














Figure 5 CD8" T-cell infiltration into 3D melanoma spheroids. Co-culture of 3D tumor spheroids of cells obtained from surgical
resection of melanoma and peripheral blood mononuclear cell (PBMC). Cells grew together in reduced growth factor Matrigel.
The spheres and PBMC were either not treated or treated with anti-PD-L1 («PD-L1) or small-molecule inhibitor 69. The CD8*
T-cell infiltration (green) was evaluated 72 hours after co-culture by confocal microscopy. Scale bar=100 pm. MFI, mean
fluorescence intensity; PBS, phosphate buffered saline; PD-L1, programmed cell death ligand 1; 3D, three-dimensional.

with the small-molecule inhibitor 69 exhibited a response
similar to atezolizumab that was used as the clinically rele-
vant control (figure 6B-E). Moreover, only slight body
weight changes were registered during the study, relative
to the mouse initial body weight, which is an important
indication for a potential absence of systemic toxicity
(figure 6F). At the day 30 the animals were euthanized to
characterize the TME by FACS analysis. The tumor growth
was directly correlated with PD-L1 levels, as the decrease
in PD-L1 was associated with the reduced tumor volumes.
These results were accompanied by a higher infiltration
of T cells (figure 6G). In addition, a significant increase
on cytotoxic CD8" tumor-infiltrating lymphocytes was
induced by the small molecule treatment (p<0.001),
while the levels of the regulatory T cells (Treg) were
significantly lower than the ones quantified in the tumors
of the atezolizumab-treated mice (figure 6G).

DISCUSSION

The discovery of small molecules as immune checkpoint
inhibitors has been suggested as a promising approach to
overcome the limitations of currently available therapeu-
tics. However, they are technically difficult to identify and
assess. Together with a challenging design, the limited
structural elucidation of the targets has been compro-
mising the development of PD-1/PD-L1 small-molecule
inhibitors. Before 2015, no human PD-1/PD-L1 X-ray
structure was resolved and the murine form does not
allow the assessment of the extent of plasticity or inter-
actions established with the PD-L1.”® In the last years,
several human PD-1 and PD-L1 X-ray structures have
been resolved to expose the murine/human structural
differences within the binding modes between proteins,
as well as the plasticity in the complex formation.” The
advances in PD-1/PD-L1 structural characterization
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Figure 6 PD-1/PD-L1 small-molecule inhibitor recruits cytotoxic CD8 T cells into the tumor microenvironment. (A) Timeline
(days) of tumor inoculation and treatments. (B-C) Tumor growth curve of PD-1 humanized mice implanted with MC38 cell line
expressing humanized PD-L1. Animals were treated with small-molecule inhibitor 69 and atezolizumab (10 mg/kg intraperitoneal
for 10 daily doses days 12-21 or three times per week days 12-21. N=6 mice. (D) Mice individual tumor volumes (mm?) at
endpoint day (Day 30). P values correspond to tumor volume at day 30 after the tumor inoculation. (E) Representative tumor
images of each treatment group (vehicle, atezolizumab, SM 69). (F) Mice individual body weight change, expressed as per cent
change from the day 1 of treatment. N=6 mice per group. (G) Tumor-infiltrating lymphocytes, regulatory T cells (Treg), and PD-1/
PD-L1 quantification. Tumors cells were isolated on day 30 after the tumor inoculation. The quantification was performed by
flow cytometry. Data are presented as mean+SD, N=3 mice. Statistical analysis: one-way analysis of variance and Tukey’s post
test. FACS, fluorescence-activated cell sorting; PD-1, programmed cell death protein 1; PD-L1, PD ligand 1; SM 69, small-
molecule inhibitor 69.

anticipated an astonishing progress on the develop-
ment of small-molecule inhibitors. However, the design
of inhibitors directly targeting the PD-1/PD-LI inter-
action interface has been limited by the larger, hydro-
phobic, and flat interface between proteins without deep
binding pockets. Recently, different X-ray structures of

PD-L1 with a class of small-molecule inhibitors have been
resolved.” * BMS compounds were the first non-peptide-
based compounds able to inhibit the PD-1/PD-L1 interac-
tion, however, they are reported as compounds with poor
drug-like properties.”” In general, these inhibitors bind to
PD-L1 leading to a deep cylindrical, hydrophobic pocket
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created by the interface of two monomers (figure 1A).
These structures provided the perfect starting point for a
rational structure-based drug design approach.

Here we reported a successful in silico approach that
guided us through a rational design of PD-1/PD-L1
small-molecule inhibitors based on the structural infor-
mation reported. In silico studies (structure-based virtual
screening using molecular docking) led to the selection
of 95 virtual hits presenting good spatial fitting within the
PD-L1 pocket, high score values, key interaction to pocket
residues, as well as good ADMET (administration, distri-
bution, metabolism, excretion, and toxicity) properties.
The hit validation achieved 16 (17%) compounds using
a standard biochemical fluorescence-based PD-1/PD-L1
binding assay. Looking into our rational, we expected
that the validated hits would bind to PD-L1 similarly to
the BMS inhibitors. The compound-binding to PD-L1
was confirmed by the stabilizing effect observed by DSF
(figure 3A) and by WaterLOGSY NMR experiment™ *' for
the most promising small-molecule inhibitor 69 (online
supplemental figure 5).

As we moved forward in this discovery of new small-
molecule inhibitors towards the characterization of their
biological effect, we realized that the type of assays already
developed and available to validate the effect of PD-1/
PD-L1 small-molecule inhibitors are highly limited. These
experiments make use of the biochemical assays on hit
validation and/or engineered cells to artificially express
PD-L1.**® Here, we applied those biochemical assays to
first validate out small molecule hits, but we decided to
further evaluate the compounds’ activity exploiting our
2D and 3D models based on naturally expressing PD-L1
cells. Initially, two different types of human cancer cell
lines (breast cancer and melanoma) were thus selected to
perform the in vitro studies looking at the impact of our
hit compounds on the PD-L1/PD-1 interaction. The basis
for cell line selection was the remarkable results obtained
in highly immunogenic tumors, as melanoma,” ** and
the exciting outcomes in the treatment of other tumors
reported as poorly immunogenic, such as breast cancer.”
The in vitro studies showed that our PD-L1 binding small
molecules were able to considerably impact PD-L1 levels
in both breast cancer (MDA-MB-231) and melanoma
(A375) cell lines. In contrast, a less meaningful effect
was observed using the BMS202 small-molecule inhibitor
(figure 3E). Therefore, this compound was not used in
our subsequent ex vivo and in vivo studies, since it has
poor drug-like properties® and its effect on PD-1,/PD-L1
interaction was not pronounced.

To further address the ultimate role of the most prom-
ising small-molecule inhibitors in T-cell activation, we
developed 2D and 3D co-culture studies of paired matched
patient-derived tumor cells and PBMC. The close collabo-
ration with two hospitals (the national oncology hospital
Instituto Portugués de Oncologia Lisboa and Hospital de Santa
Maria) allowed us to get freshly isolated samples from
patients with cancer (under approved IRB UC/1310 and
1085/13). Only tumor cells and PBMC of the same patient

were co-cultured to ensure that an HLA-mismatch reac-
tion did not occur, as well as to overcome the subsequent
unspecific T-cell activation. In contrast to tumor cell lines,
patientspecific model systems are proving to be a most
valuable tool in the field of immuno-oncology due to the
inherent diversity of the disease and the multifactorial
nature of T cell-mediated tumor destruction.”” In these
experiments, it was possible to provide a proof of concept
that samples treated with the most promising PD-1/PD-L1
inhibitor could activate T cells by inhibiting this pathway
(figure 4B-F). Besides, the co-culture of 3D melanoma
spheroids and PBMC demonstrated the capacity of small
molecules to promote T-cell infiltration (figure 5). The
higher levels of T-cell infiltration may be explained by the
possibility offered by small molecules, as opposed to anti-
bodies, to target PD-L1 of distinct sources and locations.
Recently, several studies have demonstrated that there are
different cellular sources for PD-L1 (eg, dendritic cells, or
tumor infiltrating lymphocytes), in addition to intracel-
lular PD-L1 that antibody-based drugs cannot target.”***
Thus, using a small-molecule approach, ‘any’ PD-L1 can
be targeted despite its cellular or cytoplasmic location.
This is one of the most significant advantages of small
molecules over monoclonal antibodies.

Finally, to extend the clinical relevance of our ex vivo
findings, we have tested the small-molecule inhibitor
using a human-relevant in_wvivo model. Accordingly,
humanized PD-1 mice developed by inserting a chimeric
PD-1 with a human extracellular domain in the mouse
PD-1 locus,43 were implanted with the colorectal cancer
MC38 cells expressing the human PD-L1 (figure 6A). This
study showed that our small molecule-controlled tumor
growth at the same level as the clinically relevant control,
atezolizumab (figure 6B,C). The immunophenotyping of
the tumors also revealed that mice treated with the small-
molecule inhibitor 69 presented higher infiltration of
CD3" T cells and recruited a significant number of cyto-
toxic T lymphocytes (CTL) (figure 6G). In addition, the
mice treated with the small-molecule inhibitor recruited
fewer Treg when compared with animals treated with
atezolizumab contributing to a slighter immunosuppres-
sive TME (figure 6G). Taken together, our results demon-
strate that the compound 69, exhibiting the phenanthrene
scaffold, inhibits the PD-1/PD-L1 interaction, leads to
the activation of T-cell function, and ultimately recruits
CTL to the TME, which resulted in a strong control of
tumor growth. Although small molecules usually need to
be regularly administrated or at higher concentrations
when compared with monoclonal antibodies, our small-
molecule inhibitor induced an overall effect on tumor
growth and related T-cell activation equal to or higher
than the clinically-relevant oPD-L1 (atezolizumab), on its
administration at the same dose and by the same admin-
istration route. Our findings showed that small molecules
can be effective as monoclonal antibodies, but addition-
ally allow a considerably higher infiltration of CTL into
the tumor, supporting the promising clinical translation
of these small-molecule candidates.
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CONCLUSIONS

There are different immune checkpoint modulators
currently in clinical use that have revolutionized cancer
therapy. Despite their remarkable clinical outcomes, low
response rates, adverse effects, and acquired resistance
suggest that the full potential of the immune checkpoint
blockade has yet to be fulfilled.

Through this work, we were able to highlight and
demonstrate on 2D and 3D ex vivo multicellular mela-
noma and breast cancer models and in vivo that the of
use PD-1/PD-L1 small-molecule inhibitors may present
unique advantages over monoclonal antibodies currently
used in the clinic. Our results showed that our small
molecule drug candidates inhibit the PD-1/PD-L1 inter-
action, and lead to the activation of T cells. The possi-
bility of immune checkpoint modulation following a
small molecule-based approach can revolutionize immu-
notherapeutic approaches by overcoming some of the
monoclonal antibody limitations, such as limited TME
diffusion, in addition to targeting other cellular sources of
PD-LI that are critical to achieve better clinical outcomes.
Besides, small molecules are generally less expensive to
produce, making them accessible to many. Therefore,
these small-molecule drug candidates are promising tools
and potential off-the-shelf products to enhance immune
checkpoint clinical outcomes.

Author affiliations

'Research Institute for Medicines (iMed.ULisboa), Faculty of Pharmacy, Universidade
de Lisboa, 1649-003 Lisbon, Portugal

2Department of Physiology and Pharmacology, Sackler Faculty of Medicine, Tel Aviv
University, Tel Aviv 6997801, Israel

%Unidade de Investigagéo em Patobiologia Molecular (UIPM) do Instituto Portugués
de Oncologia de Lisboa Francisco Gentil EPE 1099-023, Lisbon, Portugal

“Instituto de Investigacion Sanitaria La Fe, 46026 Valencia, Spain

SInstituto de Medicina Molecular — Jodo Lobo Antunes, Faculdade de Medicina,
Universidade de Lisboa, 1649-028 Lisbon, Portugal

8Servico de Cirurgia do Instituto Portugués de Oncologia de Lisboa Francisco Gentil
EPE, 1099-023 Lisbon, Portugal

7Servigo de Ortopedia, Centro Hospitalar Universitario Lisboa Norte, 1649-028
Lisbon, Portugal

8 aboratory of Pharmaceutical Chemistry, Faculty of Pharmacy, University of
Coimbra,Centre for Neuroscience and Cell Biology, 3000-548 Coimbra, Portugal
%Servico de Oncologia Médica, Centro Hospitalar Universitario Lisboa Norte, 1649-
028, Lisbon, Portugal

“’Sagol School of Neurosciences, Tel Aviv University, Tel Aviv 6997801, Israel

Twitter Rita C. Aclrcio @ritaacurcio, Ronit Satchi-Fainaro @RSFlab and Helena F.
Florindo @FlorindoLab

Contributors RCA performed the in silico studies, the PD-1/PD-L1 binding
assay, as well as all in vitro, ex vivo and in vivo experiments. SP helped with the
three-dimensional spheroid experiments. BC helped with the animal experiments.
AB and AF performed the confocal microscopy experiments. MP, SC, VF, JB and
LC contributed with the patient-derived tissues. NG-C and LP-C performed the
WaterLOGSY NMR experiment. APL helped with the DSF assay. LG and JARS
critically advised and contributed in interpreting the results. RCA, RS-F, RCG and
HFF conceived and designed the experiments, analyzed the data and wrote and
revised the manuscript. RS-F, RCG and HFF act as guarantors, being responsible
for the overall content of this manuscript. All the authors commented on the
manuscript.

Funding BC and RCA are supported by the Fundagéo para a Ciéncia e a
Tecnologia, Ministério da Ciéncia, Tecnologia e Ensino Superior (FCT-MCTES) (PhD
grants PD/BD/128238/2016 (RCA) and SFRH/BD/131969/2017 (BC)). The authors

thank the funding received from the European Structural & Investment Funds
through the COMPETE Programme and from National Funds through FCT under

the Programme grant LISBOA-01-0145-FEDER016405 - SAICTPAC/0019/2015

(HF and RCG). HFF and RCA received additional support from FCT-MCTES
(UIDB/04138/2020, PTDC/BTM-SAL/4350/2021 and UTAPEXPL/NPN/0041/2021;
EXPL/MED-QUI/1316/2021, respectively). The MultiNano@MBM project was
supported by The Israeli Ministry of Health, and FCTMCTES, under the frame

of EuroNanoMed-II (ENMed/0051/2016; HF and RS-F). HF and RS-F thank the
generous financial support from ‘La Caixa’ Foundation under the framework of the
Healthcare Research call 2019 (NanoPanther; LCF/PR/HR19/52160021), as well as
Caixalmpulse (Co-Vax; LCF/TR/CD20/52700005). MP thanks the financial support
from Liga Portuguesa Contra o Cancro — Nucleo Regional do Sul and ‘iNOVA4Health
— UIDB/04462/2020’, a program financially supported by Fundagao para a Ciéncia
e Tecnologia/Ministério da Educacéo e Ciéncia. RS-F thanks the following funding
agencies for their generous support: the European Research Council (ERC)
Advanced Grant Agreement No. (835227)-3DBrainStrom, ERC PoC Grant Agreement
no. 862580 — 3DCanPredict, The Israel Science Foundation (Grant No. 1969/18),
The Melanoma Research Alliance (MRA Established Investigator Award n°615808),
the Israel Cancer Research Fund (ICRF) Professorship award (n° PROF-18-682), and
the Morris Kahn Foundation.

Competing interests RS-F is a Board Director at Teva Pharmaceutical Industries.
All other authors declare that they have no competing interests.

Patient consent for publication Not applicable.

Ethics approval We have complied with all relevant ethical regulations regarding
the use of human research participants. The studies were approved by the Medical
Ethical Committee of the Instituto Portugués de Oncologia de Lishoa Francisco
Gentil E.P.E. (UC/1310) and Hospital de Santa Maria (1085/13). Peripheral blood
and tumor tissues were obtained from patients with a confirmed diagnosis of
melanoma, breast, and lung cancer. The written informed consent was obtained
from all patients. Participants gave informed consent to participate in the study
before taking part.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement All data relevant to the study are included in the
article or uploaded as supplementary information.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs

Leonor Puchades-Carrasco http://orcid.org/0000-0003-0340-7458
Ronit Satchi-Fainaro http://orcid.org/0000-0002-7360-7837

Rita C. Guedes http://orcid.org/0000-0002-5790-9181

Helena F. Florindo http://orcid.org/0000-0002-4006-5840

REFERENCES

1 Pardoll DM. The blockade of immune checkpoints in cancer
immunotherapy. Nat Rev Cancer 2012;12:252-64.

2 Topalian SL, Drake CG, Pardoll DM. Immune checkpoint blockade:
a common denominator approach to cancer therapy. Cancer Cell
2015;27:450-61.

3 Kamphorst AO, Ahmed R. Manipulating the PD-1 pathway to
improve immunity. Curr Opin Immunol 2013;25:381-8.

4 Pauken KE, Wherry EJ. Overcoming T cell exhaustion in infection
and cancer. Trends Immunol 2015;36:265-76.

5 Wei SC, Levine JH, Cogdill AP, et al. Distinct cellular mechanisms
underlie anti-CTLA-4 and anti-PD-1 checkpoint blockade. Cell
2017;170:1120-33.

14 Acurcio RC, et al. J Immunother Cancer 2022;10:2004695. doi:10.1136/jitc-2022-004695

"ybBuAdoo Aq paloalold 1sanb Aq Zzoz ‘Sz Jaquiardas uo /wod g only:dny woiy papeojumod ‘220z AINC TZ U0 §69t00-2202-0M/9STT 0T Se paysignd 1sii) :Jsoued Jayjountiw| ¢


https://twitter.com/ritaacurcio
https://twitter.com/RSFlab
https://twitter.com/FlorindoLab
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0003-0340-7458
http://orcid.org/0000-0002-7360-7837
http://orcid.org/0000-0002-5790-9181
http://orcid.org/0000-0002-4006-5840
http://dx.doi.org/10.1038/nrc3239
http://dx.doi.org/10.1016/j.ccell.2015.03.001
http://dx.doi.org/10.1016/j.coi.2013.03.003
http://dx.doi.org/10.1016/j.it.2015.02.008
http://dx.doi.org/10.1016/j.cell.2017.07.024
http://jitc.bmj.com/

6

10

11

12

20

21

22

23

24

25

Brahmer JR, Tykodi SS, Chow LQM, et al. Safety and activity of
anti-PD-L1 antibody in patients with advanced cancer. N Engl J Med
2012;366:2455-65.

Sonpavde G. PD-1 and PD-L1 inhibitors as salvage therapy for
urothelial carcinoma. N Engl J Med 2017;376:1073-4.

Page DB, Postow MA, Callahan MK, et al. Immune modulation in
cancer with antibodies. Annu Rev Med 2014;65:185-202.

Baldo BA. Adverse events to monoclonal antibodies used for cancer
therapy: focus on hypersensitivity responses. Oncoimmunology
2013;2:e26333.

Michot JM, Bigenwald C, Champiat S, et al. Immune-related adverse
events with immune checkpoint blockade: a comprehensive review.
Eur J Cancer 2016;54:139-48.

Kroschinsky F, Stolzel F, von Bonin S, et al. New drugs, new
toxicities: severe side effects of modern targeted and immunotherapy
of cancer and their management. Crit Care 2017;21:89.

Brahmer JR, Lacchetti C, Schneider BJ, et al. Management of
immune-related adverse events in patients treated with immune
checkpoint inhibitor therapy: American society of clinical oncology
clinical practice guideline. J Clin Oncol 2018;36:1714-68.

Salem J-E, Manouchehri A, Moey M, et al. Cardiovascular

toxicities associated with immune checkpoint inhibitors: an
observational, retrospective, pharmacovigilance study. Lancet Oncol
2018;19:1579-89.

Moslehi JJ, Salem J-E, Sosman JA, et al. Increased reporting of
fatal immune checkpoint inhibitor-associated myocarditis. Lancet
2018;391:933.

Adams JL, Smothers J, Srinivasan R, et al. Big opportunities

for small molecules in immuno-oncology. Nat Rev Drug Discov
2015;14:603-22.

Weinmann H. Cancer immunotherapy: selected targets and small-
molecule modulators. ChemMedChem 2016;11:450-66.

Zhan M-M, Hu X-Q, Liu X-X, et al. From monoclonal antibodies to
small molecules: the development of inhibitors targeting the PD-1/
PD-L1 pathway. Drug Discov Today 2016;21:1027-36.

Barakat K. Do we need small molecule inhibitors for the immune
checkpoints? J Pharma Care Health Sys 2014;01:4-5.

Arlauckas SP, Garris CS, Kohler RH, et al. In vivo imaging reveals a
tumor-associated macrophage-mediated resistance pathway in anti-
PD-1 therapy. Sci Trans/ Med 2017;9.

Molecular Operating Environment (MOE) 2013.08. Molecular
operating environment (VOE) 2013.08, 2013.

Jones G, Willett P, Glen RC, et al. Development and validation of a
genetic algorithm for flexible docking. J Mol Biol 1997;267:727-48.
Abdel-Magid AF. Inhibitors of the PD-1/PD-L1 pathway can mobilize
the immune system: an innovative potential therapy for cancer and
chronic infections. ACS Med Chem Lett 2015;6:489-90.

Guzik K, Zak KM, Grudnik P, et al. Small-molecule inhibitors of the
programmed cell Death-1/Programmed Death-Ligand 1 (PD-1/PD-
L1) interaction via transiently induced protein states and dimerization
of PD-L1. J Med Chem 2017;60:5857-67.

Skalniak L, Zak KM, Guzik K, et al. Small-molecule inhibitors of PD-
1/PD-L1 immune checkpoint alleviate the PD-L1-induced exhaustion
of T-cells. Oncotarget 2017;8:72167-81.

Acurcio RC, Leonardo-Sousa C, Garcia-Sosa AT, et al. Structural
insights and binding analysis for determining the molecular bases for

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

programmed cell death protein ligand-1 inhibition. Medchemcomm
2019;10:1810-8.

Gessani S, Conti L, Del Corno M, et al. Type | interferons as
regulators of human antigen presenting cell functions. Toxins
2014;6:1696-723.

Dijkstra KK, Cattaneo CM, Weeber F, et al. Generation of tumor-
reactive T cells by co-culture of peripheral blood lymphocytes and
tumor organoids. Cell 2018;174:1586-98.

Zak KM, Kitel R, Przetocka S, et al. Structure of the complex of
human programmed death 1, PD-1, and its ligand PD-L1. Structure
2015;23:2341-8.

Zak KM, Grudnik P, Guzik K, et al. Structural basis for small molecule
targeting of the programmed death ligand 1 (PD-L1). Oncotarget
2016;7:30323-35.

Gossert AD, Jahnke W. NMR in drug discovery: a practical guide

to identification and validation of ligands interacting with biological
macromolecules. Prog Nucl Magn Reson Spectrosc 2016;97:82-125.
Raingeval C, Cala O, Brion B, et al. 1D NMR WaterLOGSY as an
efficient method for fragment-based lead discovery. J Enzyme Inhib
Med Chem 2019;34:1218-25.

Qin M, Cao Q, Zheng S, et al. Discovery of [1,2,4]Triazolo[4,3- a]
pyridines as potent inhibitors targeting the programmed cell
death-1/programmed cell death-ligand 1 interaction. J Med Chem
2019;62:4703-15.

Blevins DJ, Hanley R, Bolduc T, et al. In Vitro assessment of putative
PD-1/PD-L1 inhibitors: suggestions of an alternative mode of action.
ACS Med Chem Lett 2019;10:1187-92.

Snyder A, Makarov V, Merghoub T, et al. Genetic basis for clinical
response to CTLA-4 blockade in melanoma. N Engl J Med
2014;371:2189-99.

Sade-Feldman M, Yizhak K, Bjorgaard SL, et al. Defining T cell
states associated with response to checkpoint immunotherapy in
melanoma. Cell 2018;175:998-1013.

D'Abreo N, Adams S. Immune-checkpoint inhibition for metastatic
triple-negative breast cancer: safety first? Nat Rev Clin Oncol
2019;16:399-400.

Rosenberg SA, Restifo NP. Adoptive cell transfer as personalized
immunotherapy for human cancer. Science 2015;348:62-8.

Johnson RMG, Wen T, Dong H. Bidirectional signals of PD-L1in T
cells that fraternize with cancer cells. Nat Immunol 2020;21:365-6.
Yao H, Lan J, Li C, et al. Inhibiting PD-L1 palmitoylation enhances
T-cell immune responses against tumours. Nat Biomed Eng
2019;3:306-17.

Gao Y, Nihira NT, Bu X. Acetylation-dependent regulation of

PD-L1 nuclear translocation dictates the efficacy of anti-PD-1
immunotherapy. Nat Cell Biol 2020:1-12.

Diskin B, Adam S, Cassini MF, et al. PD-L1 engagement on T

cells promotes self-tolerance and suppression of neighboring
macrophages and effector T cells in cancer. Nat Immunol
2020;21:442-54.

Jaccard A, Ho P-C. The hidden side of PD-L1. Nat Cell Biol
2020;22:1031-2.

Avrutskaya A, Sonego F, Hauser J, et al. Abstract LB-063: validation
of humanized PD-1 knock-in mice as an emerging model to evaluate
human specific PD-1 therapeutics. Cancer Res 2019;79:LB-063—-
60.

Acurcio RC, et al. J Immunother Cancer 2022;10:6004695. doi:10.1136/jitc-2022-004695

15

"ybBuAdoo Aq paloalold 1sanb Aq Zzoz ‘Sz Jaquiardas uo /wod g only:dny woiy papeojumod ‘220z AINC TZ U0 §69t00-2202-0M/9STT 0T Se paysignd 1sii) :Jsoued Jayjountiw| ¢


http://dx.doi.org/10.1056/NEJMoa1200694
http://dx.doi.org/10.1056/NEJMe1701182
http://dx.doi.org/10.1146/annurev-med-092012-112807
http://dx.doi.org/10.4161/onci.26333
http://dx.doi.org/10.1016/j.ejca.2015.11.016
http://dx.doi.org/10.1186/s13054-017-1678-1
http://dx.doi.org/10.1200/JCO.2017.77.6385
http://dx.doi.org/10.1016/S1470-2045(18)30608-9
http://dx.doi.org/10.1016/S0140-6736(18)30533-6
http://dx.doi.org/10.1038/nrd4596
http://dx.doi.org/10.1002/cmdc.201500566
http://dx.doi.org/10.1016/j.drudis.2016.04.011
http://dx.doi.org/10.4172/2376-0419.1000e119
http://dx.doi.org/10.1126/scitranslmed.aal3604
http://dx.doi.org/10.1006/jmbi.1996.0897
http://dx.doi.org/10.1021/acsmedchemlett.5b00148
http://dx.doi.org/10.1021/acs.jmedchem.7b00293
http://dx.doi.org/10.18632/oncotarget.20050
http://dx.doi.org/10.1039/C9MD00326F
http://dx.doi.org/10.3390/toxins6061696
http://dx.doi.org/10.1016/j.cell.2018.07.009
http://dx.doi.org/10.1016/j.str.2015.09.010
http://dx.doi.org/10.18632/oncotarget.8730
http://dx.doi.org/10.1016/j.pnmrs.2016.09.001
http://dx.doi.org/10.1080/14756366.2019.1636235
http://dx.doi.org/10.1080/14756366.2019.1636235
http://dx.doi.org/10.1021/acs.jmedchem.9b00312
http://dx.doi.org/10.1021/acsmedchemlett.9b00221
http://dx.doi.org/10.1056/NEJMoa1406498
http://dx.doi.org/10.1016/j.cell.2018.10.038
http://dx.doi.org/10.1038/s41571-019-0216-2
http://dx.doi.org/10.1126/science.aaa4967
http://dx.doi.org/10.1038/s41590-020-0599-3
http://dx.doi.org/10.1038/s41551-019-0375-6
http://dx.doi.org/10.1038/s41590-020-0620-x
http://dx.doi.org/10.1038/s41556-020-0568-y
http://dx.doi.org/10.1158/1538-7445.AM2019-LB-063
http://jitc.bmj.com/

