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BACKGROUND

About 80% of women and men will have been
exposed to human papillomavirus (HPV)
by the age of 45." Persistent infection with
oncogenic HPV increases the cancer risk of
the cervix, vulva, vagina, penis, anus, mouth,
tonsils, and throat.? More than 220 different
HPV types have been characterized,” with
HPV types 16 and 18 the most virulent high-
risk genotypes.4 HPV16 and HPVI8 are
responsible for approximately 60% and 15%
of cervical cancers, respectively.! In addi-
tion, HPV16 is responsible for almost 90%
of HPV" oropharyngeal cancers.” Although
HPV-associated cancers can be reduced with
prophylactic HPV vaccination distributed
since late 2016, existing infections still lead to
new cases each year. In 2018, approximately
690 000 HPV-attributable cancer cases were
newly diagnosed worldwide.® Especially in
low-income countries, HPV-induced cancer
causes a high mortality rate with a poor
prognosis due to the late diagnosis. There-
fore, novel treatment strategies are urgently
needed, especially for patients with advanced
cancer.

T-cell receptor (TCR) gene engineered
T-cell therapy (TCR-T) is emerging as an
effective cancer treatment, especially for solid
tumor.”"’ The E6 and E7 genes of HPV are
constitutively expressed and widelyrecognized
as the primary driving factor for the carcino-
genesis of epithelial cells,11 representing ideal
targets for TCR-T therapy.12 1 Oncoprotein
E6 binds with E6-associated binding protein
(E6AP), allowing it to bind with p53. The
trimeric complex E6/EGAP/p53 leads to the
degradation of p53 and the uncontrolled cell
proliferation.14 E7, on the other hand, binds
to the retinoblastoma tumor suppressor gene

WHAT IS ALREADY KNOWN ON THIS TOPIC

= E6 and E7 oncoproteins are considered ideal an-
tigens of T-cell therapy for human papillomavirus
(HPV)-related cancers.

WHAT THIS STUDY ADDS

= E6,,,,, (TTLEQQYNK, TTL) and E7,,,, (IVCPICSQK,
IVC), two novel HLA-A*11:01-restricted T-cell epi-
topes of HPV16, were identified. TTL-specific and
IVC-specific T-cell receptor (TCR)-engineered T cells
specifically recognized and killed corresponding
HLA-A*11:01 and E6/E7 double-positive tumor cells

in vitro and in vivo.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= The epitopes and TCRs identified in this study may
provide a new strategy for HPV-related cancer im-
munotherapy in HLA-A*11:01* patients.

product (pRb), causing its inactivation and
degradation.15 Consequently, the E6 and E7
oncoproteins are, in principle, ideal targets
for T cell therapy of HPV-associated cancers
since they are constitutively expressed by
tumor cells and absent from healthy tissues.
Different HPV epitopes have been targeted
with TCR gene-engineered T cells."™"™® Tt
was reported that the TCR gene engineered
T cells that recognized human leukocyte
antigen (HLA)-A*02:01-restricted epitopes
of HPV16 E6 (E6,, )" or E7 (E7,_ )%
can successfully target HPV' tumor cells.
Furthermore, both TCRs are currently under
investigation in clinical trials.”! ** In the clin-
ical trial of E7 = TCR-T cells for patients
with  metastatic HPV-associated cancers
(NCT02858310), robust tumor regression
was observed with objective clinical responses
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in 6 of 12 patients, including 4 of 8 patients with anti-PD-1
refractory disease.*

Specific T-cell recognition of tumor cells requires T-cell
epitopes presented in the context of major histocompat-
ibility complex (MHGC, also known as HLA in humans)
class I or MHC class 1I molecules.® 2* Therefore, iden-
tifying T-cell epitopes is crucial for developing effective
immunotherapies, including T cell therapy and ther-
apeutic vaccines. HLA-A*02:01-restricted epitopes of
HPV16 E6 (E6,, ,) and E7 (E7 ) have been intensively
investigated before developing specific TCR-T under
clinical trials.**” While HLA-A*02:01 is dominant in the
Caucasian population, HLA-A*11:01 is also one of the
most prevalent HLA types worldwide, especially in Asia.”®
However, HLA-A*11:01-restricted epitopes of HPV16 E6
and E7 and their specific TCRs are poorly investigated.

Thus, we set out to identify HLA-A*11:01-restricted
HPV16 E6 and E7 T-cell epitopes. This study identified
two novel HLA-A*11:01-restricted HPV16 epitopes, E6,,
o1 (TTLEQQYNK, TTL) and E7,, . (IVCPICSQK, IVC).
Using in silico and experimental methods, we demon-
strated that both epitopes were endogenously processed
and presented on HPV' tumor cells, suggesting that they
are promising targets for immunotherapies. We also
showed that TTL-specific and IVC-specific TCR-Ts have
therapeutic potential for clinical development against
HPV-related cancers.

METHODS

Cell lines and plasmids

Cell lines were cultured in Roswell Park Memorial Insti-
tute (RPMI)-1640 (T2 and J.RT3-T3.5), or DMEM (293T,
CaSki, and SCC90) or MEM (SK-MEL-28), supplemented
with 10% Fetal Bovine Serum (Lonsera) and 1% peni-
cillin/streptomycin  (Life Technologies). T2, 293T,
SK-MEL-28, and J.RT3-T3.5 cell lines were purchased
from American Type Culture Collection (ATCC)CaSki
and SCCI0 cell lines were purchased from CTCC. CaSki is
an HPV16" cervical cancer cell line. SCC90 is an HPV16"
head and neck squamous cell carcinoma cell line. All cell
lines used in the experiments were mycoplasma-free.

HPV16 E6, HPV16 E7, and HLA-A*11:01 heavy chain
genes were synthesized and constructed into pLKO.1puro
(addgene 8453) lentiviral vectors under EF-1o. promoter.
P2A-linked GFP was used as the reporter gene.

The J.RT3-T3.5 cell line was used to generate Jurkat-
CDS8-NFAT (JK8NF) reporter cell line. First, |.RT3-T3.5
cells were transduced with lentiviral particles carrying the
pLenti-human CD8 (hCD8) transfer plasmid and sorted
by FACS based on high CD8 expression (Jurkat-CD8
cells). Next, the Jurkat-CD8 cells were transduced with
lentiviruses encoding the nuclear factor of activated T
cells (NFAT)-inducible ZsGreen reporter genes.” Finally,
JK8NF clones were selected based on a strong ZsGreen
signal following Phorbol-12-myristate-13-acetate (PMA)/
ionomycin stimulation.

Flow cytometry

Staining of cell surface proteins was done by incubating
the diluted antibodies for 15 min on ice. The following
fluorochrome-labeled antibodies: Fluorescein Isothiocy-
anate (FITC) anti-human CD3 (clone UCHT1), FITC/
Pacific Blue anti-human CD8a (clone HIT8a), APC anti-
mouse TCRp chain (clone H57-597), and PE/Cyanine7
anti-human CD45 (clone 2D1) were purchased from
BioLegend. Phycoerthrin (PE)-streptavidin was purchased
from BD Biosciences, and purified anti-MHC class I anti-
body (clone W6/32) was purchased from BioLegend.
PE-labeled tetramers were produced in-house. All anti-
bodies and tetramers were used at 1:100 dilution. Data
were quantified using BD FACSAria III flow cytometer
(BD Biosciences) and CytoFLEX S (Beckman Coulter)
and analyzed with FlowJo V.10 and CytExpert software.

In silico prediction of peptide ligands

Peptide binding affinity for HLA-A*11:01 was predicted
using netMHC4.0 or netMHCpan-4.1. Nonamer/
decamer peptides were ranked by predicted affinity (cut-
off <5600 nM), and the selected peptides were synthesized
by GenScript (Jiangsu, China). Homologous peptides in
human proteome were predicted using Expitope V.2.0*
with default parameters (the cleavage threshold=0.7, the
transporter associated with antigen processing (TAP)
weight=0.2, the combined score threshold=1e-4). All
peptides with three or fewer mismatches were searched.
Moreover, peptides with four mismatches that also
contained the motifs ‘xxLxxxYNK’ or ‘xVxPIxxxK’ were
searched. Peptides with HLA-A*11:01 binding affinity of
<5000 nM were synthesized by GenScript.

Generation of dendritic cells (DCs)

Peripheral blood mononuclear cells (PBMCs) of HLA-
A*11:01-positive, healthy donors were isolated by density-
gradient centrifugation from buffy coats (Guangzhou
Blood Center) and cryopreserved. CD14" cells were
obtained by magnetic separation (BioLegend) from cryo-
preserved PBMCs to generate DCs.

The CD14" cells were then cultured in complete RPMI-
1640 medium containing 800 IU/mLgranulocyte macro-
phage colony stimulating factor (PeproTech) and 500
IU/mL interleukin (IL)-4 (PeproTech). The cultures
were fed with fresh medium and cytokines every 2—3 days.
Mature DCs were generated by adding 10 ng/mL IL-18,
10 ng/mL IL-6, 10 ng/mL tumor necrosis factor alpha,
and 1 pg/mL PGE2 for 48 hours from day 5.

Generation of peptide-specific T cells

Mature DCs were loaded with 20 pg/mL peptide (TTL,
IVC, LLI, IIL, GTT, AVC, or GIV) and 0.5 mM tris
(2-carboxyethyl) phosphine (to prevent dimerization of
the cysteine residues in the peptides)® ** at 87°C for 2
hours. CD8" naive T cells were enriched from autologous
CD14 cells by negative selection (Stemcell). Isolated
CD8"-naive T cells were cocultured with peptide-loaded
DCs in T-cell medium (TexMACS with 10% human
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serum, 1% penicillin/streptomycin, 60 ng/mL IL-21, 10
IU/mLIL-2, 10 IU/mL IL-7, and 10 IU/mL IL-15). After
7 days, T cells were restimulated with peptide-loaded DCs.
After 14 days, T cells were stained with PE-tetramer and
FITC-CDS8 and analyzed by flow cytometry.

TCR sequencing and cloning

CDS8'tetramer” cells were sorted into 96-well PCR plates by
single-cell sorting. TCR sequences from sorted cells were
obtained by single-cell PCR as previously described.” TCR
sequences were analyzed using the IMGT/V-Quest tool
(http://www.imgt.org/). TCRo/B chains were synthe-
sized by GenScript and cloned into the lentivirus vector
pLKO. The human TCR constant regions were replaced
with murine TCR constant regions modified with inter-
chain disulfide bond and hydrophobic substitution as
previously described.** **

Lentiviral production and transduction
Lentiviral particles used in this experiment were produced
by transient transfection of 293 T cells with target vector
plasmid and packaging plasmids (Addgene) encoding
pMD2G, REV, and RRE (3:1:1:1), and concentrated with
a 100 kD ultrafiltration tube before storage at —-80°C.
JK8NF cells were transduced with lentiviral particles
at a multiplicity of infection (MOI) of 10 to construct
JK8NF-TCR cell lines. Thawed PBMCs were activated with
Dynabeads human T-activator CD3/CD28 (Life Technol-
ogies). The next day, T cells were transduced twice with
lentiviral particles by spinoculation at an MOI of 1 in the
presence of protamine (10 pg/mL). TCR-transduced T
cells were then expanded in RPMI-1640 medium supple-
mented with 10% Fetal Bovine Serum (Gibco) and 200
IU/mL of IL-2. The transduction efficiency was calcu-
lated by staining for mouse TCRf and tetramers.

In vitro evaluation of TCR-transduced cells

For pulsed peptides, 2000 CD8 tetramer” TCR-transduced
T cells were cocultured with 20 000 peptide-pulsed T2-A11
cells. We harvested the supernatants after 18-24 hours
and measured interferon gamma (IFN-y) concentration
by ELISA according to the manufacturer’s instructions
(Invitrogen 887316). For tumor cell lines, 5000 CDS8"te-
tramer’ T cells were cocultured with an equal number
of target cells for 18-24 hours with or without 10 pg/
mL anti-MHC I antibody (clone W6/32). IFN-y produc-
tion was measured via the enzyme-linked immunospot
(ELISpot) assay according to the manufacturer’s instruc-
tions (BD 551849). When the ELISpot plates were dry,
spots were counted automatically using a Bioreader 6000
ELISpotreader (Bio-Sys GmbH).

SK-MEL-28-E6 (SK-E6) and SK-MEL-28-E7 (SK-E7) cell
lysis was evaluated with the xCELLigence real-time cell
analyzer (ACEA Biosciences), which assessed electrical
impedance due to the adherent cells in each well every
15 min until the end of the experiment. Five thousand
CD8tetramer’ TCR-transduced T cells were cocultured
with 5000 target cells in E-plates and monitored for 90

hours. Results are reported as cell index values. CaSki-
All and SCC90-A11 cell lysis were assessed by the fluo-
rescence microscopy. TCR-T cells were cocultured with
target cells for 96 hours at an effector-to-target ratio of
5:1. The fluorescence intensity was analyzed and quanti-
fied by Image J.

In vivo mouse xenograft models

Female immunodeficient NOD/SCID/ILQng/f (NCG)
mice aged 6-8 weeks were purchased from Gemphar-
matech. NCG mice were injected subcutaneously with
1x10” SK-E6 or SK-E7 tumor cells with Matrigel (Corning)
in a single flank. When tumor volume reached 80-100
mm®, 1x10” CD8"tetramer” T cells were administered by
retro-orbital injection. The same dose of total number
of cells calculated based on transfection efficiency was
administered to the non-transduced T cell (TCRneg)
group. At the same time, 50 000 IU IL-2 was administered
to both the experimental and TCRneg groups intra-
peritoneally every 24 hours for 5 days. Tumor size was
measured two times per week with calipers in two perpen-
dicular dimensions, and tumor volumes were calculated
using the formula: volume (mm?®)=lengthxwidth®/2. All
mice were sacrificed at the end of the experiment, and
the tumors were excised and weighed.

For analysis of T-cell infiltration, peripheral blood,
spleen, and tumor samples were collected 7 days after
T-cell injection. Spleen single-cell suspensions were
prepared in PBS by mechanical digestion. The tumor
tissues were dissociated into single-cell suspension by
enzyme digestion (Miltenyi). Red blood cells (RBC)
were lysed using RBC lysis buffer (Biolegend) prior to
staining. The single-cell suspension was stained with PE/
Cyanine7 anti-human CD45, APC-TCRf chain, Pacific
Blue-CD8, FITC-CD3, and PE-tetramer and analyzed by
flow cytometry.

Tumor samples were fixed in 10% neutral-buffered
formalin and embedded in paraffin for sectioning,
followed by antibody staining for human CD3 according
to standard procedures. The sections were imaged using
a Leica Aperio CS2 Slide Scanner. The images were
processed by Aperio ImageScope software.

Patient-derived organoids (PD0Os) models

Tumor organoids derived from eight patients with
cervical cancer were established by K2 Oncology Co. and
cultured in OrganoPro Ultra-Low Adherent Plate for
Suspension Culture-24 Well plate (K2 Oncology, K20S-
24) under the conditions of OrganoPro Cervical Cancer
Organoid Medium Kit (K2 Oncology, K20-M-CC). HLA
typing of organoids was done by Bfrbiotech Co. using
PCR sequencing-based typing. The expression of HPV16
E6 and E7 was analyzed by real-time PCR.

HPV16" PDO KOCC-00284 was transduced with the
HLA-A*11:01-P2A-GFP lentiviral vectors and selected
with 10 pg/mL puromycin for 2 weeks. PDO cells (8x10°)
were cocultured with TCR-transduced T cells or TCRnegs
at an effector-to-target ratio of 1:1 in 96-well plates. After
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72 hours, microscopy images were captured with Leica
DMil, and the supernatant was collected and measured
by IFN-y ELISA kit (BioLegend).

Statistical analysis

D’Agostino-Pearson omnibus or Shapiro-Wilk test was
used to test normality for all datasets with Prism V.8
(GraphPad Software). Differences between the two
groups were compared using a two-tailed unpaired
Student’s t-test with Prism V.8. Two-way analysis of vari-
ance test and Bonferroni multiple comparisons tests were
used to compare the tumor growth curves between TCR-T
and control T cell-treated groups with Prism V.8. EC50
values were determined using a non-linear regression
curve, fit variable slope (four parameters) with Prism V.8.
All data were expressed as mean+SD. P values of <0.05
were considered statistically significant.

RESULTS

Identification of HLA-A*11:01-restricted T-cell epitopes of
HPV16 E6 and E7

The main purpose of this study was to systematically iden-
tify HPV16 E6 and E7 epitopes that could (1) bind to
HLA-A*11:01, (2) induce expansion of specific T cells,
and (3) be presented on HPVI16-positive tumor cells.

We began with in silico prediction of potential HLA-
A*11:01-binding peptides derived from HPV16 E6 and
E7 proteins using the netMHC 4.0 server.”® Based on
whole-genome sequencing, HPVI16 variants are classi-
fied into four major lineages (A—D).37 The A4/Asian
type is commonly classified by the polymorphism T178G
(D25E) in the E6 gene.”™ All peptides except peptide
DII are conserved among four major lineages. Thus,
the peptide EII in A4/Asian type (D>E mutation) was
also included in the in silico prediction. Predicted 9-mer
and 10-mer peptides with HLA-A*11:01 binding affinity
of <500 nM are listed in online supplemental table 1.
These 10 peptides were synthesized and used to produce
HILA-A*11:01 peptide—major histocompatibility complex
(pMHC) tetramers. However, we failed to get correctly
folded pMHC monomers with peptides KIS, DII, and EII
The potential HLA-A*11:01-binding peptides derived
from HPV16 E6 and E7 proteins were later predicted again
with netMHCpan-4.1. Interestingly, the binding affinity of
peptides KIS, DII, and EII predicted by netMHCpan-4.1
was 821.51, 1832.09, and 1022.53 nM. These results indi-
cate that the binding affinity with HLA-A*11:01 of these
three peptides was probably not high enough.

We next used HPV16 E6/E7 peptides shown to bind
with HLA-A*11:01 to stimulate T cells in PBMCs. We used
purified naive CD8" T cells from HLA-A*11:01-positive,
healthy donors as responder cells and autologous peptide-
pulsed monocyte-derived DCs as antigen-presenting cells.
After approximately 14 days in culture, stimulated T cells
were stained with the corresponding tetramers. For each
peptide, at least three healthy donors were tested. The
original percentages of tetramer-positive cells in naive

CD8" T cells from healthy donors were too low to be
detected for all seven peptides (data not shown). After
14 days of peptide stimulation, we could easily detect
TTL, IVC, and LLI-tetramer positive CDS" T cells in 11
out of 13, 11 out of 14 and 3 out of 6 donors, respectively.
However, IIL, GTT, AVC, and GIV tetramer-positive cells
were not detected. The representative tetramer staining
results for each peptide are shown in figure 1A. These
results indicate that TTL, IVC, and LLI derived from
HPV16 E6/E7 successfully stimulated the expansion of
specific T cells in peripheral blood in vitro, indicating
that TTL, IVC, and LLI-specific T-cell clones could be
enriched in healthy donors.

The most crucial criterion for a T-cell epitope is that
the peptide is endogenously processed and presented
on the cell surface.” To investigate whether TTL, IVC,
and LLI from HPV16 E6/E7 were processed in cells,
E6 and E7 overexpressing tumor cell lines were used
as target cells. First, E6 and E7 were separately overex-
pressed in HLA-A*11:01-positive SK-MEL-28 tumor cells.
Then, TTL-specific, IVC-specific, and LLI-specific poly-
clonal T cells were cocultured with E6 and E7 overex-
pressing SK-MEL-28 tumor cells, and secreted IFN-y was
detected by ELISpot. The TAP-deficient T2 cell line was
stably transduced with the HLA-A*11:01 heavy chain (T2-
All). TTL, IVC, and LLI-specific polyclonal T cells all
recognized corresponding peptide-pulsed T2-All cells
(figure 1B). Meanwhile, E6-derived TTL-specific T cells
recognized E6-overexpressing SK-MEL-28 tumor cells,
and E7-derived IVC=specific T cells recognized E7-over-
expressing SK-MEL-28 tumor cells (figure 1B). However,
E6-derived LLI-specific T cells failed to recognize E6-over-
expressing SK-MEL-28 tumor cells. These results indicate
that HPV16 E6-derived TTL peptide and E7-derived IVC
peptide are processed and presented on HLA-A*11:01-
positive tumor cells, making them candidate targets for T
cell-based therapy.

TRAV and TRBV usage of TTL-specific and IVC-specific TCRs
E6-derived TTL and E7-derived IVC peptides were then
used to screen available TCRs for TCR-T cell immuno-
therapy against HPV-associated malignancies. CD8" T
cells isolated from HLA-A*11:01-positive, healthy donors
were stimulated with peptide-pulsed autologous DCs for
approximately 14 days. After stimulation, single CD8"
Tetramer™ T cells were sorted to obtain TCRs. In total,
24 TTL-specific TCRs and 15 IVC-specific TCRs were
obtained from 11 healthy donors.

Biased TCR usage has been reported for many T cell
epitopes.” Here, T-ell receptor alpha-chain variable
region (TRAV) and T-cell receptor beta-chain variable
region (TRBV) usage of TTL- and IVCspecific TCRs
were analyzed. Interestingly, among TTL-specific TCRs,
we found a clear TRAV bias toward TRAV8-2 and TRAV25
and a strong TRBV bias toward TRBV9 (figure 2A).
The clonotype with the highest frequency (9/24) was
TRAVS8-2/TRBVY, as shown in figure 2B. A slight TRBV
bias toward TRBV27 and TRBV19 was observed among
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Figure 1 Identification of HLA-A*11:01-restricted T-cell epitopes of HPV16 E6 and E7. (A) Naive CD8" T cells were isolated

from HLA-A*11:01-positive, healthy donors and stimulated with indicated E6 or E7 peptides. After approximately 14 days

in culture, stimulated T cells were stained with the corresponding tetramer. The representative tetramer staining flow plots

of peptide stimulated CD8* T cells from healthy donors are shown. The underlined number is the percentage of gated
tetramer*CD8" cells. (B) Recognition of SK-MEL-28-E6 (E6") or SK-MEL-28-E7 (E7*) tumor cells by TTL, IVC, and LLI-specific
polyclonal T cells was determined by IFN-y ELISpot. Peptide-pulsed T2-A11 served as positive controls. IFN-y, interferon
gamma; ELISpot, enzyme-linked immunospot; SFU, spot-forming unit.

IVGsspecific TCRs. However, no preferential TRAV
usage was observed for IVC-specific TCRs (figure 2C,D).
Lengths of CDR3a and CDR3f sequences of TTL- and
IVGsspecific clonotypes were also analyzed. For the TTL-
specific TCR repertoire, the most common length of
CDR3o and CDR3P was 13-14 amino acids (figure 2F).
For the IVC-specific TCR repertoire, the most common
length of CDR3o. and CDR3B was 12-13 amino acids
(figure 2F).

Screening of TTL-specific and IVC-specific TCRs based on
functional avidity

To select suitable TCRs for further TCR-T against HPV-
associated malignancies, we evaluated the functional
avidity of all identified TTL- and IVC-specific TCRs. Func-
tional avidity represents T cell sensitivity and activity at
different concentrations of peptide epitope and is an

indicator of the properties of TCR-transduced T cells."!
Therefore, we transduced J.RT3-T3.5, a derivative of the
E6-1 clone of Jurkat that lacks the beta chain of the TCR,
with hCD8 and the NFAT-ZsGreen reporter gene. This
JK8NF reporter cell line enables rapid flow cytometry-
based readout for TCR functional avidity.

Each TCR alpha and beta chain pair in the B-o. order was
cloned into the lentiviral vector pLKO (figure 3A). The
human TCR constant regions were replaced with murine
TCR constant regions to ensure a preferred pairing of trans-
genic TCR chains. The murine constant regions were modi-
fied with a second disulfide bond™ and the LVL hydrophobic
mutations in the TCRo, transmembrane region.” JKSNF cell
lines were transduced with each TCR-expressing lentiviral
vector at an MOI of 10 to maintain similar expression levels
between different TCRs. Figure 3B shows that TTL-specific
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Figure 2 TRAV and TRBV usage of TTL-specific and IVC-specific TCRs. (A,B) TRAV and TRBV usage of TTL-specific TCRs. (A)
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(TCRO13) and IVCspecific (TCR123) TCR transduced
JK8NF cells displayed expression of the murine TCR B-chain
constant region (mTRBC) and binding to corresponding
tetramers. To measure functional avidity, TCR transduced
JK8NF cells were cocultured with T2-Al1 cells pulsed with
titrated concentrations of cognate peptide, and the frequency
of ZsGreen-expressing cells was measured by flow cytometry.
The nonlinear fit curve and mean EC50 of the representative
TTL- and IVCspecific TCRs are shown in figure 3C,D. Both
the TTL- and IVCspecific TCRs we identified showed a wide

range of functional avidity. TTL-specific TCR010 showed the
highest avidity, with a mean EC50 of about 1 nM. TCR095
showed the highest avidity among IVC-specific TCRs, with a
mean EC50 of about 8 nM.

Mapping the critical residues of TTL involved in TCR—-pMHC
interactions

To determine residues critical for HLA binding or
TCR binding, we synthesized peptides with sequential
alanine substitutions of TTL or IVC and tested them for
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TCR, T-cell receptor.

reactivity with different specific T cell clones. As shown
in figure 4A, alanine substitutions of the peptide TTL
at concentrations from 1 nM to 100 nM were tested for
their ability to activate TCR010, TCR013, TCR028, and
TCRO090. Although the TCR-pMHC interaction patterns
differed between these four TCRs, generic features could
be summarized. In the binding of HLA-A*11:01, the
peptide anchor residues are typically located at position
2 (P2) and the C-terminus.* Substitution of the anchor
residue at P9 with alanine significantly weakened activa-
tion of TTL-specific TCRs, probably because this substitu-
tion interfered with the binding of TTL to HLA-A*11:01.
However, substituting the anchor residue at P2 with
alanine did not affect the activation of TTL-specific TCRs.
In addition, alanine substitution at P3, P7, and P8 abol-
ished the peptide’s ability to activate TCR010, TCRO13,

TCRO028, and TCR090. Alanine substitution at P4 and P5
only abolished the peptide’s ability to activate TCRO13,
TCRO028, and TCR090, with nearly no effect on the activa-
tion of TCRO10. Alanine substitutions at P1 and P6 were
well-tolerated.

To further investigate the orientation of TTL and
IVC peptide residues, a 3D model of the TCR-pMHC
complex was made using TCR model® (http://tcrmodel.
ibbr.umd.edu/). The sequence information of TCRs used
in modeling is shown in online supplemental table 2. The
model of TTL-specific TCRO13 and HLA-A*11:01/TTL
complex is shown in figure 4B. Consistent with the classic
anchor residues, the residue P9-Lys was found buried
deep in the peptide-binding groove of HLA-A*11:01. The
residue P3-Leu was also found pointing towards the HLA-
A*11:01 and forming hydrophobic interaction with the
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HLA-A*11:01’s Try99 and Tryl59, indicating that P3 is
the anchor residue. The residue P7-Try also pointed to
the peptide-binding groove of HLA-A*11:01. Therefore,
alanine substitution at P3, P7, and P9 may significantly
impede peptide loading to HLA-A*11:01. In contrast,
the residues P4-Glu, P5-Gln, and P8-Asn were found
pointing toward the CDR loops of TCR013, suggesting
that these residues were essential for the TCR-pMHC
interaction. The models of TTL-specific TCR028 and
TCRO090 also showed similar features, except the model
of TCRO10-pMHC was slightly different with the residue
P7-Try pointing towards the CDR loops of TCRO010
(online supplemental figure 1). According to these
data, the consensus sequence of TTL, which is critical in
TCR-pMHC interaction, was generated as xxLEQxYNK
(figure 4A).

Mapping the critical residues of IVC involved in TCR—-pMHC
interactions

Alanine substitutions of the peptide IVC at concentra-
tions from 10 nM to 1 pM were tested for their ability
to activate TCR095, TCR123, TCR074, and TCRO050
(figure 4C). Substitution of the anchor residue at P2
or P9 with alanine significantly impeded activation of
IVC-specific TCRs, probably because these substitutions
interfered with IVC binding to HLA-A*11:01. Alanine
substitution at P4 or P5 also prevented the peptide from
activating TCR095, TCR123, TCR074, and TCR050.

The 3D model of IVC-specific TCR123 and HLA-
A*11:01/IVC complex is shown in figure 4D. The resi-
dues P2-Val and P9-Lys were found buried deep in the
peptide-binding groove of HLA-A*11:01, indicating both
are the anchor residues. The residues P4-Pro and P5-lle
point toward CDR loops of TCR095, which is consistent
with the alanine scanning, indicating that these resi-
dues are likely involved in the TCR-pMHC interaction.
The models of IVG-specific TCR095, 074, and 050 also
showed similar features (online supplemental figure 2).
Although the side chain of P8-Gln points outward from
the peptide-binding groove, as shown in the 3D model,
the responses of alanine substitution at P8 differed among
the four TCRs, with activation abolished only in TCRO050.
The CDRP loop of TCRO50 was more biased toward the
peptide’s C terminus than the CDRP loop of the other
three TCRs. This difference may explain why alanine
substitution at P8 only abolished activity in TCRO050.
Thus, the consensus sequence of IVC was generated as
xVxPIxxxK (figure 4C).

TTL-specific TCR-T cells specifically recognized and killed
HLA-A*11:01*E6" tumor cells in vitro and in vivo

We further investigated the functionality of TTL-specific
TCRs in genetically engineered primary T cells. PBMCs
from healthy donors were transduced with TCR013 lenti-
viral vectors, then stained for TTL-tetramer and mouse
B-chain constant region. As shown in figure 5A, TCR013
was successfully expressed on the cell membrane of
primary T cells and stained positive for TTL-tetramer

but not irrelevant tetramer. TCRO13-transduced T cells
were cocultured with the TTL peptide-pulsed T2-All
overnight, and the released IFN-y was detected by ELISA.
Figure 5B shows that TCRO13 but not TCRnegs recog-
nized exogenously pulsed peptides.

TCRO13-transduced T cells were next cocultured with
different tumor cell lines to assess whether TTL-specific
TCRs could recognize the endogenously processed
antigen. The HLA-A*11:01-positive SK-MEL-28 cell line
was transduced with the E6 or E7 genes (SK-E6/E7). As
measured by IFN-y ELISpot, TCRO13-transduced T cells
recognized HLA-A*11:01"E6" SK-E6 cells but not SK-E7
cells. In addition, recognition of the HLA-A*11:01"E6"
tumor cells by TCR013 was inhibited by antibody blockade
of HLA class I molecules, indicating that target recogni-
tion is HLA class I restricted (figure 5C). SK-E6 tumor
cell lines cocultured with the TCRO13-transduced T cells
were killed gradually, while those cocultured with the
TCRneg cells were unaffected. The growth of SK-E7 cells
was also not affected by TCRO13-transduced T cells, indi-
cating the specificity of TCR013 (figure 5D). HPV-positive
cervical cancer cell line CaSki and HPV-positive oral and
pharyngeal cancer cell line SCC90 were transduced with
the HLA-A*11:01-P2A-GFP gene (CaSki-All and SCC90-
All). As shown in figure 5E, TCRO13-transduced T cells
but not TCRneg cells killed CaSki-All and SCC90-Al1l
tumor cells. These data indicate that the TCR0O13 can
specifically recognize and kill HPV E6-expressing tumor
cells in an HLA-A*11:01-restricted manner.

Having observed a specific T-cell response against E6"
tumor cells in vitro, we tested TTL-specific TCRs in vivo
to further assess their therapeutic potential. For this
purpose, we generated a xenograft model by subcutane-
ously injecting SK-E6 tumor cells into immunodeficient
mice. All TCRneg cell-treated mice showed progressive
tumor growth, while groups treated with TCR013 showed
significantly delayed tumor growth, with tumor shrinking
starting at 4 days after T-cell treatment (figure 5F and
online supplemental figure 3A). All mice were sacrificed
at the end of the experiment, and tumors were excised.
Consistent with the tumor volume, the tumor mass of
mice in the TTL-specific TCR-T group was significantly
less than in the control group (figure 5G).

TTL-specific TCR-T cells successfully infiltrated into the
tumor microenvironment

One of the main challenges in cancer immunotherapy
is the T-cell infiltration into solid tumor tissues. We
collected peripheral blood, spleen, and tumor samples 7
days after T-cell injection to examine TTL-specific TCR-T
cells’ infiltration. The single-cell suspension was prepared
and analyzed by flow cytometry. The percentage of
hCD45" cells in peripheral blood and spleen was similar
between TCROI3-transduced and control T-cell groups
(figure 5H). However, hCD45" cells were detected only in
TCRO13-treated tumor tissues but not in the control T-cell
group. Meanwhile, tumor tissue sections were analyzed
by immunohistochemistry. As shown in figure 5I, CD3"
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Figure 5 TTL-specific TCR-T cells specifically recognized and killed HLA-A*11:01*E6* tumor cells in vitro and in vivo. (A) Flow
cytometry analysis of TTL-specific TCR013-transduced T cells. HLA-A*11:01/EBV LMP2 (SSCSSCPLSK) tetramer was used as
irrelevant tetramer control. (B) Dose-response curves for TCR013-transduced T cells. IFN-y secretion was determined by ELISA
24 hours after coculture with T2-A11 cells pulsed with different concentrations of the TTL peptide. The relative individual values
and the nonlinear regression curve are shown. (C) The TCR013-transduced T cells or TCRneg were cocultured with indicated
tumor cell lines overnight, and the released IFN-y was determined by ELISpot. Anti-HLA class | (clone W6/32) antibodywas
added to block the TCR-pMHC interaction. T2-A11 cells pulsed with TTL/IVC peptide were included as the positive/negative
control. The y-axis shows SFU produced by 5000 CD8*tetramer* cells. (D) TCR013-transduced T cells or TCRneg were
cocultured with SK-E6 or SK-E7 tumor cell lines at an effector-to-target ratio of 1:1. Tumor cell growth was monitored using a
real-time impedance-based cytolysis assay (XCELLigence RTCA). (E) TCR013-transduced T cells or TCRneg were cocultured
with CaSki-A11 or SCC90-A11 tumor cell lines at an effector-to-target ratio of 5:1 for 96 hours. The fluorescence microscopy
images (left panels) and quantitative results analyzed by Image J (right panel) are shown. Scale bar, 50 ym. **P<0.01. (F-)
Antitumor activity of TTL-specific TCR T cells in vivo. SK-E6 tumor cells were subcutaneously injected into NCG mice and

then treated with a single retro-orbital injection of 1x10” TCR013-transduced T cells or TCRneg as control. The tumor growth
curve (F) and the tumor weight measured at the end of the experiment (G) are shown. *P<0.05, **P<0.01. (H) The peripheral
blood, spleen, and tumor samples were collected 7 days after T-cell injection. The percentage of hCD45 was analyzed by flow
cytometry. “P<0.05. (I) Tumor sections on day 7 after T-cell injection were stained for CD3. The right panels are the enlarged
images. Scale bar, 500 pm (left panels) or 200 pm (right panels). ELISpot, enzyme-linked immunospot; IFN-y, interferon gamma;
RTCA, real-time cell analyzer; SFU, spot-forming unit; TCR, T-cell receptor; TCRneg, non-transduced T cell.
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as irrelevant tetramer control. (B) Dose-response curves for TCR123-transduced T cells. IFN-y secretion was determined by
ELISA 24 hours after coculture with T2-A11 cells pulsed with different concentrations of the IVC peptide. The relative individual
values and the non-linear regression curve are shown. (C) The TCR123-transduced T cells or TCRneg were cocultured with
indicated tumor cell lines overnight, and the released IFN-y was determined by ELISpot. Anti-HLA class | (clone W6/32) antibody
was added to block the TCR-pMHC interaction. T2-A11 cells pulsed with IVC/TTL peptide were included as the positive/
negative control. The y-axis shows SFU produced by 5000 CD8 Tetramer™ cells. (D) TCR123-transduced T cells or TCRneg
were cocultured with SK-E6 or SK-E7 tumor cell lines at an effector-to-target ratio of 1:1. Tumor cell growth was monitored
using a real-time impedance-based cytolysis assay (xCELLigence RTCA). (E) TCR123-transduced T cells or TCRneg were
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TCRneg, non-transduced T cell.

T cells were detected in the tumor microenvironment of
TCRO13-treated mice. However, nearly no positive signal
was seen in the control group. Importantly, TCRO13-
transduced T cells infiltrated both the marginal and
central regions of the tumor tissue, indicating that TTL-
specific TCR-T cells can successfully infiltrate the tumor
microenvironment. Together, these data demonstrate
that TTL-specific TCRs could be used to treat E6-ex-
pressing tumors.

IVG-specific TCR-T cells specifically recognized and killed
HLA-A*11:01*E7" tumor cells in vitro and in vivo
Similarly, the functionality of IVC-specific TCRs was
investigated in genetically engineered primary T cells. As
shown in figure 6A, TCR123 was successfully expressed
on the cell membrane of primary T cells. Figure 6B shows
that TCR123-transduced T cells but not TCRneg cells
recognized exogenously pulsed peptides.
TCRI123-transduced T cells were then cocultured
with different tumor cell lines to assess whether IVC-
specific TCRs could recognize the endogenously
processed antigen. As measured by IFN-y ELISpot,
TCR123-transduced T cells successfully recognized
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HLA-A*11:01"E7" SK-E7 but not SK-E6 cells. Besides,
recognition of the HLA-A*11:01'E7" tumor cells by
TCR123 was also inhibited by antibody blockade of HLA
class I molecules, indicating that target recognition was
restricted to HLA class I (figure 6C). Furthermore, the
growth of SK-E7 tumor cell lines was significantly inhib-
ited by the TCRI123-transduced T cells, while SK-E6
tumor cells were not affected (figure 6D). Fluorescence
microscopy images also showed that TCR123-transduced
T cells but not TCRneg cells killed CaSki-A11l and SCC90-
A1l tumor cells, which express the natural HPV16 E7
gene (figure 6E). These data indicate that TCRI123-
transduced T cells can specifically recognize and kill HPV
E7-expressing tumor cells in an HLA-A*11:01-restricted
manner.

The therapeutic potential of IVC-specific TCRs was also
assessed in vivo. SK-E7 tumor cells were subcutaneously
injected into immunodeficient NCG mice. All TCRneg
T cell-treated mice showed progressive tumor growth.
In contrast, IVC-specific TCR-T cell-treated group

CaSki
= KOCC-002584

Relative mRNA expression
oN s O ® O D

showed complete tumor remission, with tumor-shrinking
beginning between days 4 and 6 after T-cell application
(figure 6F and online supplemental figure 3B). On day
24, all mice were sacrificed, and the tumors were excised.
Consistent with tumor volume, the tumor mass of mice in
the IVC-specific TCR-T group was significantly reduced
compared with the TCRneg group (figure 6G).

TTL-specific and IVC-specific TCR-T cells specifically
recognized and killed HPV16* PDOs

To evaluate the TTL and IVC-specific TCR-T cell activi-
ties towards primary tumor cells, we screened for HPV16"
cervical PDOs. PDOs have been reported as a promising
model to mimic the biological characteristics of the
primary tumors.** The PDO KOCC-00254 was found to
be HPV16 E6 and E7 positive (figure 7A). The original
HLA-A type of KOCC-00254 is A*02:01/A*02:01. Thus,
KOCC-00254 organoids were transduced with the HLA-
A*11:01-P2A-GFP gene and used as targets to analyze the
TTL and IVG-specific TCR-T cell activities (figure 7B). We
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(A-D) TTL and IVC-specific TCR-T cells specifically recognized and killed HPV16* patient-derived organoids. (A)

Expression of HPV16 E6 and E7 in CASKICaSki cell lines and PDO KOCC-002S4 analyzed by real-time quantitative PCR.

(B) KOCC-002S4 organoids were transduced with the HLA-A*11:01-P2A-GFP gene. The representative fluorescent and
corresponding bright field images are shown. Scale bar, 100 um. (C) The TTL-specific (TCR013) T cell, IVC-specific (TCR123) T
cell, or TCRneg were cocultured with A11-transduced KOCC-002S4 organoids at an effector-to-target ratio of 1:1 for 72 hours.
The representative microscopy images are shown. Scale bar, 100 um. (D) The percentage of intact or disintegrated organoids
in (C). The representative images of intact or disintegrated structures are shown in the right panels. (E,F) Cross-reactivity
evaluation of TCR013 (E) and TCR123 (F) to human homologous peptides. JKBNF-TCR cells were cocultured with T2-A11 cells
pulsed with the TTL/IVC or human homologous peptides at 1 uM (left panels) or the indicated concentration (right panels).

The frequency of ZsGreen expressing cells was determined by flow cytometry. JK8NF, Jurkat-CD8-NFAT; TCR, T-cell receptor;

TCRneg, non-transduced T cell.
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noticed that both TTL and IVC-specific TCR-T treatments
changed the shape of cystic PDO structures (figure 7C).
There were significantly reduced intact PDO structures in
TTL and IVC-specific TCR-T groups than in the TCRneg
group (figure 7D and online supplemental figure 4).
Meanwhile, TTL and IVGC-specific TCR-Ts also secreted
more IFN-y than TCRnegs after coculture with KOCC-
00254 PDOs (online supplemental figure 5). These data
demonstrate that TTL and IVC-specific TCRs recognized
patient-derived tumor cells expressing natural HPV16 E6
and E7.

Cross-reactivity evaluation of TTL and IVC-specific TCRs to
human homologous peptides
Finally, the cross-reactivity of TTL and IVC-specific TCRs
to human homologous peptides was evaluated. We used
Expitope V.2.0” to predict homologous peptides in
the human proteome. All peptides with three or fewer
mismatches and with HLA-A*11:01 binding affinity of
<5000 nM were synthesized as candidates. Moreover, the
motifs ‘xxLxxxYNK’ and ‘xVxPIxxxK’ were used to search
for peptides with four mismatches and with HLA-A*11:01
binding affinity of <5000 nM. The homologous peptide
information is shown in online supplemental tables 3,4.
An initial screen for crossreactivity against these
peptides was performed using a high-peptide concen-
tration (1 pM) loaded onto T2-All cells. TTL-specific
TCRO13 showed minimal cross-reactivity against selected
candidate peptides except for the SYCP1 peptide
(figure 7E). We then performed the assay with titrated
concentrations of the SYCP1 peptide. TCR013 did not
recognize SYCP1 peptides at a concentration of 100
nM or less. IVG-specific TCR123 showed minimal cross-
reactivity against selected candidate peptides except
for the ABHD14B peptide (figure 7F). Further experi-
ments showed that TCR123 did not cross-react with the
ABHD14B peptide at a concentration of 100 nM or less.
These results suggested a low probability of these TCRs to
cross-react against human proteins.

DISCUSSION

In this study, we identified two novel HLA-A*11:01-
restricted T-cell epitopes of HPV16 E6 and E7, E6,,
and E7, ., that were able to (1) bind to HLA-A*11:01,
(2) induce expansion of specific T cells and (3) be
presented on HPV16" tumor cells. TTL-specific and
IVC-specific TCRs were isolated from 11 healthy donors
through in vitro stimulation of PBMC. Like many other
T-cell epitopes, biased TCR chain usage was observed
among TTL-specific and IVC-specific TCRs. In addition,
TTL-specific and IVC-specific TCRs with high functional
avidity were identified. These TCR-engineered T cells
specifically recognized and killed corresponding HLA-
A*11:01 and E6/E7 double-positive tumor cells in vitro
and in vivo. The HLA-A*11:01-restricted HPV16 E6/E7
epitopes and TCRs identified in this study may provide a
new strategy for HPV-related cancer immunotherapy.

Identifying T-cell epitopes is an essential but challenging
task. The perfect T-cell epitopes must (1) bind to the
specific HLA, (2) elicit a functional T-cell response, and
(3) be present on tumor cells. Several studies have inves-
tigated HLA-A*11:01-restricted HPV E6/E7 epitopes.”™*
However, none of these studies clarified whether these
epitopes were present on HPV-associated tumor cells.
Here, among 10 peptides with predicted HLA-A*11:01
binding affinity of <5600 nM, TTL from E6 and IVC from
E7 were endogenously processed and presented on tumor
cells (figure 1). TTL-specific and IVC-specific TCR engi-
neered T cells specifically inhibited the growth of corre-
sponding HLA-A*11:01 and E6/E7 double-positive tumor
cell lines in vitro and in vivo (figures 5 and 6). Further-
more, they also recognized and killed All-transduced
HPV16" PDOs (figure 7). It should be noted that natural
A1101"HPV16" PDOs as targets would be ideal. We will
continue to screen such double-positive PDOs in further
investigation. To our knowledge, this study provides the
first evidence that E6-derived TTL and E7-derived IVC
epitopes could be potential therapeutic targets of TCR-T
treatment for patients with HLA-A*11:01-positive HPV-
related cancer.

We retrospectively analyzed the found epitopes with
the most current prediction tools. Researchers are using
machine learning to improve the prediction models for
T-cell epitopes. NetMHCpan-4.1 improved predictions
of HLA ligand by concurrent motif deconvolution and
integration of mass spectrometry-eluted ligand data.*
PRIME (a predictor of immunogenic epitopes) improved
predictions of peptide immunogenicity by combining
molecular properties of both antigen presentation and
TCR recognition.”” The potential HLA-A*11:01-binding
peptides derived from HPV16 E6 and E7 proteins were
predicted again with netMHCpan-4.1 and PRIME (online
supplemental table 5). Interestingly, the binding affinity
of peptides KIS, DII, and EII predicted by netMHCpan-4.1
was 821.51, 1832.09, and 1022.53 nM. As shown in online
supplemental table 1, the predicted binding affinity of
these peptides was <600 nM using the netMHC V.4.0
server. According to our experiments, we cannot get the
properly folded pMHC complexes in vitro. These results
suggest that the netMHCpan-4.1 may be better than the
netMHC V.4.0 server. Furthermore, the predicted immu-
nogenicity using PRIME for both TTL and IVC epitopes
was among the top 0.5% strong HLA-A*11:01 binders
(0.039% and 0.235%, respectively), indicating that E6-de-
rived TTL and E7-derived IVC epitopes could be prospec-
tive therapeutic targets.

IVC-specific TCRs appeared to have greater efficacy
than TTL-specific TCRs in vivo. However, the func-
tional avidity of TTL-specific TCRs (eg, TCRO13, . =3.46
nM) was higher than that of IVC-specific TCRs (eg,
TCR123, . =8.48 nM). IVG-specific TCR095 (EC50=7.73
nM) engineered T cells could also control the growth
of SK-E7 tumor cells at the dose of 1x10” tetramer” cells
per mouse (online supplemental figure 6) and even at
a low dose of 5x10° tetramer" cells per mouse (online
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supplemental figure 7). We also found that TTL-specific
TCRO028 with lower avidity (EC50=10.4 nM) could signifi-
cantly inhibit tumor growth of SK-E6 in vivo (online
supplemental figure 8). Other groups have found a
similar phenomenon in different models.”’* In attempts
to improve the efficacy of tumor vaccines, investigators
have found that optimal in vivo T-cell responses occur for
ligands with intermediate TCR/pMHC half-lives, both
in CD8" T cells’' and in CD4" T cells.”* Wu ¢t al studied
two o-fetoprotein (AFP)-specific CD8" T cells (AFP 199
and AFP, ) with different antitumor effects and found
that Tet,, cells with weaker TCR signaling expanded
more than Tet,,, cells when re-encountering the antigen
and generated more potent antitumor effects in vivo.”*
Recently, Shakiba et al developed a cancer mouse model
in which tumor-specific CD8 T cells encounter tumor anti-
gens with varying TCR signal strength.”® They found that
neither high-signal strength nor low-signal strength inter-
actions led to tumor control in vivo because high signal
strength drove dysfunction, while low signal strength
resulted in functional inertness. We hypothesize that IVC-
specific TCRs with intermediate affinity prevent T cells
from exhaustion and apoptosis after encountering the
tumor antigen in vivo. Other explanations are possible;
for example, IVC peptide may be presented better than
TTL peptide by HLA-A*11:01 on the cell membrane. The
amount of each HLA-peptide complex on HPV' tumor
cell surface should be compared. Besides, one limitation
of this study is that only subcutaneous tumor models were
used to investigate the efficacy of TCR-Ts. It would also be
interesting to analyze the phenotype of the transferred
engineered T cells in the tumor microenvironment to
determine if the cells with higher avidity are more prone
to exhaustion. Thus, which TCRs are better for IVC and
TTL requires more exploration, especially in clinical
trials.

In this study, all TCR sequences were identified from
healthy donors. Most TCRs under clinical trials are
isolated from patients’ tumor-infiltrating lymphocytes
(TILs). For example, the clinical trial NCT02280811
uses the TCR targeting E6,, . isolated from TILs of one
patient with metastatic anal cancer.”’ The clinical trial
NCT02858310 uses the TCR targeting E7, isolated from
cervix-infiltrating lymphocytes from one patient with
HPV16' cervical intraepithelial neoplasia II/TIL.** One
possible reason is that the percentage of tumor-reactive T
cells is higher in TILs, making it easier to discover tumor-
specific TCRs. Given the high prevalence of HPV-positive
cancers and the HLA-A*11:01 allele in the population, it
is worthwhile to screen TTL and IVG-specific high-avidity
TCRs in patients with HLA-A*11:01" HPV-related cancer
in the future.
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