patient
population (PD-L1-positive (TPS > 1%) NSCLC) inalarger independent
dataset from the phase 3 OAK study®. Consistent with the atezolizumab
plus placebo results in CITYSCAPE, TAM and T, cell signatures were
not associated with improved PFS or OS with atezolizumab mono-
therapy in OAK (Extended Data Fig. 1f-i). Together, these data indi-
cate that the treatment efficacy of tiragolumab plus atezolizumab
combination was selectively albeit counterintuitively associated
with TAMs and tumour T, cells, in addition to typical correlates of
checkpointinhibitor responsiveness such as CD8" effector T cells and
PD-L1 expression. We hypothesized that tiragolumab functioned as
botha canonical checkpointinhibitor as well as through an additional
mechanism of action.

Serum myeloid proteins linked to tiragolumab benefit

Ason-treatment tumour biopsies were not available, we used longitu-
dinally collected peripheral serum samples to identify on-treatment
signals associated with combination treatmentinthe CITYSCAPE trial.
Mass spectrometry was used to profile serum proteins present oncycle
1day1(C1D1, baseline) and cycle 2 day1(C2D1, 3 weeks after treatment)
from serum samples of CITYSCAPE patients (n = 64). A comparison
of circulating peptides at C2D1 versus the baseline showed a statisti-
cally significantincrease (adjusted P < 0.05) in peptides derived from
myeloid-cell-expressed proteins such as macrophage receptor with
collagenous structure (MARCO), CSF-1R, CD163, CAMP, CDS5L and
apolipoproteins APOC2/3/4 in the patients treated with tiragolumab
plus atezolizumab but not in the patients treated with placebo plus
atezolizumab (Fig. 2a). The myeloid-specific expression patterns
of genes encoding those upregulated proteins were confirmed
using public NSCLC single-cell RNA-seq (scRNA-seq) gene expression
data (Fig. 2b).

Tounderstand the kinetics of these proteins in the context of clinical
outcomes, we generated acomposite signature of significantly modu-
lated myeloid proteins (n =11) using their C2D1 fold changes relative
tothebaseline, and performed Kaplan-Meier survival analysis for PFS
and OS (Fig.2¢,d). In patients who had agreater increase in these serum
myeloid proteins at 3 weeks, we observed that the patients treated with
thetiragolumab plus atezolizumab combination showed alonger PFS
and OS than patients who received placebo plus atezolizumab (PFS
HR=0.32,95% Cl=0.14-0.72; OSHR = 0.30, 95% CI = 0.11-0.81), sug-
gesting that myeloid cell activation may be an important mechanism
of response that is specific to the combination treatment.

Circulating serum soluble CD163 (sCD163) is a known marker of
monocyte and tissue macrophage activation and is a haemoglobin-
haptoglobinscavenger receptor expressed exclusively onmonocytes
and macrophages'®*, sCD163 was measured in available serum samples
from CITYSCAPE patients (n =132) using an sCD163 enzyme-linked
immunosorbent assay (ELISA). sCD163 levels, as determined using an
ELISA, were correlated with CD163 detected by mass spectrometry in
patients for whom there were both sets of data (Fig. 2e). Using the C2D1
fold changes relative to the baseline, Kaplan-Meier survival analysis for
PFS and OS showed that, in patients with greater elevationin sCD163,
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tiragolumab plus atezolizumab combination treatment conferred
animproved PFS and OS compared with treatment with placebo plus
atezolizumab (PFSHR = 0.47, 95% Cl = 0.29-0.80; OS HR = 0.49, 95%
CI=0.29-0.91; Fig. 2f,g).

Tiragolumab activates peripheral monocytes

We evaluated the effects of tiragolumab plus atezolizumab therapy
on peripheral blood mononuclear cells (PBMCs) collected at C1D1,
C1D15 (2 weeks after the initial treatment), C2D1 (3 weeks after the
initial treatment) and C4D1 (9 weeks after the initial treatment) from
patients in the phase 1b NSCLC study of tiragolumab plus atezoli-
zumab (G030103)?. Using scRNA-seq and CITE-seq, transcriptional
profiles of 406,296 immune cells were obtained and annotated
(Fig. 3a). We observed increased proliferation of peripheral cells at
C1D15 (Fig. 3b and Extended Data Fig. 3a), especially in the subsets
of non-naive CD8" cells and natural killer (NK) cells (Extended Data
Fig.3b,c). The proportions of major cell types as afraction of PBMCs
were not altered during the treatment (Extended Data Fig. 3d) or
betweenresponders and non-responders at each timepoint (Extended
DataFig.3e). The proportion of circulating T, cells decreased under
treatment when evaluated as the fraction of total CD4 " T cells (Fig. 3¢).
Notably, intermediate monocytes increased at C1D15 while classical
monocytes appeared to decrease when evaluated as afraction of total
monocytes (Fig. 3d).

Gene set enrichment analysis comparing changes at C1D15 rela-
tive to the baseline (C1D1) using the Hallmark collection? showed a
broad interferon (IFN) response in all cell types; then, at C2D1, the
response appeared to become more specific. Increased IFN signal-
ling was observed in non-naive CD8" and CD4" T cells, NK cells and
monocytes, consistent with previous observations for atezolizumab
monotherapy??* (Fig. 3e). We also observed some novel pathways
upregulated in monocytes, including the oxidative phosphorylation
pathway and the MYC-targeting pathway, which has been shown to
regulate macrophage polarization®. Taken together, these data suggest
that myeloid cell activationis animportant component of tiragolumab
activity. Given tiragolumab’s active Fc and high levels of FcyR expres-
sion by myeloid cells, we further hypothesized that FcyR engagement
could contribute to the antibody’s anti-tumour efficacy.

Anti-TIGIT remodels the TME through FcyR

We turned to preclinical models to study the effects of anti-TIGIT and
Fc-FcyR interactions on tumour-infiltrating leukocytes. For mouse
modelling, we selected the syngeneic tumour model CT26, which
has been used in previous studies of TIGIT antibody function and is
infiltrated by T cells and myeloid cells at levels that are comparable to
those in human NSCLC" ™, Tumour-bearing mice were treated with
mouse-reactive surrogate anti-TIGIT monoclonal antibodies bearing
varying Fc domains: mlgG2a-LALAPG (Fc inert), which lacks effector
function®, migG2b, which engages activating and inhibitory FcyR, and
mlgG2a, which preferentially engages activating FcyR?.

Wefirstinvestigated the efficacy of anti-TIGIT Fc variantsin control-
ling tumour growth. mlgG2a anti-TIGIT, but not mlgG2b or Fc-inert
anti-TIGIT, antibodies were capable of inducing tumour rejection
when combined with Fc inert mouse anti-PD-L1 (Fig. 4a). Anti-TIGIT
monotherapies, including the migG2a-formatted monoclonal
antibody, exhibited a limited effect on controlling tumour growth
(Extended Data Fig. 4a). The combination of migG2a anti-TIGIT and
anti-PD-L1antibodies did not control tumour growth in FcyR-knockout
mice, confirming a requirement for Fc-FcyR engagement for thera-
peutic activity of anti-TIGIT monoclonal antibodies in this model
(Extended Data Fig. 4b).

Next, we assessed the effects of anti-TIGIT Fc variants on tumour-
infiltrating and blood leukocytes using scRNA-seq. From within the
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Fig.2| Treatment with tiragolumab plus atezolizumab leads toincreased
serum myeloid proteins. a, Differential abundance analysis of serum proteins
at C2Dl1relative to the baselinein patients who were treated with placebo +
atezolizumab (left) or tiragolumab + atezolizumab (right). Statistical analysis
was performed using limma with Benjamini-Hochberg correction. FC, fold
change; P,;, adjusted P.b, The gene expression profiles of the significantly
increased proteinsinabased onapublic NSCLC scRNA-seq dataset, suggesting
amyeloid cell origin for most of these proteins, including NGAL (LCN2), TRFL
(LTF),LCAT,VCAM1,APOC4,LYAM1 (SELL), CD5L, MARCO, CAMP, APOE,
APOC2,CD163,LYSC(LYZ), APOA2, PERM (MPO), CSF-1R, CD44,B2MG (B2M);
for protein-gene pairs that have distinct names, the gene names are shownin
parenthesesinitalics. ¢,d, Kaplan-Meier curves of PFS (c) and OS (d) in patients

tumours, we characterized 21,407 T and NK cells, and 5,352 myeloid
cells (Extended Data Fig. 5a,b). Gene expression analysis of tumour
macrophages and monocytes revealed that IgG2a anti-TIGIT and
IgG2b anti-TIGIT antibodies both increased the expression of
antigen-presentation genes, with IgG2a anti-TIGIT antibodies having
a greater effect (Extended Data Fig. 5¢). Analysing tumour CD8"
T cells, we found that treatment with Fc-inert anti-TIGIT antibodies
increased the expression of genes associated with effector differen-
tiation and exhaustion such as Pdcd1, Lag3 and Tox, while expression
of those same genes was reduced by treatment with Fc-active IgG2a
anti-TIGIT antibodies (Extended Data Fig. 5d). Concurrently, IgG2a

Time after C2D1 visit (months)

with low (dashed lines) or high (solid lines) levels of serum myeloid proteins at
C2Dlrelative to C1D1using acomposite of significantly increased myeloid
proteins (MARCO, CAMP, CD163, CSF-1R, CD5L, NGAL (LCN2), GAPR1,APOC1,
APOC2,APOC3 and APOC4), as determined by the median composite score
cut-off.e, The correlation between sCD163 levels by ELISA and CD163 detected
by mass spectrometry.n=266. Statistical analysis was performed using
two-tailed Pearson correlation; r=0.657, P<2.2 x107. f,g, Kaplan-Meier
curves of the PFS (f) and OS (g) in patients with alow (dashed lines) and high
(solid lines) fold change in sCD163 at C2D1relative to C1D1, as determined by
the median fold-change cut-off. For ¢,d,f,g, HRs and 95% Cls were determined
usingaunivariate Cox model. DCs, dendritic cells.

anti-TIGIT antibodies increased the expression of genes associated
with a memory-like or T stem-cell-like state such as Tcf7 (Extended
DataFig. 5d). Within tumour CD4" T, cells, IgG2b and IgG2a anti-TIGIT
antibodies reduced the expression of genes associated with suppres-
sive capacity, including Tigit, Ccr8 and Ctla4 (Extended Data Fig. Se).
We also characterized 26,174 circulating leukocytes, with a particular
interest in the non-classical monocytes found to be associated with
tiragolumab + atezolizumab outcomes in CITYSCAPE (Extended Data
Fig. 5f-h). We found that IgG2a anti-TIGIT, but not Fc-inert or IgG2b
anti-TIGIT, drove increased expression of antigen-presentation and
IFN-response genes in non-classical monocytes (Extended Data Fig. 5i).
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Fig.3|Tiragolumab plus atezolizumab leads to T, NK and myeloid cell
activationin PBMCs. a, Uniform manifold approximationand projection (UMAP)
analysis of PBMCsingle cells coloured by celltypes.n=406,296.b, The proportion
of proliferating cellsin PBMCs over different timepoints.n=16.c, The proportion
of T,,; cellsout of total CD4" T cells over different timepoints.n=16.d, The
proportion of classical monocytes (left) and intermediate monocytes (right)
outoftotal monocytes over different timepoints.n=16. e, Pathway enrichment
inPBMC samples obtained on-treatment compared with those obtained at the
baselineacross multipleimmune cell types from patients with NSCLC. n=16.

We next investigated the pharmacodynamic effects of Fc-active
anti-TIGIT antibody treatment in combination with anti-PD-L1antibod-
ies. Tumour-bearing mice were treated with control, Fc-inert anti-PD-L1,
and/orlgG2aandIgG2b anti-TIGIT antibodies, and tumour-infiltrating
leukocytes were captured and sequenced using sScRNA-seq (n = 35,358
(tumour Tand NK cells) and n = 4,261 (tumour myeloid cells); Extended
DataFig. 6a,b). Although anti-PD-L1 monotherapy had little effect,
anti-PD-L1 +IgG2a anti-TIGIT combination treatmentinflamed tumour
macrophages, amplifying the antigen-presentation gene program
induced by anti-TIGIT antibodies alone (Fig. 4b). Anti-PD-L1 + IgG2b
anti-TIGIT did not elicit acomparable effect, consistent with the weaker
effect of IgG2b anti-TIGIT antibodies relative to the IgG2a Fc variant
(Fig. 4b).Intumour CD8" T cells, treatment with anti-PD-L1 sustained
expression of the gene program associated with exhaustion, charac-
terized by the transcriptional regulators Tox, Nr4a2 and Id2 as well as
the co-inhibitoryreceptors Pdcdl, Tigit, Lag3and Havcr2. By contrast,
treatment withanti-TIGIT antibodies drove a shift in tumour CD8' T cells
away from that program and towards one associated with memory
state, with elevated expression of Tcf7, KIf2, Ccr7, Lef1, Il7r and Sell
(Fig. 4c). Treatment with IgG2a anti-TIGIT antibodies continued to
drive this conversion towards memory-like cells, evenin combination
withanti-PD-L1antibodies, while treatment with IgG2b anti-TIGIT plus
anti-PD-L1antibodies led to expression of the gene program observed
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Enrichmentin on-treatment (red) and baseline (blue) samplesisindicated.
Pvalues were calculated using nonparametric permutation tests; the asterisks
represent false-discovery rate < 0.05. For the box plotsinb-d, the centreline
shows the median, the box limits show the interquartile range (IQR; the range
betweenthe 25th and 75th percentile) and the whiskers show 1.58 x IQR. Median
values per timepoint are connected by solid black lines; samples from the same
patientare connected by grey lines. Pvalues were calculated using two-tailed
paired Student’s t-tests and adjusted using the Benjamini-Hochberg procedure.
ILCs, innate lymphoid cells; MDSCs, myeloid-derived suppressor cells.

with control or anti-PD-L1 monotherapy (Fig. 4c). In tumour T, cells,
bothanti-TIGIT isotypes drove downregulation ofimmunosuppressive
and T,.-cell-associated genes such as /l10, Ctla4 and Tnfrsflbrelative to
treatment with anti-PD-L1antibodies or control, and sustained those
effects in combination with anti-PD-L1 (Fig. 4d).

In the blood, a total of 55,368 cells were single-cell sequenced and
annotated (Extended Data Fig. 7a,b). Treatment with IgG2a anti-TIGIT
antibodies alone orin combination with anti-PD-L1led toas muchasa
50% decreaseinthe frequency of circulating monocytes relative to the
control (Extended Data Fig. 7d). Non-classical monocytes appeared
to be most affected, with decreased prevalence in mice treated with
IgG2aanti-TIGIT antibodies butincreased prevalence in mice treated
with anti-PD-L1 and/or IgG2b anti-TIGIT antibodies (Extended Data
Fig. 7c,d). Relative to treatment with anti-PD-L1 alone, combination
treatment with IgG2a anti-TIGIT plus anti-PD-L1 antibodies led to a
general induction of antigen-presentation programs in all monocyte
subsets as well as more specific induction of IFN-response gene sig-
natures in non-classical monocytes and intermediate monocytes
(Extended DataFig. 7e), which express higher levels of activating FcyR
compared with classical monocytes (Extended Data Fig. 7¢). Simi-
lar monocyte modulation was observed in the IgG2b anti-TIGIT plus
anti-PD-L1antibody combination, but witha much smaller effect size
(Extended Data Fig. 7f).
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Fig.4|Fcreceptor engagement supports tiragolumab surrogate efficacy
and ability toremodel the tumour microenvironmentin mice. a, Growth of
CT26 tumoursinsyngeneic BALB/c mice under various treatments. Dataare
representative of two or more independent experiments withn =10 micein
eachgroup.b-d, Heat maps of the expression of selected genes across different
treatments in tumour macrophages and monocytes combined (b; left), tumour
CD8" T cells combined (c; left) and tumour CD4" T, cells (d; left). Volcano

We found similar effects of Fc-active anti-TIGIT antibodies on the
tumour microenvironment using flow cytometry. Consistent with
the scRNA-seqanalysis, Fc-active TIGIT monoclonal antibodies drove
increased cell surface expression of MHC-1l on tumour myeloid cells,
including dendritic cells, macrophages and monocytes (Fig. 5a). We
alsoobserved this effect in the EO771syngeneic model of triple-negative
breast cancer (Extended Data Fig. 8a). FcyR engagement was also
required for anti-TIGIT-mediated enhancement of CD8" and CD4"*
T cell competency to co-produce IFNy and TNF, with IgG2a anti-TIGIT
antibodies driving the strongest effects (Fig. 5b,c). IgG2a anti-TIGIT
antibodies alsoinduced moderate decreasesin CD4' T, celland CD8"
T cell frequencies (Extended Data Fig. 8b), although the ratio of CD8"
T cells to T, cells was unchanged (Extended Data Fig. 8c). To assess
the effects on tumour-antigen-specificimmune responses, we ana-
lysed CD8" T cells that recognized the CT26 tumour antigen gp70%.
Treatment with anti-PD-L1 + mIgG2a anti-TIGIT antibodies increased

plots showing gene expression for anti-PD-L1+anti-TIGIT IgG2b versus
anti-PD-L1(middle), and anti-PD-L1+anti-TIGIT IgG2a versus anti-PD-L1(right)
intumour macrophages and monocytes combined (b), tumour CD8" T cells
combined (c) and tumour CD4" T, cells (d). For the volcano plotsinb-d, the
brokenyaxis was used to make the y-axis range comparable and for better
comparison between treatments. Pvalues were calculated using two-tailed
Wilcoxon rank-sum tests.

the proportion of gp70-specific CD8" T cells in the tumour (Fig. 5d)
and drove those cells to downregulate TOX while upregulating TCF1,
consistent with a shift from exhausted effector cells towards a more
memory-like state (Fig. 5e,f). Fc-inert anti-TIGIT drove a lesser down-
regulation of TOX and upregulation of TCF1 (Extended Data Fig. 8d,e).
Together, these data indicated that anti-TIGIT antibodies can engage
activating Fc receptors to activate tumour macrophages, positively
modulate tumour CD8" and CD4" T cells, and inflame circulating
non-classical monocytes.

Anti-TIGIT modulates CDS* T cells viamacrophages

Our data suggested macrophages and other myeloid cells might
mediate the effects of anti-TIGIT antibodies on the anti-tumour
T cell response. To test this hypothesis, we compared the effects of
anti-PD-L1+ IgG2a anti-TIGIT treatment in the presence and absence
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Fig.5|Flow cytometry analysis of anti-TIGIT antibody activity on tumour
myeloid cellsand lymphocytes. a, The mean fluorescence intensity (MFI) of
cell surface MHC-11on tumour-infiltrating dendritic cells (left), macrophages
(left middle) and monocytes (right middle). Right, histogram of representative
surface MHC-Il expression on tumour monocytes after various treatments.

b, IFNyand TNF co-expression in tumour-infiltrating CD8" T cells after ex vivo
stimulation (left). Right, representative fluorescence-activated cell sorting
(FACS) analysis of tumour CD8" T cell cytokine production after treatment with
anti-PD-L1 monotherapy or anti-PD-L1 + anti-TIGITIgG2a. c, IFNyand TNF
co-expressionintumour-infiltrating CD4" T cells after ex vivo stimulation
(left). Right, representative FACS analysis of CD4" T cell cytokine production
after treatment with anti-PD-L1monotherapy or anti-PD-L1 + anti-TIGITIgG2a.

of anti-CSF-1R, an antibody that functionally depletes macrophages
and other myeloid cells that are reliant on CSF-1R signalling®-!. As
macrophages are often seen as drivers of resistance to cancer immu-
notherapy, CSF-1IR blockade and other macrophage-depleting thera-
peuticstrategies arein clinical development and have been proposed
as combination partners for checkpoint inhibitors®.

In agreement with previous reports, the addition of anti-CSF-1R
to anti-PD-L1 + anti-TIGIT partially depleted macrophages from the
tumour beds of treated mice (Extended Data Fig. 9a) and sus-
tained tumour responsiveness to checkpoint inhibitors (Extended
Data Fig. 9b). Consistent with our previous experiments, SCRNA-
seq analysis of tumour CD8" T cells showed that treatment with
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d, The frequency of gp70-tetramer-binding tumour CD8" T cells. e, The
frequencies of memory-like TCF1'TIM3* gp70-tetramer-binding tumour CD8"
Tcells.f, The frequencies of TOX" gp70-tetramer-binding tumour CD8" T cells
(left). Right, representative FACS plots of tumour CD8" T cell TOX expression
and gp70 tetramer binding after treatment with anti-PD-L1 monotherapy or
anti-PD-L1+anti-TIGIT IgG2a. Intratumoural CD45" cells were analysed using
flow cytometry at day 3 after treatment (a-c) and gp70-tetramer-positive
Tcellsatday7 after treatment (d-f). Data are representative of one (a-c) or
two (d-f) independent experiments with n=5miceineachgroup. For a-f, data
aremean + s.e.m. Statistical analysis was performed using one-way analysis of
variance (ANOVA) with Dunnett’s multiple-comparison test, with the anti-PD-L1
monotherapy group designated as the control group.

anti-PD-L1+ anti-TIGIT antibodies drove reduced expression of genes
associated with exhaustionand increased expression of amemory-like
gene programrelative to single-agent treatment (Fig. 6aand Extended
DataFig.9c,d). However, the addition of anti-CSF-1R treatment largely
reversed this effect, reverting back towards the exhausted effector
state (Fig. 6a and Extended Data Fig. 9¢,f). We observed a similar
result by flow cytometry, with anti-PD-L1 + anti-TIGIT treatment, but
notanti-PD-L1 + anti-TIGIT + anti-CSF-1R treatment, driving areduced
expressionof TOXintumour CD8' T cells (Fig. 6b). These dataindicate
that anti-TIGIT-mediated induction of a memory-like gene program
in tumour CD8" T cells is reliant on macrophages and other myeloid
cells. By contrast, anti-CSF-1R treatment did not reduce the effects
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of anti-PD-L1+ anti-TIGIT treatment on tumour T, cells (Fig. 6¢c and
Extended DataFig. 9g), suggesting an alternative mechanism of action®.

Totesttheability of tiragolumab to affecthuman CD8' T cell responses
through macrophages and FcyR engagement, we co-cultured
PBMC-derived Tcells responsive to cytomegalovirus (CMV) with
monocyte-derived macrophages, CMV peptides, atezolizumab
and wild-type tiragolumab (that is, Fc-active) or deglycosylated
tiragolumab (that is, Fc-silenced). In co-cultures with immunosup-
pressive M2-polarized macrophages, combination treatment with
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expression of tumour CD4" T, cells for anti-PD-L1 + anti-TIGIT IgG2a versus
controlIgG (middle) and anti-PD-L1 + anti-TIGIT IgG2a + anti-CSF-1R versus
control IgG (right). For a,c, scRNA-seq analysis of intratumoural CD45" cells at
day 3 after treatment was from one independent experiment (n =5 mice per
group).Inthe volcano plots, the brokenyaxis was used to make the y-axis
range comparable between treatments. Pvalues were calculated using
two-tailed Wilcoxon rank-sumtests (a,c). d,e, The effects of atezolizumab
andtiragolumab (tira.) on the co-cultures of CMV-responsive PBMCT cells
and M2-polarized (d) or M1-polarized (e) monocyte-derived macrophages
asmeasured by TNFand IL-2inthe supernatant. Dataare mean +s.e.m.,
representative oftwo independent experiments with three PBMC donors per
experiment. Pvalues were calculated using one-way ANOVA with Tukey’s
multiple-comparison test.

atezolizumab and wild-typetiragolumab resulted in enhanced produc-
tion of T cell cytokines IL-2 and TNF relative to single-agent treatment
with atezolizumab (Fig. 6d). This effect was lost with deglycosylated
tiragolumab, demonstrating the importance of FcyR engagement
(Fig. 6d). Atezolizumab alone was sufficient toenhance T cell responses
in co-cultures with pro-inflammatory Ml-polarized macrophages,
with no added tiragolumab benefit, suggesting that they are capa-
ble of supporting T cell responses independent of tiragolumab- and
FcyR-mediated co-stimulation (Fig. 6e).
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Discussion

Checkpoint inhibitors enhance anti-tumour T cell responses, and
clinical benefit is concentrated in patients in whom the tumours are
richin effector T cells and T-cell-driven inflammation. By contrast,
intratumoural macrophages, monocytes and T, cells are typically
understood to suppress anti-tumour T cell responses and therefore
resist the effects of checkpoint inhibitor treatment®. Notably, bio-
marker analysis of CITYSCAPE revealed that theimproved therapeutic
benefit of tiragolumab combination treatment was concentrated in
tumours with high pretreatment levels of macrophages, monocytes
and T, cells. Serum peptide and PBMC scRNA-seq analyses were also
suggestive of an important role for macrophages and monocytes
after tiragolumab + atezolizumab treatment. In preclinical models,
anti-TIGIT monoclonal antibodies activated tumour and circulating
myeloid cells through engagement of Fc receptors, and did so synergis-
tically in combination with anti-PD-L1 antibodies. A second key effect
of Fc-active anti-TIGIT antibodies was the induction of amemory-like
gene program and downregulation of the gene program associated
with exhausted effectors in tumour CD8' T cells. Notably, anti-PD-L1
appeared to diminish this effect of anti-TIGIT treatment, at least in
this context. These two effects were mechanistically linked, as these
effectson CD8" T cells were blunted when macrophages were depleted
from tumours by treatment with anti-CSF-1R. Tumour T, cells also
responded to Fc-active anti-TIGIT antibodies with downregulation of
animmunosuppressive gene program, although this effect was inde-
pendent of macrophages. The overall study design to investigate the
mechanisms of action of anti-TIGIT monoclonal antibodies is sum-
marized in Extended Data Fig. 10.

These clinical and preclinical data suggest that tiragolumab has a dif-
ferentiated mechanism of actioninwhich typically suppressive tumour
myeloid cells potentiate rather than limit its activity. This mechanism
appearsto require engagement of activating Fc receptors, althoughitis
probable that Fc-independent suppression of myeloid cell PVR signal-
ling is also a contributing factor”. Fc-mediated activation of myeloid
cells probably differentiates tiragolumab from checkpoint inhibitors
that do not meaningfully engage Fc receptors, including antibodies
targeting PD-L1, PD-1and LAG-3. However, arecent report described
similar myeloid-cell-activating effects of Fc-active ipilimumab and
surrogate anti-CTLA-4 antibodies in preclinical models were also
reported, suggesting that this mechanism of action may be shared
by Fc-enabled checkpointinhibitors.

Myeloid cells exert a vast influence on the tumour microenviron-
ment. The chemokines and cytokines that they produce are often
determinative of the extent and composition ofimmune infiltration,
and modulation of myeloid cells has been shown to influence T cell
priming, activation, recruitment, survival and fate decisions® . Itis
important to note that there are substantial differences between
mouse and human macrophage and Fc-Fc receptor biology***. Care-
ful characterization of treatment effects in patients willbe needed to
further dissect the complex network of myeloid cell interactions, as
well as the mechanistic contributions of Fc-active anti-TIGIT anti-
bodies. To date, the importance of FcyR engagement to TIGIT anti-
bodies has been uniquely controversial in the checkpoint inhibitor
field, with antibodies in clinical development running the gamut
from Fc-silenced to highly Fc-competent isotypes®. Our clinical and
non-clinical findings now reveal a positive role for FcyR engagement
in anti-TIGIT immunotherapy, suggesting that anti-TIGIT antibodies
that are able to engage FcyR may deliver greater therapeutic benefit
than those that cannot.
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Methods

Study design, patient cohort and response assessment

Tissue and peripheral samples were obtained from patients enrolled
inthe openlabel, randomized phase 1b GO30103 (NCT02794571)* and
phase 2 CITYSCAPE (ClinicalTrials.gov: NCT03563716)' trials. These trial
protocols were approved by the institutional review board or ethics
committee at each participating centre and complied with good clini-
cal practice guidelines, the principles of the Declaration of Helsinki.
Patients were required to have tissue sent to acentral laboratory before
study entry, and the samples were processed at the time of screening.
Patientsinthe phase 1b study received escalating doses of tiragolumab
alone or in combination with 1,200 mg atezolizumab every 3 weeks
by intravenous dosing. CITYSCAPE evaluated atezolizumab with
tiragolumab versus atezolizumab with placebo in chemotherapy-naive
patients withlocally advanced or metastatic NSCLC. Patients received
either placebo plus 1,200 mg atezolizumab or 600 mg tiragolumab
plus atezolizumab 1,200 mgevery 3 weeks intravenously until disease
progression or loss of clinical benefit. Protocol approval was obtained
from independent ethics committees for each participating site for
both studies and anindependent datamonitoring committee reviewed
the safety data. Patient outcome was characterized as response (com-
plete/partial response) or non-response (stable/progressive disease).

Clinical tumour collection and bulk RNA-seq

Tumour biopsies at the baseline were collected from patients enrolled
inthe CITYSCAPE trial. Whole-transcriptome profiles were generated
for n=105 patients using TruSeq RNA Access technology (Illumina).

Multiplex immunofluorescence

Multiplex immunofluorescence was performed on the Ventana Dis-
covery ULTRA autostainer. After antigen retrieval with cell condition-
ing (CC1) solution (Ventana, 950-124), the samples were incubated
with anti-FOXP3 rabbit monoclonal antibody SP97 (Abcam; ab99963),
anti-pan-cytokeratin mouse monoclonal AE1/AE3 (Abcam, ab27988),
anti-CD68 rabbit monoclonal SP251 (Spring Bioscience, M5510),
anti-PD-L1rabbit monoclonal SP263 (Ventana, 790-4905) and coun-
terstained with DAPI (Thermo Fisher Scientific, D3106). Whole stained
slideimages were then aligned using UltiStacker software (Ultivue).

Mass spectroscopy and ELISA

Serumsamples were collected from patients enrolled in CITYSCAPE at
ClD1and C2D1. The samples were depleted of high-abundance proteins
using the Agilent MARS human-14 multi-affinity removal column con-
nected to the Dionex Ultimate 3000 RS pump (Thermo Fisher Scien-
tific) according to the manufacturer’s instructions at Biognosys. The
PQ500 panel had reference peptides (Biognosys) added to each sample.

Trypsinized serum was processed for hyper-reaction monitoring
(HRM)/data independent acquisition (DIA) liquid chromatography-
mass spectrometry measurements along with reference peptides using
an HRM/DIA method, consisting of one full range MS1scan and 29 MS2
segments, that was adopted from a previous study*.

HRM/DIA mass spectrometry data were analysed using Spectronaut
software (Biognosys, v.14.10) and normalized using local regression
normalization®. The mass spectrometry data were searched using
SpectroMine (Biognosys, v.2.5), with a false-discovery rate on peptide
and proteinlevel set to 1%. Two separate spectral libraries were created
from DDA data and directDIA data from HRM/DIA data. Low-quality
proteinlevels were filtered on the basis of Q-values (cut-off, 0.01) and the
batch-effect corrected using combat as described previously**. limma*
was used to test for differencesinlog-scaled protein levels. PQ500 assay
panel datawere used for clinical efficacy analysis. Acomposite was cal-
culated ateach timepoint (C1D1and C2D1) by averaging scaled PQ500
values of all significantly increased proteins (MARCO, CAMP, CD163,
CSF-1R, CD5L,NGAL (LCN2), GAPR1,APOC1,APOC2,APOC3 and APOC4).

The human CD163 immunoassay from R&D systems (DC1630) was
qualified in procured human serum samples and then used to measure
soluble CD163 from patient serum samples in duplicate.

PBMCsample collection, RNA-seq library construction and
sequencing

PBMCs were collected from patients enrolled in the phase 1b NSCLC
study of tiragolumab plus atezolizumab (GO30103). A total of 16
patients had available samples from C1D1, C1D15 (2 weeks after treat-
ment), C2D1 (3 weeks after treatment) and C4D1 (9 weeks after treat-
ment). Frozen PBMCs were thawed, washed twice in RPMI 2% FCS,
treated with the ACK lysis buffer (Lonza) to remove red blood cells
(RBCs) and briefly incubated with DAPI. In total, 300,000 cells were
then sorted on a DAPI-negative gate, stained for 30 min at room tem-
perature with a custom panel of 139 Total-Seq-C antibodies (BioLeg-
end)*¢and washed three times using the HT1000 laminar wash system
(Curiox) at Immunai. Cells were then counted using the Cellaca MX
High-throughput Automated Cell Counter (Nexcelom), pooled from
five samples, and loaded onto the 10x Chromium Next GEM Chip G Kit
using a superloading strategy. TCR CDR3 sequences were enriched
usinghuman V(D)) T cell enrichment. Libraries were prepared according
to the manufacturer’s protocol (10x Genomics) and sequenced onthe
NovaSeq 6000 System using the S4 2x150 kit (Illumina).

Mice

C57BL/6), BALB/c and FcyR-knockout mice were purchased from the
Jackson Laboratory. Allmice were housed and maintained at Genentech
inaccordance with American Association of Laboratory Animal Care
guidelines. Mice were housed in individually ventilated cages within
animal rooms maintained under a 14 h-10 h light-dark cycle. Animal
rooms were temperature and humidity controlled, at 68-79 °F (20.0-
26.1°C)and30-70%, respectively, with10 to15roomair exchanges per
hour. Any mouse with a tumour larger than 2,000 mm®was euthanized
according toour guidelines from the Institutional Animal Care and Use
Committee. All experimental animal studies were conducted under
the approval of the Institutional Animal Care and Use Committees
of Genentech Lab Animal Research and were performed in an Asso-
ciation for the Assessment and Accreditation of Laboratory Animal
Care-accredited facility.

Mouse surrogate therapeutic antibodies

Aligand-blocking anti-TIGIT antibody, clone 10A7, was generated as
previously described” and cloned onto mouse IgG2a, IgG2b and Fc-inert
IgG2a-LALAPG backbones. The monoclonal mouse PD-L1 antibody
6E11 was generated as previously described and cloned into mouse
IgG2a-LALAPG Fc effectorless backbone®’.

In vivo mouse tumour models

The CT26 mouse colon carcinomacell line was obtained from American
Type Culture Collection. The EO771 cell line was obtained from CH3
Biosystems (SKU940001). Cells were cultured in Roswell Park Memorial
Institute (RPMI) 1640 medium containing 2 mM L-glutamine and 10%
fetalbovine serum (HyClone). Cells were tested to be mycoplasma free
beforeinoculation tomice. Cellsinlog-phase growth were centrifuged,
washed once with Hank’s balanced salt solution (HBSS), counted and
resuspendedin 50% HBSS and 50% Matrigel (BD Biosciences). A total of
1x10° CT26 cells was inoculated subcutaneously into the right unilateral
flank of each mouse. For EO771tumour studies, 1 x 10°EQ771 cells were
injected into the fifth mammary fat pad of age-matched 6-8-week-old
C57BL/6 female mice. After approximately 10-12 days, mice bearing
tumours of 150-200 mm? were randomized into treatment groups
on the basis of tumour size and treated with anti-mouse PD-L1 (6E11,
isotypelgG2aLALAPG, 10 mg per kg), anti-mouse TIGIT (10A7, isotypes
IgG2a, mlgG2b, and IgG2a LALAPG, 10 mg per kg), anti-mouse CSF-1R
(Bioexcell, BP0213,30 mg per kg) and/or anti-gp120 control antibodies
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(IgG2aisotype, tototal 35 mg per kg overall antibody dosing). For EO771
studies, anti-gp120 control antibodies (isotype IgG2a), anti-mouse
PD-L1(6E11,isotypelgG2aLALAPG) and anti-mouse TIGIT (10A7, isotype
IgG2aorisotypelgG2aLALAPG) were used at 10 mg per kg. Anti-mouse
PD-L1andanti-mouse TIGIT antibodies were administered intravenously
for the first dose and subsequently administered intraperitoneally.

In tumour growth inhibition and macrophage-depletion experi-
ments, antibodies were administered three times per week for 2 weeks;
thefirst dose wasadministered intravenously and all subsequent doses
were administered by intraperitoneal injection. Animals were con-
tinuously monitored, and mice were euthanized by asphyxiation when
any of the following end points were met: study termination, tumour
burden >2,000 mm?, tumour ulceration, body weight loss of 220% or
moribund appearance. Tumour burden was measured using callipers,
and tumour volumes were calculated using the modified ellipsoid
formulal/2 x (length x width?).InscRNA-seq experiments, antibodies
were administered once intravenously. Then, 72 h after treatment,
mice were euthanized by asphyxiation and CD45" cells were collected
for scRNA-seq analyses. In anti-CSF-1R macrophage-depletion experi-
ments, CD45" cells were collected at 72 h after antibody treatment for
scRNA-seq analysis and were collected at day 7-20 after the first dose
of antibody treatment for FACS analyses.

Ex vivo flow cytometry analysis of mouse tumours

Tumours were minced and digested with collagenase/DNase, fil-
tered and resuspended in single-cell suspension for FACS staining.
Fluorophore-conjugated antibodies against theindicated surface mark-
ers were used to stain single-cell solutions of tumours and peripheral
blood cells. Cell surface staining was performed after gp70 tetramer
staining. Cells were incubated for 20 min on ice with LIVE/DEAD Fix-
able Aqua Dead Cell Staining Kit (Invitrogen) and antibodies against
CD45, CD4, CDS8, CD11B, CD11C, MHCII, LY6G, LY6C, F4/80, CD86,
CD25and TIM3. For intracellular staining, cells were first stained with
surface markers, fixed, permeabilized and stained with antibodies
against FOXP3, TOX, TCF1or Ki-67. For cytokine staining, cells were
stimulated with a cell-stimulation cocktail pLus protein transporter
inhibitors (eBioscience) for 3-4 h, stained with surface antibodies,
fixed, permeabilized and stained with antibodies against IFNy and
TNF. Allantibodies were purchased from BD Biosciences, BioLegend or
eBioscience, except anti-TOX (Miltenyi) and anti-TCF1(Cell Signalling)
antibodies. Stained cells were analysed using the BD FACSymphony A5
Cell Analyzer flow cytometer, and further data analysis was performed
using FlowJo software.

Mouse RNA-seq library preparation and sequencing

Blood and tumours were collected from mice and processed for
single-cell suspension preparation by enzymatic dissociation and/
or red blood cell lysis as needed. Cells within each tissue and treat-
ment group were hash-tagged (BioLegend TotalSeq C), pooled from
different mice and labelled with fluorescent anti-CD45 antibodiesand a
viability dye. Live CD45" cells were sorted and cell numbers determined
using the Vi-CELL XR cell counter (Beckman Coulter). A total of 20,000
CD45" cells was processed according to the 10x Genomics’ protocol
(CG000330_Chromium Next GEM Single Cell 5-v2 Cell Surface Protein
UserGuide_RevA) to generate 5’ single-cell RNA-seq and hashed libraries.
Bothlibraries were sequenced onthe NovaSeq S4 sequencer (Illumina)
with the specifications based the 10x Genomics recommendations and
as follows: 5" single-cell RNA-seq libraries were sequenced at 40,000
reads per celland hashed libraries at 2,000 reads per cell (Abiosciences).

Human leukocyte co-culture experiments

Human PBMCs were isolated from healthy donors positive for CMV.
PBMCs were treated with cytokines to drive polarization/differen-
tiation into macrophages according to methods described previ-
ously*s. In brief, for M1 macrophages, monocytes were treated with

GM-CSF 50 ng ml™for 3 days followed by IFNy 50 ng ml along with LPS
10 ng mI™for 48 h; for M2 macrophages, monocytes were treated with
M-CSF 50 ng ml™*for 3 days followed by IL-4 20 ng mI™, TGF- 50 ng ml™
andIL-10 50 ng ml™ for 48 h. M1 macrophages were high for CD86,CD68,
HLA-DR butlow for CD200R and CD163, whereas M2 macrophages were
high for CD163 and CD200R and low for HLA-DR. Macrophages were
pulsed with CMV peptide (Anaspec) and the CEFX Ultrastim peptide
pool (JPT peptides) and bulk CD3" T cells from the same donors were
introduced ataratio of 5:1inthe presence of atezolizumab, tiragolumab
or deglycosylated tiragolumab as described. Clinical grade tiragolumab
and atezolizumab were used at 100 pg ml™. For Fc-dependency stud-
ies, a deglycosylated version of tiragolumab was used at 100 pg ml™.
Allreagents were endotoxin free. Cytokine measurements of IL-2 and
TNF were done from the supernatant using the Luminex platform.

Quantification and statistical analysis

Gene expression analysis of patient tumour bulk RNA-seq. All tran-
scriptome profiles were generated using TruSeq RNA Access technology
(Illumina). Alignment of RNA-seq reads to ribosomal RNA sequences
was performed toremove ribosomal reads. The NClbuild 38 human ref-
erence genome was then used to align the remaining reads using GSNAP
v.2013-10-10, with a maximum of two mismatches per 75 base sequence
(parameters:-M2-n10-B2-11-N1-w200000-E1--pairmax-rna=200000
--clip-overlap) allowed*. Transcript annotation was based on the En-
sembl genes database (release 77). To quantify gene expression levels,
the number of reads mapped to the exons of each RefSeq gene was
calculated inastrand-specific manner using the functionality provided
by the R package Genomic Alignments (Bioconductor)*®.

Public scRNA-seq processing and myeloid cell signatures. The
scRNA-seq dataset for human lung tumours reported previously™
was obtained as .loom files from E-MTAB-6149 and is also available in
the Laboratory for Functional Epigenetics®. Datawere converted toa
Seuratobject and analysed using the Seurat R package (v.3.2.2) accord-
ing to the standard workflow (Seurat)*. Myeloid cells were retrieved
and analysed to define cell subtypes. As reported previously, cells were
removed ifthere were either <201 unique molecular identifiers (UMIs),
>6,000 or <101 expressed genes, or >10% UMIs derived from mitochon-
drial genome. The filtered gene expression matrix was normalized
using the NormalizeData function with the default parameters. We
then scaled the data and regressed out the effects of variation of UMI
counts and percentage mitochondrial contents (ScaleData). Principal
component analysis was performed on the scaled data cut to the top
2,000 variable genes defined by FindVariableFeatures with the default
parameters. Tointegrate different samples, the harmony (v.1.0) pack-
age** wasused and the top 20 principal components (PCs) were used as
input for the RunHarmony function with the default parameters. Cell
clusters were defined using FindClusters using aresolution of 0.5 and
annotated using canonical marker genes that were curated previously®.

Gene signatures were either derived from these NSCLC scRNA-seq
datasets®*® or have been described previously*”*, To derive the TAM
signatures, markers for each myeloid cluster were defined by com-
paring cells in a particular myeloid cell cluster to every other cluster
in a pairwise manner. To guarantee myeloid-specific expression of
markers, we retained only marker genes that were not expressed by
non-myeloid cells in an independent dataset®, including stromal,
tumour and non-myeloid immune cells. We grouped three previously
described macrophage populations® characterized by their immu-
nosuppressive characteristics as TAMs. We combined the signature
genes from each defined macrophage cluster and derived the resultant
signature (MARCO, ACPS, VSIG4, MRCI, MSR1, MCEMPI, CYP27A1,0OLR1,
GRN, GLIPR2, ARRDC4, C1QC,APOE, FOLR2, CTSD and SPPI).

Preprocessing of human PBMC scRNA-seq data. The scRNA-seq
reads were aligned to the human transcriptome (GRCh38) and UMI
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counts were quantified to generate a gene-barcode matrix using
the Cell Ranger pipeline (10x Genomics, v.5.0.1). CITE-seq antibody
expression matrices were generated using the Cell Ranger pipeline
(10x Genomics, v.5.0.1). TCR reads were aligned to the GRCh38 refer-
ence genome and consensus TCR annotation was performed using the
CellRanger vdj pipeline (10x Genomics, v.5.0.1). To assign cells to their
respective samples of origin, cells were demultiplexed with amodified
HTOdemux function from the Seurat package, whereby the negative
cluster was defined by minimal non-zero expression.

Cluster analysis of human PBMC immune cells. The preprocessed
gene expression matrix generated by the Cell Ranger pipeline was
imported into Seurat (v.3.2.2) for downstream analysis. As a quality-
control step, genes that were expressed in less than ten cells were
removed and cells were filtered on the basis of the number of detected
genes, the number of detected UMIs, house-keeping gene expression
and the percentage of mitochondrial gene expression. Cells that
expressed less than ten house-keeping genes were removed. For UMIs,
detected genes and mitochondrial gene expression, cut-offs were
defined as the more conservative value between a hard predefined
cut-off (UMIs: lower, 1,000; upper, 20,000; genes: lower, 200; upper,
5,000; mitochondrial gene expression, 10%) and a dataset-specific
cut-off computed using interquartile ranges. Furthermore, RBC and
platelet contaminants were removed using automated filtering algo-
rithms. The filtered gene expression matrix (17,804 genes x 406,296
cells) was normalized using the NormalizeData function (normaliza-
tion.method = “LogNormalize” and scale.factor =10,000). Surface
proteins were normalized using the centred-log ratio method. Variable
genes were identified using the FindVariableFeatures function with
the default parameters. Before dimensionality reduction, the data
were scaled, and the effects of variation in UMI counts and percentage
mitochondrial contents were regressed out (the ScaleData function).
Principal component analysis was then performed on the scaled data
cut to the variable genes. Batch effects were mitigated using the Har-
mony (v.1.0) package®*. Shared nearest neighbours were computed, and
cells were then clustered using graph community clustering methods.
A UMAP was generated using the RunUMAP function. Cells were
annotated using a cell type classifier takinginto account RNA, surface
proteinsand TCR sequences, and further validated and refined by using
immunai’s curated in-house signatures. Multi-omic data were further
used to remove low-quality cells and previously undetected doublets
(for example, cells that express both CD8 and CD4 protein tags, and
cellsthatexpress both a high B cell signature and have adetected TCR).

Identification of proliferating cells in human PBMCs. To identify
proliferating cells from the scRNA-seq data, cell proliferation scores
at the Sand G2M phases were calculated using the CellCycleScoring
function from Seurat. Proliferating cells were called based on G2M
phase scores of >0.22 or S phase scores of >0.22.

Pseudo-bulk differential gene expression analysis of human PBMCs.
Differential gene expression (DEG) tests were performed by pseudo-bulk
analysis, inwhich gene counts were aggregated (summed) for each sam-
ple and cell type. Samples per cell type that had less than 10 cells were
removed. Differential expression analysis was performed using the
limma-voom R package (v.3.44.3)* for each cell type independently.
Patient ID was added as a covariate to the design formulae to consider
the paired design. Patients without matching pre- and on-treatment
samples were removed. The moderated ¢-statistics from limmaDEG tests
were used as a preranked gene listinput for pathway enrichment analy-
sis, which was performed using the fgsea R package (v.1.14.0)*. In this
analysis, we used the Hallmark gene set collected from MSigDB (v.7.2).

Preprocessing of mouse scRNA-seq data. The gene expression FASTQ
files were aligned to the mouse transcriptome (mm10) and UMI counts

were quantified to generate a gene-barcode matrix using the Cell
Ranger pipeline (10x Genomics, v.6.1.1). Antibody-derived tag (ADT)
expression FASTQ files were generated using the Cell Ranger pipeline
(10x Genomics, v.6.1.1). The exported gene expression and ADT expres-
sion matrices were imported into the Seurat package for downstream
analysis. ADT datawere normalized with centred log-ratio transforma-
tion and the HTODemux function was used to assign mouse of origin
for each singlet cell, and annotate doublets and singlets.

Clustering analysis of mouse scRNA-seq data. Three batches of
mouse scRNA-seq datawere generated and analysed separately accord-
ing to the standard Seurat workflow as described above. Throughout
the analysis, we confirmed the absence of batch effects introduced
by samples or other technical factors, and therefore did not perform
batch-effect removal in our data. Cells were annotated by canonical
marker genes and high-expression marker genes in the cluster com-
pared with the other cells.

Specifically, for the scRNA-seq data generated from mice treated
withisotype control, anti-TIGIT-LALAPG, anti-TIGIT-IgG2b and anti-
TIGIT-IgG2aantibodies, singlets and negative cells were used for down-
stream analysis. Cells collected from the peripheral blood were kept
using the following filtering: mitochondrial % counts <5%, 1,000 < UMI
counts <15,000 and 500 < gene counts < 3,500, resulting in a total of
26,174 cells. The first 25 PCs and a resolution of 1were used for dimen-
sionality reduction and clustering, and clusters with similar marker
gene expression were combined. Cells collected from the tumour were
retained using the following filtering: mitochondrial % counts < 5%,
1,000 < UMI counts <25,000,and 500 < gene counts < 6,000. We first
used the top 25PCs for dimensionality reduction and clustered all cells
ataresolution of 0.6 to define the broader myeloid cells (n = 5,352)
and T/NK lymphocytes (n = 21,407). Further clustering analysis was
performed on the myeloid cells (top 20 PCs and a resolution of 0.9)
and T/NK lymphocytes (top 23 PCs and aresolution of 0.9).

For the scRNA-seq data generated from mice treated with iso-
type control, anti-PD-L1, anti-TIGIT-IgG2b, and anti-TIGIT-IgG2a,
anti-PD-L1 + anti-TIGIT-IgG2b, and anti-PD-L1 + anti-TIGIT-IgG2a anti-
bodies, singlets were used for downstream analysis. Cells collected
fromthe peripheral blood were kept using the following filtering: mito-
chondrial % counts < 5%,1,000 < UMI counts < 20,000, and 500 < gene
counts <4,500, resulting inatotal of 55,368 cells. The first 25PCsand a
resolution of 1were used for dimensionality reduction and clustering,
and clusters with similar marker gene expression were combined. Cells
collected from the tumour were retained using the following filter-
ing: mitochondrial % counts < 5%, 1,000 < UMI counts < 25,000, and
500 < genecounts < 6,000. Wefirst used the top 25 PCs for dimensional-
ity reduction and clustered all cells at a resolution of 0.1to define the
broader myeloid cells (n = 4,261) and T/NK lymphocytes (n = 35,358).
Further clustering analysis was performed on the myeloid cells (top
20PCsandaresolution of 0.9) and T/NK lymphocytes (top 20 PCs and
aresolution of 0.6).

For the scRNA-seq data generated from mice treated with isotype
control, anti-PD-L1 + anti-TIGIT-IgG2a, and anti-PD-L1 + anti-TIGIT-
IgG2a + anti-CSF-1R antibodies, singlets were used for downstream
analysis. Cells collected from the tumour were retained using the follow-
ing filtering: mitochondrial % counts < 5%,1,000 < UMI counts < 25,000,
and 500 < gene counts < 6,000. We first used the top 20 PCs for dimen-
sionality reductionand clustered all cells at aresolution of 0.6 to define
thebroader myeloid cells (n=3,734) and T/NKlymphocytes (n = 21,575).
Further clustering analysis was performed on the myeloid cells (top 20
PCs and aresolution of 0.6) and T/NK lymphocytes (top 25PCsand a
resolution of 0.6).

Differential gene expression analysis of mouse scRNA-seq data.
Differential gene expression analysis was performed using two-tailed
Wilcoxon rank-sum tests implemented in Seurat. The FindMarkers



functionwas used to define the DEGs between cells from each treatment
group. Volcano plots and bubble plots were used to visualize genes that
were differentially expressed in each treatment group.

Statistical analysis. Survival outcomes, OS and PFS were analysed
using the Kaplan—-Meier method. Univariate Cox regressions were
implemented to estimate HRs and 95% Cls. Statistical details of experi-
ments, the number of repeats performed and statistical tests used are
showninthe figure legends and the Methods.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The sequencing data generated in this study will be deposited once
anonymized. Up-to-date details on Roche’s Global Policy on the Shar-
ing of Clinical Information and how to request access torelated clinical
study documents are available online (https://go.roche.com/data_shar-
ing). Anonymized records for individual patients across more than one
data source external to Roche cannot, and should not, be linked due
to apotential increase inrisk of patient re-identification. Source data
of preclinical study data are provided with this paper, and source data
of clinical study datawill be deposited once anonymized. Source data
are provided with this paper.

Code availability

All packages used in this study are publicly available. This study does
not report original codes.
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Extended DataFig.1|Intratumoural myeloid and Treg cell content
correlates with tiragolumab plus atezolizumab outcome but not placebo
plus atezolizumab. a, Forest plot comparing tiragolumab plus atezolizumab
versus placebo plus atezolizumab in patients with tumours expressing high or
low gene levels (cutoff by median expression) of CD274, TIGIT, CD226,and PVR
in CITYSCAPE. Hazard ratio and 95% confidence interval were determined
using univariate Cox model. The dots represent the hazard ratio and the
horizontal bars the 95% confidence interval. b-e, Kaplan-Meier curves
comparing PFSin patients withtumoursenriched (solid lines) or notenriched
(dashedlines) for TAMs (b), Tregs (c), CD16-high monocytes (d),and CD8 + T

effector cells (T-eff) (e). Enrichment or not was determined by the median cell
typesignature score cutoffs. f, g, Kaplan-Meier curves comparing the PFS (f)
and OS (g) in PD-L1-positive patients from the phase 3NSCLC OAK study who
received atezolizumab monotherapy and had tumours enriched for TAMs.

h, i, Kaplan-Meier curves comparing the PFS (h) and OS (i) in PD-L1-positive
patients from the phase 3NSCLC OAK study who received atezolizumab
monotherapy and had tumours enriched for Tregs. f-i, Hazard ratio and 95%
confidenceinterval were determined using univariate Cox model, and Pvalues
were estimated using the log-rank test.
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Extended DataFig. 3| The proportion of proliferation cellsand major cell
typesinPBMC. a, Scatter plot showing the Sand G2M cell cycle phase scores,
coloured by cellsin proliferating (red) or non-proliferating states (black). b, Bar
plotshowing the proportion of proliferating cells in each major cell type. ¢, Box
plots showing the proportion of proliferating cellsin CD4_non_naive, CD8_
non_naive, and NK cells, across each timepoint. d, Box plots comparing the
proportions of each cell type at on-treatment (C1D15, C2D1, and C4D1) versus
baseline (C1D1). e, Box plots comparing the proportions of each cell type
betweenresponders and non-responders at baseline (C1D1) and on-treatment

(C1D15, C2D1, and C4D1). c-e, Boxplot center line, median; box, interquartile
range (IQR; therange between the 25th and 75th percentile); whiskers, 1.58 x
IQR.c,d, Median values per time point are connected by solid black lines;
samples from the same patient at different time points are connected by grey
lines. c-d, Pvalues shown were calculated by two-tailed paired Student’s t-test
and BH-adjusted. e, Nominal Pvalues derived from two-tailed unpaired Student
t-testareshownandred asterisk represents significance levels where * P< 0.05.
c-e,n =16 patients.
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Extended DataFig. 4 | Efficient tumour rejectionby anti-PD-L1and
anti-TIGIT mAbs treatment depends on functional Fc-FcyRinteraction
axis. a, Plots depicting tumour volumes in each mouse over time; dataare
representative of oneindependent experiment. Wildtype BALB/c mice were
implanted with CT26 tumours and then treated as described inthe method.

b, Plots depicting tumour volumesin each mouse over time; dataare
representative of one independent experiment. Wildtype (top) and FcyR
knockout (bottom) BALB/c mice were implanted with CT26 tumours and then
treated asdescribedin the method.
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Extended DataFig. 5| anti-TIGIT treatment modulation of tumour
infiltratingimmune cellsand peripheral blood monocytes depends on
theFcregion.a, UMAP of single cells from tumour infiltrating Tand NK cells
(top, n=21,407) and myeloid cells (bottom, n = 5,352) coloured by cell types.
b, Bubble plots showing marker gene expression for T and NK cells (left) and
myeloid cells (right) as shown in (a).c-e, Heatmaps showing the expression of
selected genes across different treatments in tumour macrophages and
monocytes combined (c), tumour CD8 + T cells combined (d), and tumour
CD4+Tregs (e). f, UMAP of single cells from the peripheral blood (n =26,174)

colouredby celltypes. g, Bubble plots showing the marker gene expression of
celltypesasin (f). h,Heatmap displaying the scaled gene expression of marker
genesdistinguishing classical, non-classical, and intermediate monocytes,
and the expression patterns of FcyR. i, Heatmap showing the scaled gene
expression of MHC and interferon response in non-classical monocytes across
different treatments. a-i, Single cell RNA-seq was performed onintratumoural
(a-e) and peripheral (f-i) CD45+ cellsisolated at day 3 after treatment, and data
arefromoneindependentexperiment withn=5miceineachgroup.
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Extended DataFig.7| The modulation effects of anti-PD-L1+anti-TIGIT on
peripheralblood monocytes depends on the anti-TIGIT mAb Fcregion.

a, UMAP of single cells from the peripheral blood cells (n =55,368) coloured
by celltypes. b, Bubble plot showing the marker gene expression of cell types
asin(a).c, Heatmap displaying the scaled gene expression of marker genes
distinguishing classical, non-classical, and intermediate monocytes, and the
expression patterns of FcyR. d, Box plots comparing cell proportions of
different treatments versus IgG2aisotype control (B1). B2, aPD-L1; B3, aTIGIT-
1gG2b; B4, aTIGIT-1gG2a; B5, aPD-L1+aTIGIT-1gG2b; B6,aPD-L1+aTIGIT-1gG2a.
Boxplot center line, median; box, interquartile range (IQR; the range between

the 25thand 75th percentile); whiskers, 1.58 x IQR. Normal Pvalues by two-tailed
unpaired Student’s t-test are showningrey colour; adjusted Pvalues by Dunnett’s
multiple comparison were showninblack colour.e, f, Volcano plots showing
the gene expression of anti-PD-L1+anti-TIGIT IgG2a versus anti-PD-L1(e), and
anti-PD-L1+anti-TIGIT-IgG2b versus anti-PD-L1 (f) in peripheral blood classical
(left), intermediate (middle), and non-classical (right) monocytes. Pvalues
were calculated by two-tailed Wilcoxon rank-sum test. a-f, Single cell RNA-seq
was performed on peripheral CD45+ cellsisolated at day 3 after treatment, and
dataarefromoneindependentexperiment withn=5miceineachgroup.
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Extended DataFig. 8| Flow cytometry analysis of anti-TIGIT activityin
tumour myeloid cells of EO771 model, and T cells of CT26 model. a, Mean
fluorescence intensity (MFI) of cell surface MHC-Il on tumour-infiltrating
dendritic cells (DC, left), macrophages (middle), and monocytes (right),
normalized to their respective median MFlvalue following control treatment.
Farright, histogram of representative surface MHC-1l expression on tumour
monocytes following various treatments. EO771-bearing C57BL/6 J mice were
treated asindicated and datawere collected at day 7 after treatment. Dataare a
composite of twoindependent experiments withn=4 miceineachgroup;
shown are mean +/-~ SEM with one-way ANOVA with Dunnett’s multiple
comparisons, with the ControlIgG group designated as the control group.

b, Frequencies of tumour-infiltrating FoxP3- non-Treg CD4 + T cells (left),

FoxP3+Treg CD4 + T cells (middle),and CD8 + T cells (right) out of total CD45+
cells.c,Ratio of tumour CD8 + T cells to FoxP3+ Treg CD4 + T cells. d, e, Additional
datarelated toFig. Se,f. Frequencies of TCF1+ TIM3+memory-like T cells

(d) and TOX+ terminally differentiated effector T cells (e) in CT26-tumour
bearing mice treated with control and anti-PD-L1 plus anti-TIGIT migG2a-
LALAPG or mlgG2a antibodies. b-e, Intratumoural CD45+ cells were analysed
by flow cytometry at day 3 after treatment (b, ¢) and gp70 tetramer positive
Tcellsatday7 after treatment (d, e). Data are representative of one (b, ¢) or
two (d, e) independent experiments withn=5miceineachgroup.b-e, Data
inthe dot plots are mean +/- SEM with one-way ANOVA with Dunnett’s multiple
comparisons, with the anti-PD-L1 monotherapy group designated as the
control group.
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Extended DataFig.9 | Tumour infiltrating leukocyte FACS and scRNA-seq
analysis following treatment with anti-PD-L1, anti-TIGIT, and anti-CSF-1R.
a, Percentage of tumour macrophages (left) and representative FACS plots of
tumour CD11b+ cell expression of F4/80 and CD86 following treatment (right).
Datawerecollected at day 7 after treatment, and are representative of two
independent experiments withn=5miceineachgroup. Left,dataare mean+/-
SEM with one-way ANOVA with Tukey’s multiple comparisons. b, Growth of
CT26 tumoursinsyngeneic BALB/c mice treated with anti-gp120 (left), anti-
PD-L1+anti-TIGIT IgG2a (middle), and anti-PD-L1+anti-TIGIT mIigG2a +anti-
CSF-1R (right). Data are representative of two experiments with n =10 mice in
each group. c, UMAP of tumour-infiltrating lymphocytes (top, n =21, 575) and
myeloid (bottom, n=3,734) cells coloured by cell types. d, Bubble plots
showing marker gene expression for T and NK cells (left) and myeloid cells

(right) asshownin (c). e, Volcano plots showing the gene expression of anti-
PD-L1+anti-TIGIT IgG2a versus control IgG2a (left), anti-PD-L1+anti-TIGIT
IgG2a +anti-CSF-1R versus control IgG2a (middle), and anti-PD-L1+anti-TIGIT
IgG2a +anti-CSF-1R versus anti-PD-L1+anti-TIGIT IgG2a (right) in tumour
macrophage and monocytes combined.f, g, Volcano plots showing the gene
expression of anti-PD-L1+anti-TIGIT IgG2a + anti-CSF-1R versus anti-PD-L1+
anti-TIGIT IgG2ain tumour CD8 + T cells combined (f) and CD4 Tregs (g).

c-g, Single cell RNA-seq was performed onintratumoural CD45+ cellsisolated
from tumours at day 3 after treatment, and dataare fromoneindependent
experiment withn=5miceineach group.Involcano plots, the broken y-axis was
used to make the y-axis range comparable and for better comparison between
treatments; Pvalues were calculated by two-tailed Wilcoxon rank-sum test.
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Extended DataFig.10|Graphicillustration showing the design of the
currentstudy. Top, To understand the mechanism(s) of response with
tiragolumab in combination with atezolizumab, we leveraged samples
collected from CITYSCAPE (left; NSCLC, Ph2) including tumour pretreatment
samples for bulk RNA-seq and multipleximmunofluorescence (mIF), and
pretreatment and on-treatment serum samples for Mass Spec, GO30103

(middle; NSCLC, Phlb) including pretreatment and on-treatment peripheral
blood mononuclear cells (PMBC) for single cell RNA-seq, and preclinical
models (right). Bottom, Anti-TIGIT antibody, in a Fc dependent manner,
remodelsimmunosuppressive tumour microenvironments by leveraging
myeloid cells and Tregs, which was further enhanced with the addition of
anti-PD-(L)1antibody. Created with BioRender.com.
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Bendell,et al, 2020, AACR, https://aacrjournals.org/cancerres/article/80/16_Supplement/CT302/645050/Abstract-CT302-
Phase-la-Ib-dose-escalation-study.
Cho, et al, 2022, Lancet Oncology, https://www.thelancet.com/journals/lanonc/article/P11S1470-2045(22)00226-1/fulltext

Reporting on race, ethnicity, or Full description of the human research participants and characteristics is detailed in the following publicatios:
other socially relevant Bendell,et al, 2020, AACR, https://aacrjournals.org/cancerres/article/80/16_Supplement/CT302/645050/Abstract-CT302-
groupings Phase-la-Ib-dose-escalation-study.

Cho, et al, 2022, Lancet Oncology, https://www.thelancet.com/journals/lanonc/article/P11S1470-2045(22)00226-1/fulltext

Population characteristics Patient characteristics are shown in Supplemental table 1 and the full description of the human research participants and
characteristics is detailed in the following publications:

Cho, et al, 2022, Lancet Oncology, https://www.thelancet.com/journals/lanonc/article/P11S1470-2045(22)00226-1/fulltext

Bendell,et al, 2020, AACR, https://aacrjournals.org/cancerres/article/80/16_Supplement/CT302/645050/Abstract-CT302-
Phase-la-Ib-dose-escalation-study.

Recruitment Full description of the human research participants and characteristics is detailed in the following publicatios:
Bendell,et al, 2020, AACR, https://aacrjournals.org/cancerres/article/80/16_Supplement/CT302/645050/Abstract-CT302-
Phase-la-Ib-dose-escalation-study.
Cho, et al, 2022, Lancet Oncology, https://www.thelancet.com/journals/lanonc/article/P11S1470-2045(22)00226-1/fulltext

Ethics oversight The trial was conducted according to Good Clinical Practice and the Declaration of Helsinki. All patients provided written
informed consent. Protocol approval was obtained from independent review boards or ethics committees at each site.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For the anlaysis of GO30103 and CITYSCAPE patient survival, the sample size was determined as described in Bendell,et al, 2020, AACR,
https://aacrjournals.org/cancerres/article/80/16_Supplement/CT302/645050/Abstract-CT302-Phase-la-Ib-dose-escalation-study.
Cho, et al, 2022, Lancet Oncology, https://www.thelancet.com/journals/lanonc/article/P11S1470-2045(22)00226-1/fulltext
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For all other analysis and experiments, no sample size calculation was conducted. For single cell CITE-seq patient cohort, we used patients
from GO30103 who had available pre- and post-treatment PBMC. For preclinical experiments, a minimum of 5 mice per condition were used
and for human donor ex vivo experiments, a minimum of 3 donors were used to minimize the impact of for donor to donor variability.

Data exclusions  For single cell CITE-seq data, we excluded cells with low and high number of detected transcripts, high mitochondria content, or high
hemoglobin content.

Replication For in vitro and in vivo experiment, we indicated in the figure legend or methods about the replication of each experiment.

Randomization  For preclinical experiments, randomization was as described in the methods. Randomization of GO30103 and CITYSCAPE is described in
Bendell et al, 2020, AACR, https://aacrjournals.org/cancerres/article/80/16_Supplement/CT302/645050/Abstract-CT302-Phase-la-Ib-dose-
escalation-study.

Cho, et al, 2022, Lancet Oncology, https://www.thelancet.com/journals/lanonc/article/P11S1470-2045(22)00226-1/fulltext

Blinding The phase 2 clinical study CITYSCAPE was double blinded as described before. Full description of the human research participants and
characteristics is detailed in the following publications:
Bendell,et al, 2020, AACR, https://aacrjournals.org/cancerres/article/80/16_Supplement/CT302/645050/Abstract-CT302-Phase-la-Ib-dose-
escalation-study.
Cho, et al, 2022, Lancet Oncology, https://www.thelancet.com/journals/lanonc/article/P11S1470-2045(22)00226-1/fulltext

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
X Antibodies X[ ] chip-seq
X Eukaryotic cell lines [] Flow cytometry
|:| Palaeontology and archaeology |X| |:| MRI-based neuroimaging

X Animals and other organisms
|Z| Clinical data

[ ] Dual use research of concern

[] plants

XNXOOXOOS

Antibodies

Antibodies used Antibodies used in flow cytometry:
anti-FOXP3 rabbit monoclonal antibody SP97 (Abcam; ab99963)
anti-pan-cytokeratin mouse monoclonal AE1/AE3 (Abcam, ab27988)
anti-CD68 rabbit monoclonal SP251 (Spring Bioscience, M5510)
anti-PD-L1 rabbit monoclonal SP263 (Ventana; 790-4905)
anti-mouse PD-L1 (Genentech, clone 6E11)
anti-mouse TIGIT (Genentech, clone 10A7)
anti-gp120 control antibody
Mouse BD Fc Block (BD Biosciences 553142)
AF700 Anti mouse CD8 (BD Biosciences 557959)
APC Anti mouse CD45 (BD Biosciences 559864)
anti-mouse CSF1R (Bioexcell, Cat# BP0213, 30 mg/kg)
Human TruStain FcX  (Biolegend 422302)
Total-Seg-C antibodies (Biolegend)

Validation The primary antibodies 6E11 and 10A7 isotypes were validated as reported before (Oh, Nature cancer 2020 and Johnston, Cancer

Cell 2014 respectively). All the antibodies were validated by the manufacturer (Abcam, Spring Bioscience, Ventana, BD Biosciences,
Biolegend).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) The CT26 murine colon carcinoma cell line was obtained from American Type Culture Collection (Manassas, VA)
The EO77 murine colon carcinoma cell line was obtained from American Type Culture Collection (Manassas, VA)
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Authentication

Mycoplasma contamination

Commonly misidentified lines

(See ICLAC register)

Cell lines were authenticated by Genentech.

All cell lines were validated to be mycoplasma-free by PCR tests.

None

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Balb/c, C57BL/6J and FcgR knockout (KO) mice were purchased from the Jackson Laboratory. All experimental mice were female and
6-8 weeks old.

None
Female mice were used throughout the study.
None

All animal studies were approved by Genentech’s Institutional Animal Care and Use Committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration

Study protocol

Data collection

Outcomes

Plants

Data from GO30103 (NCT02794571) and CITYSCAPE (NCT03563716) detailed in the following publicatios:

Bendell,et al, 2020, AACR, https://aacrjournals.org/cancerres/article/80/16_Supplement/CT302/645050/Abstract-CT302-Phase-la-Ib-
dose-escalation-study.

Cho, et al, 2022, Lancet Oncology, https://www.thelancet.com/journals/lanonc/article/P11IS1470-2045(22)00226-1/fulltext

The studies have reported and the full protocols are availabe on clinicaltrials.gov

For full description of the data collection is described in Bendell,et al, 2020, AACR, https://aacrjournals.org/cancerres/
article/80/16_Supplement/CT302/645050/Abstract-CT302-Phase-la-Ib-dose-escalation-study.
Cho, et al, 2022, Lancet Oncology, https://www.thelancet.com/journals/lanonc/article/P11IS1470-2045(22)00226-1/fulltext

For full description of the data collection and outcomes is described in Bendell,et al, 2020, AACR, https://aacrjournals.org/cancerres/
article/80/16_Supplement/CT302/645050/Abstract-CT302-Phase-la-Ib-dose-escalation-study.
Cho, et al, 2022, Lancet Oncology, https://www.thelancet.com/journals/lanonc/article/P11S1470-2045(22)00226-1/fulltext

Seed stocks

Novel plant genotypes
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Flow Cytometry

Plots

Confirm that:
|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|X| All plots are contour plots with outliers or pseudocolor plots.

g A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
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Sample preparation Flow sample preparation was detailed in the method.

Instrument Data were collected on a BD LSRFortessa flow cytometer (BD Biosciences, San Jose, CA)

Software Flow cytometry data were collected using FACSymphony software (BD Biosciences), and analyzed using FlowJo software.
Cell population abundance Relevant cell population abundance is noted in each figure and is provided in the source data files for preclinical data.
Gating strategy Gating strategy: cells were based in the following ways: singlets (FSC-A/FSC-H), live or dead cells (negative or negative dye

staining), and then specific surface or intracellular markers.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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