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ABSTRACT
The presence of T regulatory (Treg) cells in the tumor microenvironment is associated with poor prognosis 
and resistance to therapies aimed at reactivating anti-tumor immune responses. Therefore, depletion of 
tumor-infiltrating Tregs is a potential approach to overcome resistance to immunotherapy. However, 
identifying Treg-specific targets to drive such selective depletion is challenging. CCR8 has recently 
emerged as one of these potential targets. Here, we describe GS-1811, a novel therapeutic monoclonal 
antibody that specifically binds to human CCR8 and is designed to selectively deplete tumor-infiltrating 
Tregs. We validate previous findings showing restricted expression of CCR8 on tumor Tregs, and precisely 
quantify CCR8 receptor densities on tumor and normal tissue T cell subsets, demonstrating a window for 
selective depletion of Tregs in the tumor. Importantly, we show that GS-1811 depleting activity is limited 
to cells expressing CCR8 at levels comparable to tumor-infiltrating Tregs. Targeting CCR8 in mouse tumor 
models results in robust anti-tumor efficacy, which is dependent on Treg depleting activity, and syner
gizes with PD-1 inhibition to promote anti-tumor responses in PD-1 resistant models. Our data support 
clinical development of GS-1811 to target CCR8 in cancer and drive tumor Treg depletion in order to 
promote anti-tumor immunity.
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Introduction

The immune system has evolved complex cellular and mole
cular mechanisms to prevent deleterious immune-mediated 
disorders. A subset of CD4 + T cells, known as T regulatory 
(Treg) cells, that express the X chromosome-linked transcrip
tion factor forkhead box P3 (FOXP3), are central to the pre
vention of autoimmunity.1 They act by suppressing aberrant 
immune responses against self-antigens, resulting in immune 
tolerance.2 This tolerance mechanism can be co-opted by 
tumors when FOXP3+ Tregs, localized to the tumor micro
environment (TME), suppress anti-tumor immunity. Tumor- 
infiltrating Tregs can disrupt the function of tumor-specific 
T effector cells through direct cell-cell interactions by engaging 
inhibitory co-signaling molecules expressed on their cell sur
face or by secreting anti-inflammatory soluble factors such as 
transforming growth factor β (TGFβ); both mechanisms are 
known to contribute to the immunosuppressive TME.3

The presence of tumor T regulatory cells has been asso
ciated with poor prognosis in cancer4–6 and resistance to 
immune checkpoint blockade.7 While immune checkpoint 
blockade targeting the co-inhibitory molecules cytotoxic 

T-lymphocyte-associated protein 4 (CTLA-4) and pro
grammed cell death protein 1/programmed death-ligand 1 
(PD-1/L1) has revolutionized the treatment of cancer, the 
majority of patients do not respond to checkpoint inhibition, 
and primary and secondary resistance to immune checkpoint 
blockade is common. Growing evidence suggests that targeting 
CTLA-4 and PD-1 is insufficient for the full elimination of 
Tregs within the TME,8 and PD-1 blockade could even result in 
enhanced tumor Treg function.9,10 Thus, new therapies are 
needed to preferentially deplete Tregs in the tumor while 
sparing the peripheral pool to ensure continued immune tol
erance and minimize immune related toxicities.

A major challenge facing a Treg depletion strategy has been 
the identification of a specific marker for tumor-infiltrating 
Tregs. Daclizumab targets the interleukin-2 receptor alpha 
chain (CD25), which is abundantly expressed on peripheral 
Treg and T effector cells, leading to broad and relatively non
specific depletion of T cells.3 Mogamulizumab targets 
C-C motif chemokine receptor 4 (CCR4), which shows high 
expression on peripheral Tregs as well as expression on 20– 
30% of peripheral blood CD4 + T cells.11 More recently, Plitas 
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et al. identified C-C motif chemokine receptor 8 (CCR8) as 
a potential new target on tumor Tregs, reporting that CCR8 
was highly expressed on human tumor-infiltrating as com
pared to peripheral Treg and T effector cells in the TME.12 

Analysis of gene expression data from cancer patient samples 
also found CCR8 expression to be highly correlated with 
FOXP3 in Tregs and preferentially expressed on tumor over 
peripheral Tregs.13,14

CCR8 is a cell surface receptor that belongs to class A of the 
G protein-coupled receptor (GPCR) family. It contains seven 
transmembrane domains, three extracellular loop domains and 
three cytoplasmic domains. In addition to tumor Tregs, CCR8 
has been reported to also be expressed on T-helper 2 (Th2) cells 
and innate lymphoid cells,15 skin-resident memory T cells,16 

monocyte-derived dendritic cells and eosinophils.17 In the 
tissues of healthy adults, CCR8-expressing T cells are reported 
to be unique to skin and not in the small intestine or colon, and 
only rarely found in peripheral blood.18 CCR8 has four known 
ligands of which the best characterized is CCL1, which has 
been reported to be important for skin homing of T cells, as 
well as Treg survival and chemotaxis into tumors.19–21 Thus, 
the relatively restricted expression pattern of CCR8 and its 
higher level of expression on tumor-infiltrating Tregs suggests 
it may be an optimal target for selective depletion of these cells.

Herein, we describe the development and characterization 
of GS-1811, a humanized monoclonal antibody (mAb) consist
ing of two identical afucosylated gamma 1 (IgG1) heavy chains 
and two identical kappa (Igk) light chains, that specifically 
binds to and inhibits human CCR8 and is designed to selec
tively deplete tumor resident Treg cells. We show that CCR8 
gene expression is restricted to tumor resident Tregs, and that 
CCR8 protein is expressed at higher densities on tumor resi
dent Tregs than on other tumor resident T cells or circulating 
peripheral T cells, thus providing a window for tumor-specific 
Treg depletion. In vitro, GS-1811 selectively depletes cells 
expressing CCR8 receptor at levels observed in human tumor 
Tregs. Targeting the murine CCR8 receptor results in anti- 
tumor efficacy in vivo, which is dependent on Treg depleting 
activity, across several tumor models, including tumor types 
where PD-1 blockade has no effect. Additionally, depletion of 
the murine CCR8+ tumor resident Tregs induces CD8 infiltra
tion, proinflammatory responses and immunological memory. 
Finally, anti-CCR8 is a potent combination partner with anti- 
PD-1 in murine PD-1 resistant models, resulting in improved 
tumor regression. These data indicate the potential clinical 
utility of selective depletion of tumor resident T regulatory 
cells using GS-1811.

Materials and methods

PBMCs, tissue samples and cell lines

Human PBMCs were purified from whole blood collected from 
healthy volunteers (Research Blood Components) by Ficoll- 
Paque Plus (GE Healthcare) density separation as previously 
described.22 Fresh human tumor and normal adjacent tissue 
(NAT) samples from surgical resections were obtained through 
the NCI Cooperative Human Tissue Network (CHTN) and the 
National Research Disease Interchange (NDRI). Human skin 

samples from abdominoplasty procedures were provided by 
BioIVT. All human samples were acquired under approved 
vendor IRB protocols and were de-identified. The mouse cell 
line MC38 was kindly provided by Dr. James Allison (MD 
Anderson Cancer Center) and cultured in DMEM medium 
(Gibco Life Technologies) supplemented with glutamine and 
10% Fetal Bovine Serum (FBS, Sigma). The B16-F10 mouse cell 
line was obtained from ATCC and cultured in RMPI medium 
(Gibco Life Technologies) supplemented with glutamine and 
10% FBS. The mouse cell lines CT26 and Pan02 were provided 
by Lab2Pharmacy through ATCC. The mouse MBT-2 cell line 
was provided by Crown Biosciences. All mouse cells were 
tested and confirmed negative for Mycoplasma and viral 
pathogens. For tumor inoculation, cells were expanded for 2 
passages after thaw and harvested by trypsin-EDTA treatment 
when 50–70% confluent. Cells were re-suspended in serum- 
free, phenol-free DMEM (Thermo Fisher Scientific) and viabi
lity >95% was confirmed by trypan blue staining. The human 
Hut-78 cell line was obtained from ATCC and grown in 
Xvivo15 medium (Lonza) supplemented with glutamine, 10% 
human serum, and 1% non-essential amino acids.

Mice and mouse tumor studies

For all animal studies conducted at Jounce Therapeutics, mice 
were maintained in accordance with the Jounce Therapeutics 
Institutional Animal Care and Use Committee (IACUC) pro
tocol JT02-13-19 and were approved by the Jounce IACUC. 6– 
8 week old female C56BL/6 mice were obtained from the 
Jackson Laboratories and implanted subcutaneously on the 
right flank with 5 × 105 MC38 cells under isoflurane anesthesia. 
When tumor volumes reached approximately 100mm3, mice 
were randomized by tumor volume and assigned to treatment 
groups of 10 (for efficacy studies) or 5 (for immunophenotyp
ing studies) animals per group. Mice were injected intraper
itoneally twice weekly for a maximum of three weeks with 
200 μg (approximately 10 mg/kg) of anti-mouse CCR8 
mIgG2a, anti-mouse CCR8 mIgG1 or isotype control (all 
from Jounce Therapeutics) prepared in sterile phosphate- 
buffered saline (PBS). Tumor growth and animal body weights 
were monitored at least twice weekly. Mice were sacrificed 
when tumor volumes exceeded 2000mm3, tumor became 
ulcerated, body weight decreased by at least 20% or other 
signs of clinical distress were noted, in accordance with 
Jounce protocol JT02-13-19. For the tumor rechallenge study, 
10 mice whose MC38 tumors had been previously eradicated 
by treatment with anti-mouse CCR8 mIgG2a antibody and 
that had remained tumor free for at least 20 weeks, and 10 age- 
matched tumor- and treatment-naïve controls were implanted 
subcutaneously with 2.5 × 105 MC38 cells on the left flank and 
1 × 105 B16-F10 cells on the right flank.

The MBT-2 tumor study was conducted by Crown 
Biosciences and was approved by their institutional IACUC. 
During the study, the care and use of animals was conducted in 
accordance with the regulations of the Association for 
Assessment and Accreditation of Laboratory Animal Care 
(AAALAC). 6–8 week old female C3H/He mice were inocu
lated subcutaneously on the right flank with 4 × 105 MBT-2 
cells in 100 μL sterile 1x PBS. Mice were randomized into 
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treatment groups of 10 animals each with an average tumor 
volume of 94mm3 and dosed intraperitoneally twice weekly for 
three weeks with anti-mouse CCR8 mIgG2a (Jounce 
Therapeutics), InVivoMAb anti-mouse PD-1 RMP1-14 
(BioXCell) or mouse IgG2a and rat IgG2a isotype controls 
(Jounce Therapeutics and BioXCell, respectively). Each anti
body was administered at 10 mg/kg, and appropriate isotype 
controls were added so that the total antibody dose per each 
group was 20 mg/kg. Mice were checked daily for morbidity 
and mortality; tumor volume and body weight were measured 
twice weekly. Mice were sacrificed when tumor volume 
exceeded 3000mm3, tumor ulcerations reached 25% of the 
tumor surface, body weight loss reached 20% or other signs 
of clinical distress were noted.

The CT26 tumor study was conducted by Champions 
Oncology and was approved by their institutional IACUC. Pre- 
study mice were implanted subcutaneously into the left flank 
with 3 × 105 CT26 cells in 100 μL PBS. Tumor growth was 
monitored beginning 6–9 days after implantation using digital 
calipers. Treatment with anti-mouse CCR8 (10 mg/kg) or 
mouse IgG2a isotype control was started when tumors reached 
100 or 250–350mm3. Dosing administration occurred every 
3 days for a total of 4 doses. Mice were checked daily for 
morbidity and mortality; tumor volume and body weight 
were measured three times weekly. Mice were sacrificed when 
tumor volume exceeded 1500mm3, tumor ulcerations reached 
50% of the tumor surface, body weight loss reached 20% or 
other signs of clinical distress were noted.

The Pan02 tumor study was conducted by Lab2Pharmacy. 
All procedures involving the care and use of animals in the 
study were reviewed and approved by the Stony Brook 
University Institutional Animal Care and Use Committee 
(Protocol 748435–3/2015-2182-NF-MI- 5.18.18). Animals 
were inoculated by subcutaneous injection onto the right dor
sal flank while under isoflurane induced anesthesia with 
2 × 10^6 cells in 100 μL PBS. Tumor growth was monitored 
using digital calipers and treatment with anti-mouse CCR8 
(10 mg/kg) or mouse IgG2a isotype control was started when 
tumors reached 100mm3. Dosing administration occurred 
every 3 days for a total of 4 doses. Mice were checked daily 
for morbidity and mortality; tumor volume and body weight 
were measured three times weekly. Mice were sacrificed when 
tumor volume exceeded 2000mm3, tumor ulcerations reached 
25% of the tumor surface, body weight loss reached 20% or 
other signs of clinical distress were noted.

Treatment windows were chosen based on prior experience 
with each model, tumor growth kinetics and responsiveness to 
treatment. For MC38 and MBT-2 models, a standard twice 
weekly for 3 weeks dosing regimen was used, while for the 
more responsive CT26 model only 4 doses were administered 
over 2 weeks. For the Pan02 model, which is known to respond 
poorly to many IO and non-IO agents,23 dosing was continued 
until all mice of the control group reached endpoint.

Tumor volume was calculated using the formula: 
V = (LxW2)/2, where L is the longest tumor dimension and 
W is width. Tumor growth and survival curves were obtained 
using GraphPad Prism. For average tumor growth graphs, the 
last measurement for mice that reached tumor volume end
point was carried over until all mice in the same group were 

sacrificed. Survival p values were obtained using a pairwise 
Log-rank (Mantel-Cox) test.

Tissue sample dissociation

Human tumor and NAT samples were processed using the 
gentleMACS Octo Dissociator (Miltenyi Biotec). Briefly, sam
ples were minced into small fragments in DMEM medium 
(Gibco Life Technologies) supplemented with 10% FBS 
(Sigma) on ice, then transferred to a GentleMACS C tube 
(Miltenyi Biotec) and dissociated using the Miltenyi Tumor 
Dissociation kit (cat#130-095-929). After a filtration through 
a 40 µm cell strainer, the cell suspension was centrifuged at 
300xg for 5 min, and directly processed for flow cytometry or 
cryopreserved for later analysis.

Human skin samples (5–50 g, fat layer removed) were 
minced into approximately 1 mm3 pieces as above and incu
bated in PBS + 20 mM EDTA at 37°C for 40 min with constant 
stirring. The suspension was passed through a 40 μM filter and 
centrifuged at 300xg for 5 min. Cell pellets were washed once in 
DMEM+10% FBS and transferred to ice until further proces
sing. For some of the skin samples, the PBS/EDTA step was 
followed by an enzymatic treatment with 0.5 mg/mL hyalur
onidase, 0.1 mg/mL liberase, 6 mg/mL DNaseI and 10 mM 
HEPES in DMEM for 1 hour at 37°C with constant stirring; 
this treatment did not increase immune cell yield and did not 
affect surface marker expression, therefore it was omitted for 
most of the samples.

Mouse tumor and spleen samples were divided into three 
sections, and for each tissue one section was processed for IHC 
(see below), a small piece (approximately 20 mg) was collected 
in RNAlater (Thermo Fisher Scientific) and processed for RNA 
extraction (see below). The remaining tissue was collected into 
5 mL of DMEM+2% FBS on ice, and mechanically dissociated 
using a 70 μm cell strainer and the piston of a 5 mL syringe. 
Dissociated splenocytes were centrifugated at 360xg for 5 min 
at 4°C, and the cell pellets were resuspended in 1 mL ACK 
lysing buffer (Gibco) and incubated for 3 min at room tem
perature (RT) to lyse red blood cells. The reaction was stopped 
by adding 10 mL DMEM+2.5% FBS, cells were washed twice in 
10 mL PBS+2.5% FBS (FACS buffer) and resuspended in FACS 
buffer for flow cytometry analysis.

Flow cytometry

To prepare human samples for flow cytometry, dissociated 
cells or PBMCs were washed once in ice cold PBS and stained 
with the Live/Dead Fixable Near-IR kit (Thermo Fisher 
Scientific, L34976), following manufacturer’s instructions. 
Cells were then blocked with Human TruStain FcX Block 
(Biolegend, 422302) and True-Stain Monocyte Blocker 
(Biolegend, 426102) diluted 1:20 in FACS buffer (PBS + 2% 
FBS + 0.2 mM EDTA) for 1 hour on ice. After blocking, cells 
were incubated for 30 min on ice with fluorescently conjugated 
antibodies to the following surface markers, diluted in Brilliant 
Stain buffer (BD Biosciences): CD45-BUV396 (BD Biosciences, 
563792, 1:100), CD3-FITC (Biolegend, 344804, 1:100), CD4- 
BUV805 (BD Biosciences, 612887, 1:100), CD14-BV605 
(Biolegend, 301834, 1:100), CD56-PerCP/Cy5.5 (Biolegend, 
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304626, 1:100), CD25-BV711 (BD Biosciences, 563159, 1:20), 
CCR4-PE (Biolegend, 359412, 1:50), CCR8-BV421 (BD 
Biosciences, 566379, 1:20) or GS-1811-Dylight 650 (Jounce 
Therapeutics, 0.8ug/200ul). Samples were then centrifuged at 
400xg for 5 min at 4°C and washed once in FACS buffer. After 
washing, cells were fixed using the FoxP3/Transcription Factor 
staining kit (Thermo Fisher Scientific) and FoxP3 intracellular 
staining was performed following manufacturer’s instructions 
for 90 min on ice with anti-human FOXP3-AF647 (Biolegend, 
320114,1:20) or -BV421 (Biolegend, 320124, 1:20) antibodies. 
For quantitative flow cytometry, Quantum Simply Cellular 
anti-mouse IgG beads (Bangs Laboratories) were stained with 
anti-CCR8 or anti-CCR4 antibodies diluted in Brilliant Stain 
buffer for 30 min on ice. Following incubation, cells or beads 
were washed two times in FACS buffer and acquired on a BD 
LSRFortessa flow cytometer. Data were analyzed with FlowJo. 
Live CD45+ events were identified, then CCR8 or CCR4 
expression was assessed in immune cell subsets. Tregs were 
identified as CD3+ CD4+ FoxP3+, while non-Treg CD3+ CD4 
+ FoxP3- cells were defined as Tconv. CD8 T cells were identi
fied as CD3+ CD4-. Fluorescence-minus-one (FMO) and iso
type controls were used to define positive and negative 
populations. Percentage of CCR8 or CCR4 positive events, 
and median fluorescence intensity (MedFI) of positive popula
tions were established for each cell subset. MedFI values were 
used to calculate CCR8 and CCR4 median copies per cell 
values using standard curves of quantification beads and the 
manufacturer’s provided excel sheet. Values were only 
reported if more than 50 cells from any specific immune cell 
subset could be clearly enumerated. Statistical comparisons 
between populations were calculated with unpaired two- 
tailed t tests using GraphPad Prism software.

A similar procedure was used for mouse samples flow cytome
try. Samples were stained with eFluor780 fixable viability dye 
(Thermo Fisher Scientific, 65–0865-14) at 1:2,000 dilution in 1x 
PBS at RT for 10 min, then incubated with a cocktail of antibodies 
to extracellular markers prepared in FACS buffer containing 1:50 
TruStain FcX Fc block (Biolegend, 101319). The following anti- 
mouse Abs were used: CD45-BV510 (Biolegend,103138, 1:150), 
CD3-BUV395 (BD Biosciences, 563565, 1:50), CD4-BUV737 (BD 
Biosciences, 564298, 1:100), CD8-PerCP/Cy5.5 (Biolegend, 
100734, 1:100), CD19-BV785 (Biolegend,115543, 1:50), CD25- 
AF488 (Thermo Fisher Scientific, 53–0251-82, 1:100), PD-1-PE 
(Biolegend,109104, 1:100), CCR8-BV421 (Biolegend, 150305, 
1:100), F4/80-BV605 (Biolegend,123133, 1:100), and CD11b- 
BV711 (Biolegend,101242, 1:100). After washing, fixation and 
permeabilization as above, cells were incubated with FoxP3- 
AF700 antibody (Thermo Fisher Scientific, 56–5773-82, 1:50) in 
1x permeabilization buffer (Thermo Fisher Scientific) on ice for 
90 min, washed and acquired on a BD LSRFortessa flow cyt
ometer. Data were analyzed with FlowJo and GraphPad Prism 
software. Tregs were identified as CD3+ CD4+ CD25+ FoxP3+, 
while CD3+ CD4+ CD25- FoxP3- non-Treg cells were defined as 
Tconv.

Immunohistochemistry and image analysis

Commercially sourced human skin samples were fixed for 
24 hours in 10% neutral buffered formalin, then processed on 

the Leica ASP300S Tissue Processor through a graded series of 
alcohols (70% > 80% > 95% > 100%) prior to xylene, and then 
ASP Parablock paraffin wax. Once the tissue was processed, it 
was embedded in Paraplast Plus paraffin into a block, which 
was then sectioned at 5um onto glass slides to be used for IHC 
staining. FoxP3 (Abcam, clone 236A/E7) and CD8 (Dako, 
clone C8/144B) staining was performed on a Bond RX. 
Antigen retrieval, peroxide block, and washes preceded pri
mary antibody incubation (FoxP3 or CD8, 1:100). Slides were 
again washed prior to secondary antibody application and 
subsequent Refine Red chromogen (Leica). Slides where finally 
incubated in Hematoxylin prior to coverslipping. After stain
ing, each skin tissue sample was scanned into Halo. Annotation 
areas were created so that analyses of FoxP3 and CD8 IHC 
would take into account the epidermal and dermal layers. Once 
tissue annotations were complete, the Indica Labs – 
Cytonuclear v 1.6 module was used to create specific algo
rithms for the detection of FoxP3+ and CD8+ cells in all 
epidermal and dermal layers. Once image analysis was com
pleted, all data were exported into .csv and various sample 
metrics were evaluated for percent positivity and density 
assessments.

Samples from mouse tumor studies were embedded and 
sectioned as above, then stained for FoxP3 (CST, clone 
D608R) and CD8 (Abcam, clone EPR20305) at 1:100. 
Staining was performed on a Bond RX. Antigen retrieval, 
peroxide block, and washes preceded primary antibody incu
bation (FoxP3 or CD8, 1:100). Slides were again washed prior 
to secondary antibody application and subsequent DAB chro
mogen (BOND polymer Refine Detection System). Slides were 
then incubated in Hematoxylin prior to coverslipping. Once 
stained, the slides were scanned into Halo and manual digital 
annotations were created to identify tumor regions where 
analyses were to be focused. For quantification, we set about 
to segment every cell within the analysis of tumor regions using 
both the signal from the IHC, as well as from the hematoxylin 
counterstain present in each image. This allowed for the iden
tification of either CD8+ or FoxP3+ cells. Once image analysis 
was completed, all data were exported into .csv and analyses 
were performed using both Excel and Prism. ANOVA was used 
to compare the three treatment arms, while unpaired post-hoc 
t-tests, when appropriate, were used to evaluate differences 
between the individual treatment arms.

NanoString gene expression analysis of MC38 tumor 
samples

Samples from MC38 tumors were collected at day 3 after 
a single Ab dose (anti-mouse CCR8 mIgG2a, anti-mouse 
CCR8 mIgG1 and isotype control, n = 4 each) and stored in 
RNAlater (Invitrogen). RNA was extracted and quantified 
using the Maxwell SimplyRNA Tissue kit (Promega) and the 
Quantifluor RNA High Standard kit (Promega). Residual 
genomic DNA was removed using the Turbo DNA-free kit 
(Invitrogen). Gene expression was measured with the 
NanoString platform using the nCounter Mouse Immunology 
Panel. Quality control was conducted on field of view, binding 
density, positive and negative control probes, and estimated 
RNA amount. Raw gene expression values from RCC files were 
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normalized to housekeeping genes, log2 transformed, and 
floored to the 95th percentile of negative control genes. 
Differential gene expression analysis was conducted for com
parison across treatment groups using unpaired t-tests, with 
false discovery rate (Benjamini-Hochberg procedure) p-value 
correction. Gene set enrichment analysis (GSEA) was per
formed using the Hallmark gene sets from the MSigDB 
collections.24,25

Identification of Treg-specific targets using bioinformatics 
screen

To identify a list of potential targetable Treg-specific genes, 
a bioinformatics screen was conducted using gene expression 
profiles of human cancer patient tumors and peripheral blood 
of healthy donors. First, a list of genes was identified as corre
lated with a Jounce-generated Treg gene signature across RNA- 
seq profiles of human tumor samples in TCGA. This list was 
further pruned to targets amenable to an antibody therapeutic 
modality with predicted cellular membrane bound or secreted 
localizations, and targets with preferential expression in 
tumor-infiltrating Tregs relative to tumor-infiltrating conven
tional T cells and other peripheral blood cell types. Additional 
functional qualifications were utilized to derive a list of 32 Treg 
genes and further select CCR8 as preferred target for therapeu
tic antibody discovery.

Analysis of CCR8 and Treg markers gene expression in 
human datasets

To analyze Treg markers gene expression, processed single-cell 
RNA-seq datasets from samples from melanoma, head and neck 
cancer, and hepatocellular carcinoma patients were downloaded 
from Gene Expression Omnibus, accession numbers: GSE72056, 
GSE103322, GSE98638.26–28 All files were processed in R using 
Seurat with cells filtered using parameters: min cell per sam
ple = 3, min genes per cell = 200, max mitochondrial genes = 5%. 
Gene expression measurements were normalized for each cell by 
total expression, multiplied by scaling factor (10,000 by default) 
and log transformed. Gene expression measurements were 
scaled to regress out sources of technical noise or batch effects 
including batch, cell alignment rate, number of detected mole
cules (nUMI), mitochondrial gene expression, and cell-cycle, 
where applicable. For combining datasets, log normalized gene 
expression values were then normalized against a housekeeping 
gene set across cells.29 In post-processing, expression of cell-type 
markers or signatures (e.g. CD8A for CD8 T cells, FOXP3 for 
Tregs) were used to identify cell clusters. Gene expression of 
Treg markers were visualized using FeaturePlot with TSNE as 
the reduction method.

To analyze CCR8 gene expression in TCGA tumor vs adja
cent normal tissues, TCGA RNA-seq gene-level expression 
data were downloaded from Omicsoft Array Studio from the 
TCGA_B37 data pulldown. Gene expression measurements 
were reported in log2(FPKM +0.01). All samples from primary 
tumors and adjacent normal tissues in solid tumor types are 
considered. Differential expression analysis between CCR8 
levels in tumor samples compared to adjacent normal samples 

within each tumor type was conducted using unpaired, one- 
tailed Mann-Whitney U test.

Generation and humanization of GS-1811

The parent antibody of GS-1811 was selected using mouse 
hybridoma technology from animals immunized with CCR8 
+ cells or with human CCR8 expression plasmid DNA. 
Resulting clones were identified that demonstrated robust 
binding to CHO cell lines overexpressing human CCR8 but 
lacked binding to parental CHO cells or CHO cells expressing 
the CCR4 family member. Paired mouse VH and VL IgG DNA 
sequences were obtained from lead hybridomas for produc
tion. Chimeric versions of parental antibodies were generated 
by grafting mouse VH/VL regions onto human IgG1/kappa 
isotype backbone. Lead chimeras that specifically bound to 
CHO-CCR8 cells were humanized according to standard tech
niques. Briefly, the six complementarity determining regions 
(CDRs) were identified and grafted onto human IGHV/ IGKV 
germline frameworks identified via sequence and structural 
homology. Back mutations to the mouse germline were 
selected to maintain residues at the VH/VL interface and in 
the canonical loop structure. Humanized Fv sequences were 
cloned with human IgG1/kappa constant domains to produce 
a panel of humanized antibodies. GS-1811 was selected from 
this panel based on affinity and biophysical characteristics. 
Since a reduction in core fucosylation on amino acid N297 in 
the CH2 domain of the IgG1 Fc region has been shown to 
enhance ADCC function of antibody via improved CD16a 
binding,30 GS-1811 was expressed in FUT8-/-CHO-GS cell 
line at Jounce and shown to be completely afucosylated as 
compared to an intact Ab standard (Waters Corp) by glycan 
analysis performed on UPLC with Glycan BEH Amide column 
following PNGase F enzyme treatment.

On-cell affinity assessment of GS-1811

To assess specific binding to GS-1811 to hCCR8, CHO-S cell 
lines overexpressing hCCR8, hCCR4 or parental CHO-S were 
plated at 1 × 105 cells/well in a 96-well plate and incubated with 
increasing concentrations (10-point 4-fold titration starting at 
100 µg/ml) of GS-1811 or isotype control for 30 min at 4°C. 
After two washes in FACS buffer, cells were incubated for 
additional 30 min at 4°C with an anti-human IgG-AF647 
secondary antibody (Biolegend, 409320, 1:100), washed twice 
in FACS buffer and acquired on a BD LSRFortessa flow cyt
ometer. Each condition was run in triplicates. Data were ana
lyzed with FlowJo and GraphPad Prism software.

The monovalent equilibrium dissociation constant (KD) of 
purified GS-1811 antibody molecules to CHO-S cells expres
sing human CCR8 was determined using a solution equili
brium titration (SET) assay. Briefly, fixed concentrations (0.2, 
0.1 and 0.05 nM) of GS-1811 were incubated for 3 hours at 
37°C with increasing concentrations (11-point two-fold titra
tion starting at 1.5x107cells/mL) of CHO-S cells expressing 
~300,000 copies of human CCR8 per cell. After equilibrium 
was reached, the samples were centrifuged at 500xg for 5 min 
and the supernatant, containing unbound antibody, was quan
tified on the Meso Scale Discovery (MSD) instrument (MESO 
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QuickPlex SQ 120) using anti-IgG coated MSD plates and 
a SULFO-TAG anti-human IgG secondary antibody (MSD). 
The concentration of unbound antibody as a function of 
human CCR8-overexpressing CHO cell concentration was 
plotted using GraphPad Prism software. The signal from the 
MSD plate and known concentrations of the antibody and cells 
were then used to calculate the KD of the complex using a 1:1 
binding model of the bimolecular equilibrium interaction. The 
fitting was done using a custom-built script on Mathematica 
software. Three independent replicate plates were tested and 
KD values were averaged together.

Assessment of GS-1811 antagonism of CCL1/CCR8 
interaction

The DiscoverX PathHunter β-Arrestin assay (Eurofins) was 
used to determine GS-1811 antagonist activity. GS-1811 or 
isotype control were serially diluted starting at 30 μg/mL to 
form a 10-point 3-fold dilution curve in assay buffer and added 
to the PathHunter eXpress β-Arrestin GPCR cells expressing 
human CCR8. Following a 30 min incubation at 37°C, 5% CO2, 
human CCL1 (Peprotech) was added at the final concentration 
of 13.7 nM and incubated for additional 90 min. Signal was 
generated through a single addition of PathHunter Detection 
reagent cocktail, followed by a 60 min incubation at room 
temperature. Chemiluminescent signal generated was mea
sured with the PerkinElmer Envision instrument. Each condi
tion was run in triplicate. Data were analyzed with GraphPad 
Prism software.

ADCC assays

Human NK cells were isolated from fresh human healthy 
donor PBMCs by magnetic separation using the EasySep 
Human NK Cells Isolation Kit (StemCell Technologies) 
according to the manufacturer’s protocol. Alternatively, pur
ified frozen human NK cells were obtained from StemCell 
Technologies.

To evaluate GS-1811-mediated ADCC, a panel of recombi
nant CHO-S cell lines was generated expressing a range of 
CCR8 densities. CHO-S cells expressing either ~10,000, 
~5,000, ~2,500, ~1,500, or ~600 copies of human CCR8 per 
cell, along with parental CHO-S cells, were stained with 
CellTrace Blue Dye (Thermo Fisher Scientific) according to 
manufacturing protocol, resuspended in RMPI Medium 
(Gibco) supplemented with Glutamine and 10% FBS (Sigma) 
and counted. 2 × 104 CHO-S cells were mixed with 1 × 105 

purified human NK cells in 96-well plates, so that the final 
effector to target ratio was 5:1. GS-1811, its fucosylated version 
(either in chimeric or fully humanized formats) and isotype 
controls were serially diluted to generate a 10-point curve with 
10-fold intervals starting at 10 µg/mL, added to designated 
wells and the plates were incubated at 37°C overnight. Each 
condition was run in triplicate for each NK cell donor. The 
next day, cells were washed in FACS buffer and prepared for 
flow cytometry. Cells were incubated for 30 min at 4°C with 
labeled antibodies against CD56 (1:100) to identify NK Cells 
and eFlour780 Viability dye (1:1000) to identify dead cells. 
After the incubation, plates were washed 3 times with FACS 

buffer and acquired on a BD LSRFortessa flow cytometer. 
Analysis was performed with FlowJo. Percent of specific lysis 
was calculated by normalizing values to isotype control at any 
given antibody concentration. Data were analyzed in 
GraphPad Prism to determine EC50 values.

ADCC assays with Hut78 cells, endogenously expressing 
CCR8 densities within the range of expression on tumor- 
infiltrating Tregs, were conducted as described above, but 
omitting the CellTrace Blue staining step and with a starting 
antibody concentration of 1 mg/mL. Three independent NK 
cell donors were tested, and each condition was run in tripli
cate. The flow cytometry panel included CD3-AF488 
(Biolegend, 300320), CD4-BV421 (Biolegend, 317434), CD56- 
PE (BD Biosciences, 555516) at 1:100 dilution. Live Hut78 cells 
were identified from all events by gating on CD4+ and viability 
dye negative events. Percent killing compared to control was 
determined following the equation: (Isotype-GS-1811)/ 
Isotype*100, where “Isotype” is the average of the isotype 
control triplicates and “GS-1811” is one replicate of the GS- 
1811 condition. These values were analyzed in GraphPad 
Prism to determine EC50 values for ADCC potency.

For TIL ADDC assays, three cryopreserved TIL samples 
were thawed, processed with STEMCELL EasySep Dead cell 
removal Kit (StemCell Technologies) following manufacturer’s 
instructions and resuspended in 1600 µl RPMI with glutamine 
and 10% FBS. 100 µl of TIL cell suspension were then incu
bated as above with 1 × 105 purified human NK cells from two 
independent donors, in the presence of either chimeric GS- 
1811 or isotype control at 1 µg/mL. After overnight incubation 
at 37°C, cells were analyzed by flow cytometry with the follow
ing panel: Live/Dead Fixable Near-IR kit (Thermo Fisher 
Scientific, L34976), CD45-BUV396 (BD Biosciences, 563792), 
CD3-AF488 (Biolegend, 300320), CD4-BV711 (Biolegend, 
317440), CD56-PE (BD Biosciences, 555516), and FOXP3- 
BV421 (Biolegend, 320124). Treg killing was assessed by com
paring the frequency of live FOXP3+ cells within CD4 T cells in 
GS-1811-treated and control samples. The results were 
assessed with a two tailed student's T test.

Results

CCR8 expression is highly restricted to tumor-infiltrating 
Tregs

To identify novel therapeutic targets that could enable specific 
depletion of tumor-infiltrating Treg cells, we conducted an in- 
silico screen using The Cancer Genome Atlas (TCGA) followed 
by a series of custom designed filters. This approach (Figure 1a) 
led to the identification of 32 genes with preferential expression 
in tumor-infiltrating Tregs and with putative extracellular 
domains amenable to antibody targeting. Analysis of publicly 
available single cell RNA sequence datasets revealed that expres
sion of one of these genes, CCR8, was exquisitely restricted to 
CD4+ CD25 (IL2RA)+ FoxP3+ cells as opposed to other Treg 
markers such as CD25 itself, CTLA-4, GITR (TNFRSF18), 
TIGIT, and CCR4 (Figure 1b and Supplementary Figure 1a). 
In TCGA, CCR8 gene expression was found to be higher in 
primary tumors than in normal adjacent tissues across many 
indications (Figure 1c). We assessed surface expression of CCR8 
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by flow cytometry and found preferential expression of CCR8 on 
tumor Tregs as compared to both peripheral Tregs and tumor 
and peripheral non-Treg CD4+ cells (referred to as 
T conventional cells, Tconv) (Figure 1d). We then expanded 
this analysis by comparing matched tumor and normal adjacent 

tissue samples from multiple indications, confirming highest 
CCR8 expression in tumor Tregs. Importantly, precise quanti
tative flow cytometry analysis showed that tumor CCR8+ Tregs 
express a significantly higher number of CCR8 molecules on 
a per-cell basis than any other T cell subsets, including CD8 

Figure 1. CCR8 expression is highly restricted to tumor-infiltrating T regulatory cells in human tumors of different lineage. 
a) Schematic of the Treg bioinformatic screen used to identify putative targets for Treg depletion. b) t-SNE plots displaying single cell RNAseq gene expression profiles 
from 43 patients (HCC n=9, HNSCC n=18, melanoma n=19) including tumors, blood, LN and normal tissue that were combined and characterized by cell marker genes, 
as indicated. c) Gene expression analysis on bulk RNA-seq (TCGA) from primary tumor samples (red bars) and adjacent normal tissues (gray bars). The degree of 
statistical significance between tumor and adjacent normal samples is indicated below each pair of boxplots with tumor types (***: p<0.0001; **: p<0.01; *: p<0.05 from 
unpaired, one-tailed Mann-Whitney U tests).  d) Flow cytometry analysis of peripheral blood mononuclear cells (PBMC) from healthy donors and indicated freshly 
dissociated human tumor samples. FoxP3 staining was used to identify T cell populations within CD45/CD3/CD4+ cells, and CCR8 expression was evaluated in Treg 
(FoxP3+, red histograms) and non-Treg (Tconv, FoxP3-, blue histograms) cells. Isotype control histograms are shown in black for total CD3+ T cells. Healthy PBMC data is 
representative of 3 independent donors. e) Percentage of CCR8+ cells (left) and median density of CCR8 molecules per cell (right) in Tconv (blue), Treg (red) and CD8 T 
cells (black) in freshly dissociated human tumor samples (Tumor) or normal adjacent tissue (NAT). Indications include breast, head and neck, lung, ovarian, colon, and 
bladder cancer. T cell populations were identified as in (d). Each data point represents a single sample. Error bars represent standard deviation from the average. The 
degree of statistical significance between populations indicated on top of the graphs (****: p<0.0001; **: p<0.01; *: p<0.05; ns: no significant difference).
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T cells (Figure 1e). On the contrary, we found CCR4 to be 
broadly expressed on tumor and peripheral T cell subsets 
(Supplementary Figure 1b). As CCR8 has been identified as 
a marker of tissue-resident T cells in the skin,16,31 we assessed 
its expression in skin samples, and compared it to CCR4 expres
sion. Both CCR8 and CCR4 were expressed on all skin T cell 
subsets, at relatively high levels as compared to peripheral blood 
and other normal tissues (Supplementary Figure 2a). However, 
absolute numbers of T cells in the skin were low, with Tregs and 
CD8 T cells accounting for only 0.4% and 0.6% of total cells 
respectively, as determined by IHC analysis (Supplementary 
Figure 2b). The relatively restricted expression pattern of 
CCR8 and its higher level of expression on tumor-infiltrating 
Tregs suggests it may be a good target for selective depletion of 
these cells.

Treatment with an anti-mouse CCR8 antibody results in 
robust antitumor efficacy in mouse models and synergizes 
with PD-1 blockade

CCR8 is conserved in mouse and its expression is restricted to 
mouse tumor-infiltrating Tregs (Supplementary Figure 3). We 
therefore sought to investigate the therapeutic effect of treat
ment with an anti-mouse CCR8 antibody (Ab) in a series of 

syngeneic mouse tumor models. In the MC38 model, admin
istration of anti-mouse CCR8 Ab (murine IgG2a, mIgG2a) 
resulted in significant tumor growth inhibition with about 
30–50% of mice showing complete tumor regression 
(Figure 2a and Figure 3a). Robust efficacy was also observed 
in the Pan02 tumor model (Figure 2b), which is reported to be 
poorly responsive to immuno-oncology therapeutics23 and in 
the CT26 tumor model, where efficacy was maintained even 
when treatment was started following establishment of large 
tumors (Figure 2c). Lastly, we assessed the impact of anti- 
CCR8 mIgG2a treatment in combination with anti-PD-1 in 
the PD-1-resistant model MBT-2. Anti-mouse CCR8 mIgG2a 
monotherapy inhibited tumor growth compared to isotype 
control, while anti-PD-1 monotherapy did not. The combina
tion of anti-mouse CCR8 mIgG2a and anti-PD-1 resulted in 
increased efficacy compared to anti-mouse CCR8 mIgG2a 
monotherapy with complete tumor regression observed in 
half of the animals receiving combination therapy compared 
to no complete responses in animals receiving either mono
therapy or isotype control (Figure 2d). Of note, no signs of 
treatment-related toxicities or body weight loss were observed 
in any of these studies, even when anti-mouse CCR8 Ab was 
administered for an extended period of time, such as in the 
Pan02 study (Supplementary Figure 4).

Figure 2. Anti-mouse CCR8 antibody treatment results in robust antitumor efficacy in mouse tumor models and synergizes with PD-1 blockade. 
Tumor growth analysis of cohorts of mice bearing MC38 (a), Pan02 (b), CT26 (c) or MBT-2 (d) tumors and treated with the indicated antibodies. Mice were randomized 
into treatment groups when average tumor volume was approximately 100mm3, except in (b) where average tumor volume at randomization was either 100mm3 or 
250 mm3. Day0 indicates day of first dose. Tumor growth curves show average +/- SEM; CR corresponds to the number of complete responses in each group.
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Depletion of CCR8+ tumor-infiltrating Tregs is required for 
antitumor efficacy of anti-mouse CCR8 Ab

To demonstrate that Treg depletion is a major determinant of 
response to anti-mouse CCR8 Ab treatment, we took advan
tage of the fact that only antibodies with murine IgG2a and not 
murine IgG1 Fc regions are able to engage the FcγR and 
mediate antibody-dependent cellular cytotoxicity (ADCC).32 

We therefore compared the effect of both versions of the anti- 
mouse CCR8 Ab in the MC38 model. As shown in Figure 3a, 
only the mIgG2a version inhibited tumor growth, while the 

mIgG1 version did not show efficacy as compared to isotype 
control. We then assessed immune cell composition of MC38 
tumors from mice treated with either one or two doses of anti- 
CCR8 mIgG2a or mIGg1 Abs by flow cytometry. Consistent 
with the proposed mechanism of action, only the Fc-competent 
version of the anti-mouse CCR8 Ab (mIgG2a) and not the 
mIgG1 version resulted in robust Treg depletion in the tumor 
(Figure 3b, left panel, and Supplementary Figure 5a). This 
observation was also confirmed by immunohistochemistry 
(IHC) on the same tumor samples (Figure 3c). Depletion of 

Figure 3. Depletion of CCR8+ tumor Tregs is required for antitumor efficacy of anti-mouse CCR8 Ab in the MC38 model. 
a) Tumor growth (left) and survival (right) analysis of cohorts of C57BL/6 mice bearing MC38 tumors and treated with the indicated antibodies. Mice were randomized 
into treatment groups when average tumor volume was approximately 100mm3. Day0 indicates day of first dose (left) or tumor inoculation (right). Tumor growth 
curves show average +/- SEM; CR corresponds to the number of complete responses in each group. Survival p values were obtained with a pairwise Log-rank (Mantel- 
Cox) test (****: p<0.0001). b) Flow cytometry analysis on tumor immune infiltrate and spleens from MC38 tumor-bearing mice treated with either one (Day 3) or two 
(Day 7) doses of the indicated antibodies. Days refer to time after first dose. Graphs show the percentages of Tregs (CD4+CD25+FoxP3+) out of live CD45+CD3+ cells in 
the tumor (right) and spleen (left). c) IHC analysis of FoxP3+ cells in MC38 tumors from mice treated with the indicated antibodies as in (b). Representative images are 
shown on the left and summary graphs on the right. In (b) and (c) data is presented as average +/-SEM. ANOVA was used to compare the three treatment arms, followed 
by Tukey's multiple comparison post hoc test to evaluate differences between the individual treatment arms. p values are shown for statistically significant differences 
(*: p=0.01 to 0.05; **: p=0.001 to 0.01; ***: p<0.001).
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tumor Tregs was detectable from day 1 after administration of 
a single dose of anti-mouse CCR8 mIgG2a (Figure 3c) and was 
sustained up to day 7 (Figures 3b and 3c). Moreover, this effect 
was specific for tumor Tregs, as no depletion was detected in 
splenic Tregs (Figure 3b, right panel) or in other T cell subsets 
(Figure 4a and Supplementary Figure 5c), where CCR8 expres
sion is low (Supplementary Figure 3). Depletion of CCR8- 
positive Tregs could trigger compensatory changes in remain
ing Tregs or in non-Treg CD4 T cells subsets, resulting in 
a more immunosuppressive phenotype. We therefore verified 
that FoxP3 expression was not affected in tumor CD4 T cells 
upon treatment with anti-mouse CCR8 mIgG2a Ab 
(Supplementary Figure 5b). Gene expression analysis also 
showed no increase in expression of genes associated with 
suppressive Treg function, such as TIGIT, CTLA-4 and 
ICOS, in MC38 tumors from mice treated with either anti- 
mouse CCR8 mIgG2a or mIgG1 antibody (Supplementary 
Figure 6).

Anti-mouse CCR8 mIgG2a Ab treatment induces CD8 
infiltration, proinflammatory responses, and 
immunological memory

We further characterized immune cell infiltration in MC38 
tumors upon anti-mouse CCR8 Ab treatment by flow cytome
try. In a subset of the tumors that showed decreased Treg 
infiltration (Figure 3b) we detected a concomitant increase in 
CD8 infiltration, which resulted in increased CD8-to-FoxP3 
ratios (Figure 4a). No changes were observed in other immune 
cell populations, including Tconv, CD19 + B cells, or CD11b+ 
myeloid cells (Supplementary Figure 5c). Percentage of tumor 
CD8 T cells increased over time and IHC analysis demon
strated robust infiltration throughout the tumor tissue 
(Figure 4b). To more broadly assess changes in the tumor 
microenvironment, we then performed gene expression analy
sis in MC38 tumors after one dose of anti-mouse CCR8 
mIgG2a or mIgG1 using a NanoString mouse immunology 
panel. Samples from animals treated with anti-mouse CCR8 
mIgG1 and isotype control clustered together and were more 
similar to each other than to anti-mouse CCR8 mIgG2a- 
treated samples using unsupervised clustering. No genes were 
significant in the differential gene expression analysis after 
correction for false discovery rate. However, genes with greater 
than one log fold-change in expression in anti-CCR8 mIgG2a- 
treated compared to anti-CCR8 mIgG1-treated and isotype- 
treated samples showed upregulation of chemokine ligands 
and interleukins involved in pro-inflammatory responses 
(Figure 4c). Additionally, gene set enrichment analysis 
(GSEA) of anti-CCR8 mIgG2a-treated compared to isotype- 
treated samples revealed upregulated genes are enriched in 
inflammatory, interferon-α, and interferon-γ responses 
(Table 1). These data suggest that treatment with Fc- 
competent anti-mouse CCR8 Ab can efficiently deplete tumor 
Tregs, resulting in increased CD8 T cell activity and anti-tumor 
responses. As CD8 T cell activation is expected to lead to 
establishment of immunological memory, we performed 
tumor re-challenge studies to assess the durability of response 
to anti-CCR8 mIgG2a treatment. Mice whose MC38 tumors 

had been previously eradicated by treatment with anti-mouse 
CCR8 mIgG2a Ab were re-implanted with MC38 and B16-F10 
tumors on contralateral flanks. As a control, tumor-naïve and 
untreated age-matched mice were also challenged with MC38 
and B16-F10 contralaterally. All naïve mice developed tumors 
on both flanks, with the exception of a single MC38 tumor that 
initially grew out and then regressed (Figure 4d). In the re- 
challenged mouse cohort, all mice remained MC38 tumor-free 
up to day 45 after tumor inoculation, with a single MC38 
tumor growing by day 50. On the contrary, 8 out of ten re- 
challenged mice developed B16-F10 tumors (Figure 4d), albeit 
their growth appeared to be slower as compared to naïve mice, 
as previously reported for other therapeutic approaches (e.g.)33

The anti-human CCR8 antibody GS-1811 specifically binds 
to human CCR8 and inhibits CCR8 downstream signaling

To discover anti-human CCR8 antibodies, we performed 
mouse immunizations and generated a panel of hybridomas 
that were selected for binding to CHO cells engineered to 
express human CCR8 but not to parental CHO cells or to 
CHO cells expressing the closely related CCR4 receptor (data 
not shown). The top candidate from this selection was then 
humanized to generate GS-1811, which was constructed with 
the human IgG1/kappa isotype backbone and expressed in 
a host cell line devoid of core fucosylation of N-linked glycans. 
As afucosylated hIgG1 shows higher FcγR binding affinity and 
can outcompete endogenous IgG for binding to CD16 for 
enhanced ADCC,34 GS-1811 is optimized to selectively deplete 
tumor-infiltrating Treg cells. Similarly to its parental Ab, GS- 
1811 is specific for human CCR8, as determined by binding to 
human CCR8-expressing and not CCR4-expressing CHO cells 
(Figure 5a) and is able to potently inhibit CCL1-induced sig
naling downstream of CCR8 (Figure 5b). On-cell affinity of 
GS-1811 was determined to be about 17pM (Figure 5c). We 
also confirmed that GS-1811 binds specifically to tumor- 
infiltrating Tregs isolated from human primary tumor samples, 
but only poorly to tumor Tconv or CD8 T cells, and to per
ipheral Treg or Tconv cells from healthy PBMCs (Figure 5d).

GS-1811 mediates ADCC of target cells expressing CCR8 at 
levels comparable to tumor-infiltrating Tregs

GS-1811 does not bind to mouse or monkey CCR8 thus 
limiting our ability to directly verify its effect in vivo. 
Therefore, to test the ability of GS-1811 to specifically deplete 
human tumor-infiltrating Tregs, while sparing peripheral 
Tregs and other T cell subsets, we generated a panel of CHO 
cells lines expressing increasing densities of human CCR8, 
from 600 to over 10000 molecules per cell. We then assessed 
in vitro ADCC activity of GS-1811 and fucosylated (fuc) GS- 
1811 toward this CHO cell line panel in the presence of 
freshly isolated NK cells from healthy human donors. While 
fucosylated GS-1811 depleting activity was low for target cells 
expressing less than 5000 CCR8 molecules, afucosylated GS- 
1811 robustly depleted cells expressing 2500 CCR8 molecules 
(Figure 6a, 6b), which is within the range of CCR8 expression 
in human tumors (Figure 1c). Importantly, despite its 
enhanced ADCC potential, GS-1811 was not efficient at 
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Figure 4. Depletion of CCR8+ tumor Tregs induces CD8 infiltration, proinflammatory responses and immunological memory. 
a) Flow cytometry analysis on tumor immune infiltrate from MC38 tumor-bearing mice treated with either one (Day 3) or two (Day 7) doses of the indicated antibodies. 
Days refer to time after first dose. Graphs show the percentages of CD8+ T cells out of live CD45+CD3+ cells (right) and the ratio of CD8/Treg cells (left) in the tumors.  b) 
IHC analysis of CD8+ cells in MC38 tumors from mice treated with the indicated antibodies as in (a). Representative images from the Day7 group are shown on top, 
summary graphs on the bottom. In (a) and (b) data is presented as average +/-SEM. ANOVA was used to compare the three treatment arms, followed by Tukey's multiple 
comparison post hoc test to evaluate differences between the individual treatment arms. p values are shown for statistically significant differences (*: p=0.01 to 0.05; **: 
p=0.001 to 0.01; ***: p<0.001). c) NanoString gene expression analysis on MC38 tumors from mice treated with a single dose of anti-mouse CCR8 Ab in the mIgG2a or 
mIgG1 format or with isotype control; n=4 per group, evaluated at day 3 after dosing. Top: volcano plot showing differential gene expression between anti-mouse CCR8 
mIgG2a and isotype groups; bottom: genes with greater than one log fold-change in expression in anti-CCR8 mIgG2a compared to anti-CCR8 mIgG1 and isotype 
samples. d)Tumor growth upon rechallenge in MC38 tumor-bearing mice that were fully cured by anti-mouse CCR8 antibody treatment (red) or in naïve mice as control 
(black). Mice were inoculated with MC38 and B16-F10 tumor cells on contralateral flanks. Curves represent average +/- SEM.
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depleting cells with CCR8 expression below 1500 molecules/ 
cells (Figure 6a, Table 2), within the range of peripheral T cell 
subsets or tumor-infiltrating Tconv and CD8 T cells. To 
evaluate the effect of GS-1811-mediated ADCC on cells endo
genously expressing CCR8 at densities within the range 
observed on tumor-infiltrating Tregs, we performed ADCC 
assays using the Hut78 cell line. The average EC50 across 
three NK cell donors was 0.0017 ±0.0012 and average max
imum killing was 67.5 ±2.69% (Figure 6c). Finally, we 
assessed ADCC in TILs from different tumor types using 
exogenously added NK cells. Results from three tumor types 

and two independent NK cell donors showed that percentages 
of Tregs were consistently reduced upon incubation with 
afucosylated GS-1811 as compared to isotype control 
(Figure 6d), indicating that GS-1811 can promote killing of 
tumor-infiltrating Tregs ex vivo.

Discussion

It is well established that the presence of tumor Treg cells is 
associated with poor prognosis in cancer,4–6 likely resulting 
from a more immunosuppressive TME.35–37 In this case, stra
tegies to reduce tumor Tregs by their destruction via natural 
killer (NK) cells and by inhibiting their trafficking into the 
tumor would be expected to result in a less suppressive 
TME,38,39 leading to anti-tumor immunity. Therefore, in this 
study we present evidence that tumor Tregs selectively express 
CCR8 and that targeting CCR8 in vivo results in improved 
survival with selective tumor Treg depletion. These data high
light the therapeutic potential of targeting CCR8, and we 
further present data on the generation of a selective and spe
cific anti-human CCR8 antibody for clinical evaluation.

Through evaluation of TCGA and available single cell RNA 
sequence datasets, we found CCR8 expression to be highly 

Figure 5. Human anti-CCR8 mAb GS-1811 binds specifically to human CCR8 and antagonizes its activity. 
a) Specific binding of GS-1811 to CHO-S cells expressing hCCR8, hCCR4 or to control parental cell line as determined by flow cytometry. Each data point represents 
average of three replicates ± SD. b) Antagonistic activity of GS-1811 in the presence of human CCL-1, evaluated by the PathHunter eXpress human CCR8 CHO-K1 
ßArrestin GPCR Assay. Each data point represents average of three replicates ± SD. c) Summary of GS-1811 on-cell affinity as measured by MSD assay. Mean dissociation 
constant (KD) and standard deviation (SD) were calculated from 3 independent experiments.  d) Flow cytometry analysis showing GS-1811 binding to different T cell 
populations from healthy PBMCs or human primary colon tumor samples; left: representative histograms; right: percentage of CCR8+ cells in Tconv (blue), Treg (red) and 
CD8 T cells (black) in 8 tumor samples. T cell subsets were identified as in Figure 1. Error bars represent standard deviation from the average. The degree of statistical 
significance between populations indicated on top of the graph (****: p<0.0001).

Table 1. Gene signatures significantly enriched in CCR8 mIgG2a-treated samples 
compared to isotype-treated samples.

Gene Signature ES
NOM 
p-val

FDR 
q-val

HALLMARK_ALLOGRAFT_REJECTION 0.573035 0 0.053705
HALLMARK_INTERFERON_GAMMA_RESPONSE 0.538323 0.002 0.098711
HALLMARK_INFLAMMATORY_RESPONSE 0.528647 0.005 0.099991
HALLMARK_TNFA_SIGNALING_VIA_NFKB 0.518547 0.018 0.128644
HALLMARK_INTERFERON_ALPHA_RESPONSE 0.531989 0.109631 0.189229
HALLMARK_KRAS_SIGNALING_UP 0.510397 0.074975 0.162116

ES: enrichment score; NOM p-val: nominal p value; FDR q-val: false discovery rate- 
corrected q values. FDR q-val<0.25 are considered significant.
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restricted to FoxP3+ tumor-infiltrating Tregs, consistent with 
previous reports.40,41 Expression of CCR8 on tumor Tregs is 
more selective than other well-known Treg markers, including 
CD25, CTLA-4, GITR, TIGIT, and CCR4. CCR8 expression is 
higher in primary tumors than in normal adjacent tissues and 
significantly higher than in peripheral Tregs and both tumor 
and peripheral CD4 + T conventional cells. We also show that, 
on a per-cell basis, tumor Tregs have the highest number of 
CCR8 molecules compared to any other T cell subsets. CCR8 
+ Tregs are also known to be highly immunosuppressive.12,42 

Thus, taken together, these data establish CCR8 as a definitive 
and highly restricted immunosuppressive marker for tumor 
Tregs. Importantly, this suggests CCR8 may be a good ther
apeutic target for selective depletion of these cells.

Of note, previous reports have detailed CCR8 expression 
outside of the tumor and, most notably, in skin.18,19,43 Here we 
demonstrate that, while both CCR8 and CCR4 are expressed 
on all skin T cell subsets, the absolute number of Tregs and 
CD8 T cells in the skin is very low (<1%). Therefore, we would 
not expect significant systemic effects upon treatment with 
a CCR8-depleting Ab above the relatively mild and reversible 
effects reported with CCR4-depleting Ab mogamulizumab in 
clinical settings.44 This conclusion is also supported by the lack 
of treatment-related toxicities observed in our mouse studies.

In this study, we sought to evaluate the therapeutic impact 
of depletion of CCR8+ tumor Tregs in cancer using syngeneic 
mouse tumor models, where genetic deletion of FoxP3- 
expressing cells has been shown to inhibit tumor growth.45 

Figure 6. GS-1811 specifically mediates depletion of cells expressing CCR8 at densities comparable to tumor-infiltrating Tregs. 
a) In vitro ADCC assay with a fixed concentration (1μg/mL) of afucosylated or fucosylated (Fuc) versions of GS-1811 mAb against CHO cell lines expressing increasing 
densities of human CCR8 in presence of freshly isolated NK cells from healthy human donors (NK : target cell ratio, 5 : 1). Data is from one representative NK donor; error 
bars represent SD from technical triplicates. The dotted vertical lines represent average CCR8 densities in normal peripheral and tumor Tregs.  b) ADCC activity measured 
against target cells expressing 2,500 CCR8 molecules/cell, with increasing concentrations of afucosylated or fucosylated (Fuc) chimeric version of GS-1811. One 
representative NK donor is shown in the graph. EC50 values (in μg/mL) from 10 independent donors are reported in the table on the bottom. c) GS-1811 ADCC activity 
on Hut78 cells endogenously expressing human CCR8. The curve is from one representative NK donor; error bars represent SD from technical triplicates. d) GS-1811 
ADCC activity on TILs from primary human tumor samples in the presence of added NK cells from healthy donors. Tregs were identified as CD4+FoxP3+ out of live CD45 
+CD3+ cells. Data from one representative NK cell donor; error bars represent SD from technical duplicates.

Table 2. EC50 and maximum killing for GS-1811-mediated ADCC on CHO cells expressing increasing number of CCR8 molecules per cell.

CHO cell lines

Parental hCCR8-600 hCCR8-1.5k hCCR8-2.5k hCCR8- 5k hCCR8-10k

EC50 (ng/ml) NA NA 19 ± 0.24 6.9 ± 5.5 1.7 ± 1.6 3.0 ± 2.4
Max killing (%) NA NA 12 ± 6.22 17.63 ± 7.67 36.2 ± 13.06 27.7 ± 7.21

Average ± SD from two independent NK cell donors.
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We observed robust anti-tumor response upon treatment with 
an anti-mouse CCR8 Ab in a variety of mouse tumor models, 
and efficacy was maintained also when treating larger tumors. 
In the MC38 model, anti-tumor response was dependent on 
the ability of the anti-mouse CCR8 Ab to engage with Fc 
receptors32 and mediate efficient Treg depletion. Importantly, 
depletion was specific to tumor Tregs, and not detected in 
splenic Tregs or other T cell subsets. While we cannot exclude 
that CCR8 could be expressed transiently and/or on a small 
percentage of non-Treg cells, possibly leading to their deple
tion, our observation that lower levels of CCR8 lead to reduced 
potential for ADCC suggests that achieving a therapeutic win
dow for effective and selective depletion of tumor-infiltrating 
Tregs could be feasible in clinical settings.

In MC38 tumors, decrease in tumor-infiltrating Tregs was 
associated with an increase in CD8 infiltration, which resulted 
in increased CD8-to-FoxP3 ratio. Importantly, the increased 
CD8-to-FoxP3 ratio suggests that, concomitant with a loss of 
tumor Treg cells, there is a shift in immunological profile 
favoring an anti-tumor response, which is consistent with 
favorable prognosis in human cancer.1,46,47 In fact, gene 
expression analyses revealed a shift toward upregulation of 
chemokine ligands and interleukins involved in pro- 
inflammatory responses associated with the tumor Treg cell 
loss seen upon treatment with the mIgG2a anti-CCR8 Ab. This 
was corroborated by GSEA, which revealed upregulated gene 
enrichment in inflammatory, interferon-α, and interferon-γ 
responses and further supports the notion that depleting 
tumor Tregs results in creation of a favorable anti-tumor 
immunological environment. In line with this hypothesis, as 
CD8 T cell activation is expected to lead to establishment of 
immunological memory,48 we also demonstrated that mice 
whose MC38 tumors were previously eradicated by anti- 
mouse CCR8 mIgG2a Ab treatment were resistant to tumor re- 
challenge.

Tregs are highly malleable and can modulate their pheno
type in response to extracellular signals in the tumor 
microenvironment.3,35 We considered the possibility that 
depletion of CCR8-positive cells could promote a more sup
pressive phenotype in remaining Tregs, or that CCR8 Ab 
treatment could otherwise affect Treg conversion,21 but did 
not detect changes consistent with these hypotheses in our 
studies. Moreover, the increased CD8 T cell infiltration in the 
tumor, increased expression of pro-inflammatory markers, and 
significant anti-tumor efficacy observed upon anti-mouse 
CCR8 mIgG2a Ab treatment, all suggest remaining Tregs are 
not highly suppressive in vivo.

While we could not directly assess anti-tumor response in 
the immunophenotyping studies due to the shorter duration of 
treatment, it is tempting to speculate that the subset of mice 
showing robust CD8 T cell infiltration upon anti-CCR8 Ab 
treatment are the ones that are developing robust anti-tumor 
immunity, which would eventually result in complete 
response. We therefore hypothesized that relieving tumor 
T cell inhibition through PD-1 blockade could synergize with 
CCR8+ Treg depletion and selected the PD-1 resistant MBT-2 
tumor model to test this hypothesis. Of note, MBT-2 tumors 

are known to harbor a significantly greater proportion of CD4 
+ cells, compared with the PD-1 responsive MC38 model,49 

suggesting a greater degree of Treg infiltration as an underlying 
mechanism for PD-1 resistance. Indeed, we observed signifi
cantly increased anti-tumor efficacy with combination therapy 
as compared with either anti-PD-1 or anti-CCR8 monother
apy, clearly indicating that an anti-CCR8 Ab that depletes 
tumor Treg cells can synergize with established immuno- 
oncology therapeutic modalities to unleash robust anti-tumor 
responses.50

Given the highly restricted expression of CCR8 to tumor 
Tregs, and the robust in vivo data, we sought to identify anti- 
human CCR8 antibodies for clinical use. Through a hybridoma 
screen, we identified a top candidate, GS-1811. GS-1811 is 
specific for human CCR8 and selectively binds to tumor Treg 
but not to tumor T conventional or CD8 T cells, nor to 
peripheral Treg or Tconv cells. ADCC has been shown to 
depend on target density and on the Ab ability to engage 
FcRs.51 Since a reduction in core fucosylation in the CH2 
domain of the IgG1 Fc region has been shown to enhance 
ADCC function of an antibody via improved FcγRIIIA 
binding,30 we expressed GS-1811 in cell line devoid of 
N-linked glycan core fucosylation, which leads to an afucosy
lated IgG1 backbone. Using a carefully validated panel of target 
cells expressing increasing number of CCR8 molecules per cell 
combined with our precise quantification of CCR8 expression 
on a per-cell basis in tumor and peripheral T cell subsets, we 
were able to establish that the afucosylated GS-1811, but not 
a fucosylated version, efficiently depletes cells in which the 
density of receptor expression is greater than 2500 CCR8 
molecules per cell, which is within the physiological level 
detected on human tumor Treg cells. Importantly, GS-1811 
has low depleting activity toward cells expressing CCR8 within 
the range of peripheral T cell subsets or tumor-infiltrating 
Tconv and CD8 T cells. These data suggest that cells expressing 
CCR8 at levels similar to peripheral Tregs will not be subject to 
Fc-mediated ADCC by GS-1811 while cells expressing CCR8 at 
levels similar to tumor Tregs will be depleted via Fc-mediated 
ADCC in the presence of GS-1811. It should be noted that GS- 
1811 also potently inhibits CCL-1-induced signaling down
stream of CCR8. While we believe that ADCC-mediated Treg 
depletion is the key mechanism of action of GS-1811, blockade 
of CCR8 function might also impact Treg cell survival and/or 
conversion, as demonstrated in mouse studies,21,52 contribut
ing to decreased Treg function and anti-tumor effects. Overall, 
our data support ongoing clinical development of GS-1811 
(NCT05007782) to target CCR8 in cancer in order to drive 
tumor Treg depletion and to shift the immunological milieu 
toward promoting anti-tumor immunity.
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