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Abstract

Localization is a crucial prerequisite for immune cell function and solid tumors evade immune control by modulating immune
cell infiltration into the tumor stroma. Immunosuppressive cells like regulatory T cells are attracted, while cytotoxic CD8%
T cells are excluded. Engineering CD8* T cells with chemokine receptors is a potent strategy to turn this mechanism of
directed immune cell recruitment against the tumor. Here, we utilized fluorescent tagging to track the migratory behavior of
tumor-specific T cells engineered with a library of all murine chemokine receptors in vivo. We then asked whether chemokine
receptor-mediated redirection of antigen-specific T cells into tumors or tumor-draining lymph nodes showed superior anti-
tumoral activity. We found that both targeting approaches showed higher therapeutic efficacy than control T cells. However,
multiple receptors conveying the same homing pattern did not augment infiltration. Instead, in the MC38 colon carcinoma
model, anti-tumoral efficacy as well as lymph node vs. tumor-homing patterns were mostly driven by CCR4 and CCR6,
respectively. Overall, our data, based on fluorescent receptor tagging, identify the tumor-draining lymph node and the tumor
itself as viable targets for chemokine receptor-mediated enhancement of adoptive T cell therapy.
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Introduction

Traditionally, CD8" T cells are considered to require three
signals for optimal functionality: engagement of the anti-
gen receptor, co-stimulation and stimulation by cytokines.
However, none of these signals induce protective immunity
without correct localization of the T cell. ‘Signal 0’ fora T
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cell is therefore its active migration toward a priming loca-
tion or target organ and its interacting cell partners such as
antigen-presenting or target cells.

Solid tumors capitalize on the location dependency of
anti-tumoral immune cell function by controlling the compo-
sition of the intra-tumoral milieu. Through immunoediting,
tumors can evolve to secrete a chemokine profile that attracts
immunosuppressive cells such as Treg [1-3] and immuno-
suppressive myeloid cells [3-5]. Conversely, chemokines
that facilitate infiltration of anti-tumoral immune cells such
as CD8* T cells and NK cells are suppressed. A crucial
chemokine receptor that theoretically can recruit anti-tumor
immune cells into tumors is CXCR3 [6, 7]. If solid tumors
fail to suppress secretion of ligands for CXCR3 such as
CXCL9 and CXCL10, this renders such tumors susceptible
to immune checkpoint blockade [8]. If tumors successfully
shut down expression of such anti-tumoral chemokines,
immune cells are deprived of a path into the tumor.

Genetic engineering of T cells used for adoptive T cell
therapy can overcome the crucial bottleneck of impaired
tumor infiltration and even turn the tumor’s weapons
against itself. Expression of chemokine receptors that
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match ligands secreted by the tumor such as CCL2,
CCL22, CXCL16, CX3CL1, CXCL1 and CXCL8 can
enable CD8* T cells to enter the tumor [9-13]. Impor-
tantly, these chemokines are secreted by the tumor for a
reason, namely because they are pro-tumorigenic [14].
Chemokines such as CCL2 and CXCL16 can have direct
effects on tumor cells, promoting cell motility and inva-
sion [15, 16]. CCL2 and CXCLS can promote angiogenesis
by acting on intra-tumoral endothelial cells [17, 18]. Fur-
thermore, immunosuppressive cells are recruited into the
tumor. CCL2 for example facilitates infiltration by immu-
nosuppressive myeloid cells [3], whereas chemokines such
as CCL22 promote recruitment of Treg cells [19]. Expres-
sion of the corresponding chemokine receptors in CD8% T
cells is particularly attractive because the tumor can only
shut down expression of these chemokines at the cost of
losing their tumorigenic function [13].

Despite the potential of approaches to genetically engi-
neer T cells to home into the tumor, so far none has been
approved for therapy in humans. A possible explanation
for this is that one chemokine receptor alone is often not
sufficient to induce homing into the tumor site. Another
explanation could be that strategies that attempt to drive
T cells directly into the tumor are sub-optimal. Since
stem-like CD8* T cells have recently been found to reside
mostly in tumor-draining lymph nodes [20], it could be
important to engineer T cells to promote homing into
draining lymph nodes instead.

To answer such questions in an unbiased manner, we
generated a library of all known murine chemokine recep-
tors outfitted with one of four distinct fluorescent tags.
After transduction of this fluorescently-tagged receptor
library into tumor antigen-specific T cells, we assessed
the homing pattern conveyed by each chemokine recep-
tor. Next, we defined batches of tumor-homing receptors
and receptors that directed T cells into tumor-draining
lymph nodes and investigated if combinatorial transduc-
tion [21-23] with multiple chemokine receptors improved
homing to the target organ. To our surprise, we found
that while both tumor- and lymph node-homing batches
enhanced tumor regression in the MC38 colon carci-
noma model, transduction with multiple receptors did not
enhance target organ infiltration. Instead, organ infiltration
and therapeutic efficacy were largely dependent on trans-
duction with CCR4 in the lymph node-homing batch and
CCR6 in the tumor-homing batch. Interestingly, combina-
tion of these two receptors appeared to reduce treatment
efficacy. Taken together, CCR4 and CCR6 provided T cells
with a unique but likely not additive quality that rendered
them superior over other chemokine receptors with similar
homing characteristics.
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Materials and methods
Mice

Female C57BL/JOlaHSd of 6-14 weeks were pur-
chased from Envigo. 8-20 weeks old SIINFEKL pep-
tide-specific TCR-transgenic OT-1 mice (C57BL/6-
Tg(TcraTerb)1100Mjb/J) were originally obtained from The
Jackson Laboratory and bred under specific pathogen-free
conditions at our mouse facility at the Technical Univer-
sity of Munich. All animal experiments were approved by
local authorities and performed in accordance with national
guidelines.

Cell lines

The Platinum-E packaging cell line, OVA-expressing MC38
(MC38-0OVA) cells and OVA-expressing Panc02 cells were
grown in cDMEM (DMEM (Life Technologies) supple-
mented with 10% fetal calf serum (FCS, Sigma Aldrich),
0.025% 1L-Glutamine (Sigma Aldrich), 0.1% HEPES (Carl
Roth), 0.001% gentamycin (Life Technologies) and 0.002%
streptomycin (Life Technologies)). Primary murine T cells
were cultured in cRPMI (RPMI 1640 (Life Technologies)
supplemented with 10% fetal calf serum (FCS, Sigma
Aldrich), 0.025% 1r-Glutamine (Sigma Aldrich), 0.1%
HEPES (Carl Roth), 0.001% gentamycin (Life Technolo-
gies) and 0.002% streptomycin (Life Technologies)).

RNA isolation and murine chemokine receptor cDNA
amplification

Single cell suspensions from C57BL/JOlaHSd tissue sam-
ples (spleen, lymph node, Peyer’s plaque) were resuspended
in 1 mL TRI Reagent (Sigma Aldrich, Cat# 93289), briefly
incubated and 200 uL. Chloroform (Carl Roth, Cat# 3313)
was added. Phase separation was performed at 12,000 g for
15 min at 4 °C in a tabletop centrifuge. The RNA precipita-
tion was achieved by addition of 500 uL Isopropanol (Carl
Roth, Cat# 9781) to the upper layer after phase separation.
The RNA pellet was washed with 1 mL 70% ice cold Etha-
nol. Reverse transcription was performed with 5 ug of the
isolated total RNA using the AffinityScript cDNA Synthesis
Kit (Agilent, Cat# 200436).

Generation of retroviral fluorescently labeled
murine chemokine receptor vectors

All fusion constructs of murine chemokine receptors and
fluorescent proteins (FPs) were generated by overlap exten-
sion PCR and cloned into the retroviral pMP71 vector (a
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kind gift from Wolfgang Uckert) for recombinant expression
in target cells. For retrovirus production, Platinum-E pack-
aging cells were transfected via calcium phosphate precipi-
tation with retroviral vectors encoding for all known sign-
aling murine chemokine receptors tagged by an individual
fluorescent protein (GFP, YFP, T-Sapphire or BFP) via a
translational skip motif (P2A). Virus-containing superna-
tants were collected 48 h after transfection and purified from
remaining cells by centrifugation (1500 rpm, 4 °C, 7 min).
Supernatants were stored at 4 °C and used within 4 weeks
after harvest.

Generation of chemokine receptor-engineered
OT-1T cells

Spleens of OT-1 TCR-transgenic mice were harvested and
brought into single-cell suspension by mashing through a
40 pm cell strainer, followed by red blood cell lysis. The pre-
pared lymphocytes were seeded into 6-well plates (Corning)
at a density of 2x 10° cells/mL in cRPMI, 0.5 ug/ml anti-
CD3 antibody (Biolegend), 0.1 pg/ml anti-CD28 antibody
(Biolegend) and 25 IU/mL IL-2 (Peprotech). Cells were
kept in stimulation medium for 24 h. Retroviral transduc-
tion was performed in 24-well tissue culture untreated (Cos-
tar) plates pre-coated with 250 ul PBS containing 0.5 pg/
ml RetroNectin® (TaKaRa Biotech), 0.5 pg/ml anti-CD3
antibody (Biolegend) and 0.1 pg/ml anti-CD28 antibody
(Biolegend). Diluted virus-containing Platinum-E superna-
tant was spun down at 3000 g for 2 h, either at one construct
per well (single transduction) or multiple constructs per well
(combinatorial transduction). Supernatants were carefully
discarded before adding 5 x 10° activated OT-1 T cells in
cRPMI supplemented with 25 IU/mL IL-2 (Peprotech), fol-
lowed by centrifugation at 800 g for 1.5 h. Transduced cells
were harvested after 48 h and subjected to flow cytometric
analysis or adoptive transfer.

Subcutaneous inoculation of syngeneic tumors
and growth monitoring

MC38-OVA and Panc-OVA cells were grown to a conflu-
ence of 90%. Medium was removed and cells were rinsed
once with PBS prior to enzymatic detachment with trypsin.
Digestion was stopped by addition of fresh cDMEM and
cells were pelleted. Tumor cells were resuspended in an
adequate volume of PBS and cell numbers were determined
by trypan-blue staining and counting. Cell numbers were
adjusted to 0.5-1x 10° cells/100 uL. 100 pL of cell suspen-
sion was injected in the right flank of isofluorane anaesthe-
tized C57BL/6JOlaHsd mice which had been subjected to
total body irradiation (TBI) at 4.5 Gy 24 h prior to tumor

implantation. Tumor sizes, defined as tumor area (length X
width), were measured every 2—4 days using a digital caliper.

Cell sorting and adoptive transfer of chemokine
receptor-engineered OT-1T cells

48 h after transduction, cells were stained with respective
antibodies for 30 min at 4 °C in the dark, propidium iodide
was used for live/dead discrimination. For survival experi-
ments, equal numbers of CD8" FP* (FPs corresponding to
chemokine receptor expression) PI™ T cells were sorted.
Sorting of chemokine receptor-engineered T cells was
performed on a BD FACSAria III (Becton Dickinson) or
MoFlo Astrios cell sorter (Beckman Coulter). T cells were
sorted into tubes pre-loaded with FCS and cell numbers
were adjusted. The resulting infusion product was injected
i.p. into tumor-bearing C57BL/6JOlaHsd mice. For infiltra-
tion and phenotypic analyses, transduced T cells were not
subjected to cell sorting but analyzed by flow cytometry to
determine initial ratios of single or combinatorial chemokine
receptor-engineered T cells.

For assessment of homing preferences, the number of
T cells transduced with a fluorescently-tagged chemokine
receptor was normalized to the number of untransduced T
cells and then compared between the organ infiltrate (at day
4 after injection) and the infusion product (at day O before
injection). If, e.g., 50 out of 500 cells (50/500=0.1), sam-
pled from the infusion product, were CCR6 positive (day
0 before injection) and 300 out of 1000 transferred T cells
(300/1000=0.3) were later found to be CCR6 positive in the
tumor (day 4 after injection), the ratio day 4/day 0 would be
0.3/0.1=3.

Different groups received the same number of OT-1 T
cells within each experiment. For experiments shown in
Fig. 3A and B we transferred on average 400.000 cells, for
Fig. 4E 100.000 cells and for Fig. 4C and F 50.000 cells/
mouse. For experiments shown in Fig. 3A and B, 69.1%
(SEM 25.9, tumor-homing batch) and 77.4% (SEM 17.57,
lymph node-homing batch) of transferred cells expressed
the transduced constructs, respectively. Experiments in
Fig. 4C-F were performed with T cells sorted via flow
cytometry to a level of construct positivity >95% using a
BD FACSAria III (Becton Dickinson) or MoFlo Astrios cell
sorter (Beckman Coulter).

Flow cytometry

Spleens and lymph nodes were harvested and mashed
through a 40 um cell strainer to generate a single-cell sus-
pension. Tumors were minced by scissors and digested in
1 mL RPMI 1640 supplemented with 1 mg/mL collagenase
IV and 100 pg/mL DNase I (Sigma-Aldrich, respectively) for
1 h at 37 °C in a table top incubator. The tumor suspension
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was passed through a 100 uM mesh and rinsed with 10 mL
PBS before pelleting and resuspending in 3 mL of 40% Per-
coll (Sigma-Aldrich) solution. Separation of the lymphocyte
fraction was performed by centrifugation at 2600 rpm at
room temperature for 20 min (acceleration 5 of 9, decelera-
tion 0 of 9). After red blood cell lysis, cells from each tissue
were incubated with mouse anti-CD16/32 for 15 min at 4 °C.
Cells were washed with FACS buffer (PBS with 0.5% BSA
and 2 mM EDTA) and stained with respective fluorophore-
conjugated antibodies for 30 min at 4 °C in the dark. After
washing, cells were resuspended in FACS buffer contain-
ing 1% paraformaldehyde and analyzed by flow cytometry
(Cytoflex S or LX, Beckman Coulter). FlowJo software
(FlowJo LLC) was used for analysis. Normalized mean
fluorescent intensities (MFIs) were calculated by dividing
the MFI of transduced cells by the MFI of co-transferred,
untransduced cells in the respective organ.

Statistical analyses
Significances were calculated after testing for normal distri-
bution using unpaired #-test. Significance of survival differ-

ences was calculated using Log-rank test.

Key resources table

Reagent or resource Source Identifier
Antibodies
Anti-mouse CD8 BioLegend 53-6.7
Anti-mouse CD45.1 BioLegend A20
Anti-mouse CD45.1 Becton Dickinson A20
Anti-mouse CD45.2 BioLegend 104
Anti-mouse CD62L BioLegend MEL-14
Anti-mouse CD62L Becton Dickinson MEL-14
Anti-mouse PD-1 BioLegend 29F.1A12
Anti-mouse TIM-3 BioLegend RMT3-23
Anti-mouse Ly108 BioLegend 330-AJ
Anti-mouse CCR4 BioLegend M1/70
Anti-mouse CCR7 BioLegend 2F1
Anti-mouse CCR6 BioLegend GB11
Anti-mouse CXCR1 BioLegend 145-2C11
Anti-mouse CD3e BioLegend 145-2C11
Anti-mouse CD19 Becton Dickinson 1D3
Anti-mouse CD19 Becton Dickinson HIB19
cDNA synthesis kit
AffinityScript cDNA Agilent Cat# 200,436
Synthesis Kit
Chemicals and recombinant proteins
Propidium iodide (PI) Life technologies Cat# P1304MP
Recombinant murine IL-2  PeproTech Cat# 213-13
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Reagent or resource Source Identifier
RetroNectin® Takara bio Europe Cat# T100B
Percoll Sigma-Aldrich Cat# GE17-
0891-01
Collagenase IV Sigma-Aldrich Cat# C2139
DNase I Sigma-Aldrich Cat# D4513-
1VL
TRI Reagent® Sigma-Aldrich Cat# 93,289
Chloroform Carl Roth Cat# 3313
2-Propanol Carl Roth Cat# 9781
Experimental models: cell lines
MC38-OVA Bavarian Nordic N/A
Panc-OVA MIH N/A
Platinum E cells Cell Biolabs RV-101
Experimental models: organisms/strains
C57BL/6- The Jackson Laboratory 003831
Tg(TcraTerb)1100Mjb/J
B6.SJL-Ptprca Pepcb/ The Jackson Laboratory 002014
BoyJ
B6.PL-Thyla/CyJ The Jackson Laboratory 000406
C57BL/6JOlaHsd Envigo N/A
Oligonucleotides
GFP family Notl fwd Sigma Aldrich N/A
5'ATTAGCGGCCGC
GCCACCATGGTG
AGCAAGGGCG 3’
GFP family EcoR1 rev Sigma Aldrich N/A
S'TAATGAATTCTT
ACTTGTACAGCT
CG3
mCCRI1 Notl fwd 5’ATT  Sigma Aldrich N/A
CGCGGCCGCGCC
ACCATGGAGATTTCA
GATTTG 3’
mCCR1 BamHI p2arev  Sigma Aldrich N/A
5S'TAATGGATCCGA
AGCGAGCAGAGA
GCTCATG 3'
mCCR2 Notl fwd 5’ATT  Sigma Aldrich N/A
AGCGGCCGCGCC
ACCATGGTGAGC
AAGGGCG 3’
mCCR2 BamHI p2arev  Sigma Aldrich N/A
5’ATTAGCGGCCGC
GCCACCATGGTG
AGCAAGGGCG 3’
mCCR3 Notl fwd 5TTA  Sigma Aldrich N/A
GCGGCCGCGCCA
CCATGGCATTCAACA
CAGATG 3’
mCCR3 BamHI p2arev  Sigma Aldrich N/A
5S'TAATGGATCCAA
ACACCACAGAGC
GTTG 3’
mCCR4 Notl fwd 5’ATT ~ Sigma Aldrich N/A
AGCGGCCGCGCC
ACCATGAATCCG
AGGAGGTC 3’
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Reagent or resource Source Identifier Reagent or resource Source Identifier
mCCR4 BamHI p2arev  Sigma Aldrich N/A mCXCR1 HindIII fwd Sigma Aldrich N/A
5S'TAATGGATCCCA 5'ATTAAAAGCTTG
AAGCGTCACGGA CCACCATGGCCG
AGTCATG 3’ AGGCTGACTAT 3’
mCCRS Notl fwd 5TAA  Sigma Aldrich N/A mCXCR1 BamHI p2arev  Sigma Aldrich N/A
TGGATCCTAAAC 5'GTTCGTGGCTCC
CAGTAGAAACTTCAT GGATCCATAAAT
G3 AGGGGTGAGAG 3’
mCCRS BamHI p2arev  Sigma Aldrich N/A mCXCR2 Notl fwd Sigma Aldrich N/A
5'GTTCGTGGCTCC 5'ATTAAAGCTTGC
GGATCCTAAACC CACCATGGGAGA
AGTAGAAACTTC 3’ ATTCAAGGTG 3’
mCCR6 Notl fwd 5’ATT  Sigma Aldrich N/A mCXCR2 BamHI p2arev  Sigma Aldrich N/A
AGCGGCCGCGCC 5'ATTCGCGGCCGC
ACCATGAATTCCACA GCCACCATGTACCTT
GAGTC 3’ GAGGTTAGTG 3’
mCCR6 BamHI p2arev  Sigma Aldrich N/A mCXCR3 Notl fwd Sigma Aldrich N/A
5'GTTCGTGGCTCC 5'ATTCGCGGCCGC
GGATCCCATGGT GCCACCATGTACCTT
AAAGGACGATGC 3’ GAGGTTAGTG 3’
mCCR7 Notl fwd Sigma Aldrich N/A mCXCR3 BamHI p2arev  Sigma Aldrich N/A
5" ATTAGCGGCCGC 5'TAATGGATCCCA
GCCACCATGGAC AGCCCAGGTAGG
CCAG GGAAACCC ¥ AGGCCTC 3’
mCCR7 BamHI p2a rev Sigma Aldrich N/A mCXCR4 Notl fwd Sigma Aldrich N/A
5' TAATGGATCCCG 5" ATTAGCGGCCGC
GGGAGAAGGTTG GCCACCATGGAA
TGGT GG 3’ CCGA TCAGTGTG 3’
mCCRS8 Notl fwd Sigma Aldrich N/A mCXCR4 BamHI p2arev  Sigma Aldrich N/A
5'ATTAGCGGCCGC 5'GTTCGTGGCTCC
GCCACCATGGATTAC GGATCCGCTGGA
ACGATGGAG 3’ GTGAAAACTGG 3’
mCCR8 BamHI p2arev  Sigma Aldrich N/A mCXCRS5 HindIII fwd Sigma Aldrich N/A
5S'TAATGGATCCCA 5'ATTAAAGCTTGC
AGATGTCATCCA CACCATGAACTACCC
GGGTGG 3’ ACTAACC 3’
mCCRO Notl fwd Sigma Aldrich N/A mCXCRS5 BamHI p2arev  Sigma Aldrich N/A
5’ATTAGCGGCCGC 5'ATTAGGATCCGCTAC
GCCACCATGATG TTCCCTCACCACCTT
CCCACAGAACTC 3’ CTAG 3’
mCCR9 BamHI p2arev  Sigma Aldrich N/A mCXCR6 Notl fwd Sigma Aldrich N/A
S'TAATGGATCCTA 5'ATTAGCGGCCGC
GGGAGAGAGCCC GCCACCATGGAT
CCGAAG 3’ GATGGGCATCAAG 3’
mCCR10 NotI fwd Sigma Aldrich N/A mCXCR6 BamHI p2arev  Sigma Aldrich N/A
5'ATTAGCGGCCGC S'TAATGGATCCCAATT
GCCACCATGGGG GGAACATACTGG
ACCAAGCCCAGAG 3’ TGG 3’
mCCR10 BamHI p2arev ~ Sigma Aldrich N/A mCX3CR1 Notl fwd Sigma Aldrich N/A
S'TAATGGATCCGTTGT 5'ATTAGCGGCCGC
CCCAAGAGAGAC ATGTCCACCTCCTTC
TGTG 3’ CCTGAACTG 3’
mXCRINotI fwd Sigma Aldrich N/A mCX3CR1 BamHI p2a Sigma Aldrich N/A
5'ATTAGCGGCCGC rev
GCCACCATGGAC 5'ATTAGGATCCTCAGA
TCAGAGTCAGATG 3’ GCAGGAGAGACC
mXCR1 BamHI p2arev  Sigma Aldrich N/A CATC 3
5S'TAATGGATCCGT Recombinant DNA
AGAAGGAGGGTC EGFP MIH Munich N/A
CCTCATATG 3’
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Reagent or resource Source Identifier
T-Sapphire MIH Munich N/A
CFP MIH Munich N/A
EYFP MIH Munich N/A
EBFP2 MIH Munich N/A
mCCR1_P2A_CFP MIH Munich N/A
mCCR2_P2A_YFP MIH Munich N/A
mCCR3_P2A_YFP MIH Munich N/A
mCCR4_P2A_T-Sapphire MIH Munich N/A
mCCR5_P2A_GFP MIH Munich N/A
mCCR6_P2A_GFP MIH Munich N/A
mCCR7_P2A_YFP MIH Munich N/A
mCCR8_P2A_YFP MIH Munich N/A
mCCR9_P2A_T-Sapphire MIH Munich N/A
mCCR10_P2A_BFP MIH Munich N/A
mXCRI1_p2A_BFP MIH Munich N/A
mCXCRI1_P2A_T- MIH Munich N/A
Sapphire
mCXCR2_P2A_T- MIH Munich N/A
Sapphire
mCXCR3_P2A_T- MIH Munich N/A
Sapphire
mCXCR4_P2A_BFP MIH Munich N/A
mCXCRS5_P2A_BFP MIH Munich N/A
mCXCR6_P2A_YFP MIH Munich N/A
mCX3CR1_P2A_BFP MIH Munich N/A
Software and algorithms
FlowJo V10 FlowJo LLC https://www.
flowjo.com
Prism 8 Graphpad https://www.
graphpad.
com
Results

Generation of a library of chemokine receptors

To comprehensively assess the homing profile conveyed to
antigen-specific T cells by chemokine receptor engineering,
we generated a library of all murine chemokine receptors.
Since ligand binding can lead to rapid chemokine receptor
internalization and to discern engineered from endogenous
chemokine receptor expression, each of these receptors was
linked via a P2A sequence to one of four fluorescent pro-
teins: GFP, YFP, T-Sapphire or BFP. In absence of ligand
binding, we exemplarily verified that fluorescent protein
expression tightly correlated with expression of the respec-
tive chemokine receptor (Fig. 1A). Next, we transduced
TCR-transgenic OT-1 T cells specific to the SIINFEKL pep-
tide of chicken Ovalbumin (ova) with one chemokine recep-
tor per population. To make assessment of homing patterns
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more efficient, we used distinct fluorescent tags to assem-
ble up to four populations expressing distinct chemokine
receptors and one untransduced population that served as an
internal control. This mixed cohort was then transferred into
mice bearing subcutaneous MC38-ova (colon carcinoma) or
Panc-ova (pancreatic adenocarcinoma) tumors (Fig. 1B). On
day 4 post injection, the relative abundance of fluorescently-
labeled versus untransduced T cells was measured in tumor,
blood, spleen, contralateral and draining lymph nodes and
then compared to the relative abundance of fluorescently-
labeled versus untransduced T cells in the infusion product
(ratio day 4 / day 0; see Methods). Calculating this ratio of
day 4 infiltration versus day 0 infusion, revealed that defined
chemokine receptors were associated with unique homing
patterns. For example, in mice inoculated with either MC38-
ova or Panc-ova, CCR7 transduced T cells were overrepre-
sented in lymph nodes, while CXCR4 transduced T cells
were overrepresented in spleen (Fig. 1C and Supp. Figure 1).

Distinct homing patterns of chemokine receptors
in vivo

To identify the best targets for increased tumor homing, we
compared the abundance of each chemokine receptor-engi-
neered T cell population in the tumor at day 4 post injec-
tion to its abundance in the infusion product (Fig. 2A and
Supp. Figure 2A). The top targets for homing into MC38-
ova tumors were CCR6, CXCR1, CXCR2 and CX3CR1. Of
these, CCR6 and CXCRI1 also showed increased infiltration
in Panc-ova tumors (Supp. Figure 2A). Since CXCR1 and
CXCR?2 bind the same targets, we picked only one, namely
CXCRI for further experiments. To answer whether homing
into tumor or draining lymph node was more important for
anti-tumor function of engineered T cells, we assessed all
chemokine receptors regarding their potential to increase
immediate homing into lymph nodes (Fig. 2B and Supp.
Figure 2B). To particularly select for chemokine recep-
tors that promote homing into the draining lymph nodes
and not lymph nodes in general, we furthermore calculated
normalized ratios between enrichment into draining lymph
nodes and contralateral lymph nodes or tumor, respec-
tively (Fig. 2C). Here, we selected CCR4 and CCR7, which
showed the highest ratio of draining to contralateral lymph
node enrichment and a particularly high specific enrichment
into draining lymph node over the tumor.

Targeting tumor-specific T cells into tumor-draining
lymph nodes or the tumor itself are both successful
therapeutic strategies

Next, we used combinatorial transduction to transduce
the most promising chemokine receptors in two batches:
One batch comprised CCR6, CXCR1 and CX3CRI1-all
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Fig.1 A Construct structure and representative flow cytometry
plots of co-expressed chemokine receptors and fluorescent proteins.
B Experimental setup. T cells transduced with different chemokine
receptors linked to unique fluorescent proteins are pooled and
injected into mice bearing subcutaneous MC38-ova or Panc-ova
tumors. The fluorescent proteins GFP, YFP, T-Sapphire and BFP can
be discerned by their unique emission pattern after excitation with the
488 nm laser (x-axis, signal shown for a 525/40 nm filter) and 405 nm
laser (y-axis, signal shown for a 510/20 nm filter). Example shows

chemokine receptors facilitating homing into MC38-ova
tumors. The other batch contained CCR4 and CCR7, which
conveyed T cell enrichment in the tumor-draining lymph
nodes. In contrast to mice receiving T cells transduced with
constructs encoding fluorescent proteins only (color-trans-
duced), both chemokine-receptor-engineered T cell batches
showed significant treatment efficacy in relation to untreated
mice (Fig. 3A). Next, we analyzed distribution and pheno-
type of T cells engineered with the two batches at different
time points post injection. As expected, the tumor-directed
batch led to better T cell accumulation in the tumor at day 4

a pool of CCR5-GFP, CCR3-YFP, CCR9-T-Sapphire and XCRI1-
BFP transduced T cells. C Homing patterns of T cells expressing
engineered murine chemokine receptors in MC38-ova tumor-bearing
mice. Day 4/day O ratios are calculated by comparing the abundance
of T cells, transduced with a given chemokine receptor in the organ
infiltrate (day 4 post injection) to their abundance in the cell product
before adoptive transfer (day 0). Data in C are pooled from 2 to 3
independent experiments

post injection, whereas the lymph-node homing batch led to
relatively more T cell migration to the tumor-draining lymph
node (Fig. 3B). However, regarding tumor infiltration, on
day 8 post injection the lymph node batch caught up with the
tumor batch. Comparing markers for activation and exhaus-
tion, we found that the tumor-homing batch showed higher
PD-1 expression early in the tumor, potentially as a sign
for immediate antigen encounter (Fig. 3C). The lymph node
batch in turn showed higher expression of stemness mark-
ers in the draining lymph nodes and Slamf6 in the tumor
side (Fig. 3D). Together, it appeared that the tumor-targeting
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Ratios of the abundance of engineered OT-1 T cells in contralateral
lymph nodes (left) or tumor-draining lymph nodes (right) on day 4
post injection, compared to the infused product. C Relative enrich-
ment ratios of engineered OT-1 T cells. Ratios of D4/D0 enrichment

batch preferentially enriched immediately in the tumor,
while the lymph node batch showed a better persistence
toward the intermediate time point. This longer persistence
in the lymph node batch coincided with a relatively higher
expression of markers for stemness in the lymph nodes and
tumor [24-26].

Expression of two or more chemokine receptors
is not superior over expression of one high-quality
receptor

We hypothesized that by expressing more than one recep-
tor that improves homing into the respective target site,
migration could be improved through increased signal
strength and specificity. To this end, we separated single
and multiple transduced OT-1 T cells on days 4, 8 and 14
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(Fig. 4A and B). To our surprise, we could not observe
a clear synergistic pattern in the tumor batch (Fig. 4A).
Instead, CCR6 alone was as efficient or even more efficient
in directing T cells into the tumor as was dual transduction
with CCR6 and CXCR1 or CCR6 and CX3CRI1. Triple-
transduced T cells could not be detected in sufficient num-
bers throughout, although we initially hypothesized that
such T cells might outcompete single-transduced T cells
over time. For the lymph node batch, the two chemokine
receptors individually appeared to have very differ-
ent homing patterns over time. In the tumor, CCR4 was
detectable in numbers that were as low as CCR7 or double
transduced T cells on day 4 but then rapidly increased in
numbers and persisted better toward day 14. In the drain-
ing lymph node, CCR7 transduced T cells were more
abundant on day 4 but then slowly decreased over time,
whereas CCR4 transduced T cells peaked at day 8, both
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cacy of T cells engineered with lymph node- versus tumor-homing
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in lymph node and tumor. The double-transduced T cells
mimicked the behavior of one of the singular receptors
in each organ: they resembled the pattern of CCR4 in the
tumor and CCR7 in the draining lymph node.

CCR4 and CCR6 enhance adoptive T cell therapy
in a non-synergistic manner

Due to their distinct phenotypes, we chose to investigate
the therapeutic potential of CCR4 and CCR?7 individually
(Fig. 4C). While CCR4- transduced T cells showed a thera-
peutic efficacy, surprisingly, CCR7 did not. For CCR4, we

for PD-1 and Tim-3 in spleen, draining lymph nodes and tumor. D
Expression of CD62L and Slamf6 (Ly108) in draining lymph nodes
and Slamf6 in tumor. Data are pooled from 2 different independ-
ent experiments. Significances were measured using unpaired #-test.
*=p<0.05, ¥*=p<0.01. 400.000 OT-1 were transferred on average
in Fig. 3A and B

could previously show that exogenous expression facilitates
interaction of CD8* T cells with dendritic cells [13]. Since
cDCl1 express ligands for CCR4 [27], but not CCR7, we
hypothesized that the selective treatment advantage of CCR4
vs. CCR7 despite highly similar homing patterns could be
attributed to this mechanism. PD-1 is best known as an
exhaustion marker, but is also induced by antigen receptor
signaling [28]. Therefore, early during immune responses,
PD-1 is an activation marker that is upregulated upon effec-
tive antigen recognition. We wondered, if T cells transduced
with different chemokine receptors differ in their expression
of PD-1 early during their anti-tumoral response. Indeed,
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CCR4 transduced T cells expressed much higher PD-1 lev-
els in the draining lymph nodes, than did T cells transduced
with CCR7 on day 4 post injection (Fig. 4D). This suggested
that indeed CCR4 enhanced, whereas CCR7 potentially
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even impaired antigen recognition in draining lymph nodes,
which might explain why the treatment efficacy of the lymph
node batch appeared to be largely conferred by CCRA4.
Lastly, because CCR4 and CCR6 both conferred increased
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«Fig.4 A Distribution of T cells expressing individual chemokine
receptors or chemokine receptor combinations from the tumor-hom-
ing batch in tumor and tumor-draining lymph nodes. B Distribu-
tion of T cells expressing individual chemokine receptors from the
lymph node-homing batch in tumor and tumor-draining lymph node.
C Survival of MC38-ova tumor-bearing mice treated with CCR4-
transduced, CCR7-transduced or control-transduced OT-1 T cells or
left untreated. D Normalized PD-1 expression of CCR4, CCR6 and
CCR7-transduced T cells 4 days post injection in tumor (Left) and
draining lymph node (Right). E Survival of MC38-ova tumor-bearing
mice treated with CCR4-, CCR6-, CCR4/CCR6 double-transduced
or control-transduced OT-1 T cells. F Survival of MC38-ova tumor-
bearing mice treated with CCR4-, CCR6- or control-transduced T
cells (all conducted experiments). Data in A and B are representa-
tive of two independent experiments. Data in C, D and E are pooled
from two to three independent experiments. Significances for sur-
vival experiments in C, E and F were calculated using log-rank test.
Significances in D were calculated as #-test against the fixed value 1.
*=p<0.05, **=p<0.01, ***=p<0.001, 50.000 (4C), 100.000 (4E)
and 65.000 (4F) OT-1 T cells were transferred on average

therapeutic efficacies, we tested whether co-transduction of
these two chemokine receptors improves anti-tumor efficacy
(Fig. 4E). However, we could not detect a synergistic effect.
Single-chemokine receptor transduced T cells with CCR4 or
CCR6 both led to longer median survival than CCR4/CCR6
double-transduced T cells. Since CCR6 transduced T cells
showed increased PD-1 expression in the tumor and CCR4
transduced T cells in draining lymph nodes (Fig. 4D), one
possible reason why this combination approach did not work
was that CCR4/CCR6 double-transduced T cells become
exhausted by additive PD-1 upregulation via CCR4 and
CCR6. Indeed, when analyzing PD-1 expression in draining
lymph nodes late after infusion, we found CCR4/CCR6 dou-
ble-transduced T cells to express significantly higher levels
of PD-1 than CCR6 transduced T cells (Supp. Figure 3B).
Combining data from all conducted experiments, CCR6-
transduced T cells significantly and CCR4-transduced T
cells almost significantly (p =0.0505) prolonged survival
compared to control-transduced T cells (median survival
of 47 and 44.5 vs. 33 days, respectively). Thus, it appears
that both tumor- and tumor-draining lymph node targeting
of T cells can improve therapeutic efficacy of adoptive T
cell therapy. However, at least for lymph node targeting, it
appears that additional factors beyond simple organ enrich-
ment must be considered in order to identify a therapeuti-
cally active chemokine receptor.

Discussion

Lack of migration of effector immune cells into solid tumors
is a crucial bottleneck for adoptive T cell therapy. Engineer-
ing T cells with chemokine receptors can overcome this
limitation. However, so far, no successful strategy using

chemokine receptor transduced T cells has been approved
for therapy in humans.

In this study, we characterized different homing patterns
for each chemokine receptor. Over time the organ distri-
bution of engineered T cells will be influenced by factors
other than homing, such as proliferation. Therefore, we
assessed homing patterns at day 4 post injection, an early
time point at which we believe organ distribution will largely
be influenced by homing. We identified chemokine receptors
that improved homing into tumor or tumor-draining lymph
nodes. So far, pre-clinical studies have largely focused on
chemokine receptors that increase homing directly into the
tumor. However, one could imagine that migration into
tumor-draining lymph nodes, the side with most cells with a
stem-cell like phenotype [20], could confer better anti-tumor
efficacy. In our screen, we found two chemokine receptors
to very specifically direct T cells into tumor-draining lymph
nodes: CCR4 and CCR7.

At first sight, it is surprising that CCR7 expression leads
to preferential recruitment to the draining lymph node, as the
ligands CCL19 and CCL21 are thought to show homeostatic
expression in all lymph nodes [29]. CD8* T cells endoge-
nously express chemokine receptors that lead to homing into
activated lymph nodes such as CXCR3 [14, 30]. Thus, we
suspect that expression of CCR7 might increase the dwell
time in lymph nodes in general, but additional, endogenously
expressed receptors lead to preferential accumulation in
tumor-draining lymph nodes.

Despite remarkably similar homing patterns, only CCR4-
transduced T cells were responsible for the observed treat-
ment effect of the lymph node batch. We hypothesized that
it might be crucial which cell type expresses the attracting
chemokine in the lymph node. CCR4 ligands are predomi-
nantly expressed by dendritic cells [27], while CCR7 ligands
are expressed by stromal cells [31]. Fitting this hypothesis,
CCR4 and CCRY7 transduced T cells showed clearly dis-
tinct expression of PD-1 on day 4 post injection. This early
after injection, high PD-1 expression is unlikely to be a sign
of exhaustion, but rather suggests recent antigen receptor
signaling [32]. While CCR4 showed the most significant
upregulation of PD-1 of all tested chemokine receptors in
draining lymph nodes, CCR7 showed lower than average
expression of PD-1. In our screen, all chemokine receptors
showing increased PD-1 expression on day 4 post infection
either match chemokines secreted by dendritic cells (CCRS,
CXCR3) [30, 33] or respond to chemokines that also attract
dendritic cells (XCR1). The ligands for CCR7, however,
are predominantly expressed by fibroblastic reticular cells
in lymph nodes [31]. Thus, once in the lymph node, CCL19
and CCL21 might, in fact, lead T cells away from antigen-
presenting cells, while CCR4 enhances interaction with den-
dritic cells in part via increasing the affinity of LFA-1 [13].
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Concerning the tumor-homing batch, we asked whether
transduction with multiple chemokine receptors that direct
T cells into the tumor might increase functionality. How-
ever, we could not observe such a synergistic effect. Instead,
overexpression of CCR6 in the MC38-ova model was suf-
ficient and even superior over T cells co-transduced with
other tumor-homing receptors. This might be due to vari-
ous reasons. Potentially, transduction with multiple recep-
tors decreases fitness of the transduced T cells. In this case,
generating strategies that rely on expression of receptors via
alternative delivery methods, such as CRISPR/Cas9 editing
might improve efficacy [34, 35]. Alternatively, co-expression
of two or more chemokine receptors could lead to immediate
immigration at the expense of maintaining a pool of stem-
like cells in the secondary lymphoid organs, which could
lead to decreased persistence over time.

Last, we assessed whether a combination of the best
tumor- and lymph node-homing chemokine receptors
might show a synergistic effect. However, co-transduction
of CCR4 and CCR6 was not superior over single transduc-
tions, again suggesting that engineering of T cells with one
high-quality receptor provides better efficacy than co-trans-
ductions. An additional reason for decreased functionality of
multiple-transduced cells may be a synergistic PD-1 induc-
tion dependent on different chemokine receptors: CCR6
showed increased PD-1 expression in the tumor and CCR4
in draining lymph nodes. We found CCR4/CCR6 double-
transduced T cells to express higher levels of PD-1 than
CCR6-transduced T cells in endpoint analyses, suggesting
that double-transduced T cells might have an increased risk
of undergoing T cell exhaustion.

Our study is the first to assess the potential of all murine
chemokine receptors to influence homing of CD8" T cells in
tumor-bearing mice. Our data indicate that equipment of T
cells with one high-quality chemokine receptor is sufficient
for enhancing the therapeutic potential of adoptively trans-
ferred T cells into solid tumors. Transduction with CCR6,
a chemokine receptor known to recruit immunosuppres-
sive myeloid cells and Treg into the tumor [36], showed the
best efficacy. The efficacy of CCR6-transduced T cells for
immunotherapy has only been studied in xenograft mod-
els, where the tumor xenograft is the only source of CCR6
ligands [37, 38]. Furthermore, we could show that direct-
ing T cells into the tumor-draining lymph node via CCR4
can enhance therapeutic efficacy. However, the success of
directing tumor-reactive T cells into draining lymph nodes
likely depended on the cell type releasing the attracting
chemokine, as CCR7-transduced T cells showed similar
homing but no therapeutic effect.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00262-023-03472-w.
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