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Summary: Next-generation T-cell therapies will likely continue to utilize
T-cell receptors (TCRs) and chimeric antigen receptors (CARs) because
each receptor type has advantages. TCRs often possess exceptional
properties even when tested unmodified from patients’ T cells. CARs are
generally less sensitive, possibly because their ligand-binding domains are
grafted from antibodies selected for binding affinity or avidity and not
broadly optimized for a functional response. Because of the disconnect
between binding and function among these receptor types, the ultimate
potential of CARs optimized for sensitivity and selectivity is not clear.
Here, we focus on a thoroughly studied immuno-oncology target, the
HLA-A*02/HPV-E629–38 complex, and show that CARs can be opti-
mized by a combination of high-throughput binding screens and low-
throughput functional assays to have comparable activity to clinical
TCRs in acute assays in vitro. These results provide a case study for the
challenges and opportunities of optimizing high-performing CARs,
especially in the context of targets utilized naturally by TCRs.
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T -cell receptors (TCRs) are well known to achieve
extraordinary levels of sensitivity and selectivity.1,2

These features and their ready adaptation to engineered

T-cell therapy has prompted their use in multiple clinical
trials, especially in cancer settings.3–6 TCRs that target
tumor-associated antigens have been identified over the
years and tested in the clinic with mixed results. In some
cases, their utility has been limited by on-target toxicity (eg,
carcinoembryonic antigen),4 off-target toxicity (eg, MAGE-
A3),5,7 sporadic, unpredictable efficacy, or acquired resist-
ance [eg, NY-ESO-1, human papillomavirus (HPV)].8,9

Nonetheless, the virtues of the engineered T-cell modality
remain attractive, given the capacity of T cells for potent,
specific killing, migration, and proliferation. Moreover, T
cells are endowed with natural reactivity to major histo-
compatibility complexes that display cytoplasmic antigens,
the fraction of the proteome that is both larger than the
secreted/surface-antigen fraction and inaccessible to large-
molecule therapeutics.

Antibodies offer an independent route to potent pep-
tide-loaded major histocompatibility complex (pMHC)-
directed cell therapeutics. Their ligand-binding structures
can be grafted onto chimeric antigen receptors (CARs) to
trigger cytotoxicity by engineered T cells.10–28 In principle,
CARs may have advantages over TCRs that include: (i)
compatibility with added vector payloads based on the
smaller size, a benefit when vector cargo limitations are in
play; (ii) modularity and tolerance to structural change,
permitting additional molecular engineering, for example,
bifunctional receptors29,30; (iii) simpler single-subunit com-
positions that do not comingle with native TCR/CD3
subunits; and, (iv) possible freedom from normal TCR
regulatory mechanisms, including costimulation.13,28,31

Given the near inevitability of acquired resistance to ther-
apeutics directed at single targets, some of these features
may prove useful in next-generation cell therapies.32 How-
ever, compared with TCRs, CAR sensitivity and selectivity
as a receptor class has been called into question.25 Whereas
TCRs isolated from human blood are frequently able to
respond to—even kill—target cells that express a few mol-
ecules/cell, CARs have rarely been shown to achieve sensi-
tivities below ∼1000 molecules/cell and do not fair well in
head-to-head comparisons with TCRs against the same
targets.21,33,34 A few studies have demonstrated high-
sensitivity killing of individual CAR-Ts; for example,
against the OTS8 glycoprotein (∼300 molecules/cell), CD20
(∼200 molecules/cell), and CD19 (< 100 molecules/cell).35–37

However, others have claimed an upper limit of senstivity
for CARs, well above the threshold needed for TCRs.21

HPV is a serious human health problem, causing over
600,000 cancers each year worldwide,38 and is an attractive
indication for cell therapy. Originally linked to cervical
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cancer, it is now clear that subsets of a variety of tumor types
are associated with HPV. Almost 2 decades ago, highly
effective prophylactic vaccines were developed.39 Despite
their success, diagnoses of HPV-positive cancers continue to
increase, and they are expected to continue to do so.40 In
addition, therapeutic HPV vaccines have so far proved dis-
appointing, so it is likely that new therapies directed at HPV-
positive tumors will be needed.41 Cell therapy targeting HPV
antigens offers a route to such treatments.

The mechanism by which HPV causes cancer involves 2
genes carried by the virus: E6 and E7. Both are classic viral
oncogenes that inactivate host cancer defenses: E6 binds the
tumor suppressor p53, and E7 binds Rb.42 The expression of
both genes is required for continued survival and growth of
tumor cells.43 E6 and E7 have little homology to human
proteins, so they are especially attractive targets for drug
discovery, as they afford absolute discrimination from nor-
mal cells. However, they reside in the cytoplasm, inaccessible
to antibodies and other large molecules. In addition, neither
is considered conventionally druggable; that is, inhibitable by
small molecules. However, various E6 and E7 peptides are
known to elicit an immune response by display on the cell
surface, bound to specific HLA class I molecules.44,45 Because
of their association with solid tumor malignancy, accounting
for about three fourths of HPV-positive cancer, serotypes 16
and 18 have attracted special attention. For these reasons,
both E6 and E7 have been pursued in the tumor-infiltrating
lymphocyte and TCR-T fields.46,47 Tumor-infiltrating lym-
phocytes have demonstrated broad activity against HPV-
positive cancers,46 and one of the high-quality TCRs devel-
oped by C. Hinrichs and colleagues is currently in the clinic.
In the most recent trial, an HLA-A*02-restricted TCR
selective for HPV E711–19 was given to 12 patients, 6 of whom
experienced partial responses.3,9 These encouraging data
nonetheless demonstrate the need for further improvement of
the cell therapy platform for this tumor type.

We set out to test the limits of CAR pMHC screening
and design, using HPV clinical TCRs as a comparator. Here,
we provide a flow schema for making high-quality pMHC
CARs. We use HPV as an example because of available
benchmarks and other well-characterized reagents. Highly
optimized CARs, roughly equal to TCRs in sensitivity and
selectivity, were generated and examined in Jurkat and pri-
mary T-cell assays alongside the clinical TCRs. These CARs
provide proof of concept that CARs can be engineered that
are comparable to patient-derived TCRs in potency and
other preclinical attributes but also provide insight into the
challenges of achieving ultra-high sensitivity for CARs.

METHODS

Cell Lines and Peptides
T2 (CTL-1992), CaSki (CRL-1550), and A375 firefly

luciferase (CRL-1619-LUC2) cells were purchased from
ATCC. Jurkat NFAT-firefly luciferase cells were purchased
from BPS Bioscience (#60621). When needed, green fluo-
rescent protein (GFP) was stably expressed in A375 and
CaSki cells using lentivirus vectors. All cell lines were cul-
tured in media as recommended by the vendors. Penicillin-
streptomycin of 100U/mL (Gibco; 15140163) (1× P/S) was
used in all media. Suspension cells were maintained below a
density of 1 E6/mL. Adherent cells lines were passaged at
∼80% confluency.

All peptides were purchased from GenScript by custom
order.

pMHC AlphaScreen
Streptavidin-conjugated donor beads were purchased

from PerkinElmer (6760002B). Acceptor beads (6762002;
PerkinElmer) were conjugated in-house with 1 mg/mL W6/
32 (BE0079; Bioxell). The reaction was performed in 15 uL
refolding buffer (50 mM Tris-maleate pH 6.6 and 0.03%
pluronic acid) containing purified alpha subunit (see below)
and beta-2-microglobulin (B2M) (0877095-CF; MP Bio-
medicals) and varying concentration of peptides (4 points
tested per peptide: 50, 5, 0.05, or 0.005 μM; custom order
from Genscript). Optimized concentrations of each purified
alpha subunit in combination with B2M were used on a per
allele basis as follows: 0.3 μM A*01:01+0.6 μM B2M, 1 μM
A*02:01+2 μM B2M, 0.1 μM A*03:01+0.2 μM B2M, 0.1
μM A*11:01+0.2 μM B2M, 0.1 μM C*07:01+0.6 μM B2M,
or 0.1 μM C*07:02+0.6 μM B2M. The refolding reaction
mixture was incubated overnight at 37°C for 18 hours
before being transferred to a 384-well Proxiplate (6008289;
PerkinElmer). Then, 5 μL mixture of donor beads and
acceptor beads in a 1:1 ratio was added at a final total bead
concentration of 20 μg/mL. The plates were incubated at
room temperature for 1 hour before the signal was
measured via EnSpire 2300 (PerkinElmer).

pMHC Probe Generation
HLA-A*02:01 and HLA-A*11:01 were expressed and

purified from Escherichia coli as previously described.48,49

Briefly, the extracellular domains of HLA-A*02:01 or HLA-
A*11:01 were expressed in strain BL21 (DE3) pLysS cells
(Invitrogen; C606003). IPTG at 1mM for 4 hours at 42°C
was added to induce expression. Cells were pelleted and lysed
in 50mM Tris-HCl, pH 8.0, 5mMMgCl2, 1% (v/v) Triton-X
100, protease inhibitor (Thermo Scientific; 78439) and ben-
zonase. Inclusion bodies were collected by centrifugation,
resuspended, and washed in inclusion-body wash buffer
(50mM Tris-HCl, pH 8.0, 100mM NaCl, 1mM EDTA,
0.1% (w/v) sodium azide and 0.5% (v/v) Triton-X 100). The
centrifugation/wash step was repeated 6–8×; the final wash
step used inclusion-body wash buffer without 0.5% (v/v)
Triton-X 100. The inclusion bodies were solubilized with
25mM MES, pH 6.0, 8 M urea, and 10mM EDTA, fol-
lowed by centrifugation to deplete debris. To generate
pMHC complexes, peptides were dissolved in dimethyl sulf-
oxide (DMSO); then, B2M (purified in-house or from MP
Biomedicals; 08770953), and the alpha chain of HLA class I
were added dropwise to fresh refolding buffer (100mM Tris-
HCl, pH 8, 0.5M L-arginine, 2mM EDTA, 5mM reduced
glutathione, 0.5mM oxidized glutathione, and 1:100 diluted
protease inhibitor) in sequence to reach final concentration 1,
2, 3 μM, respectively. The mixture was stirred at 10°C for at
least 6–10 hours between each addition. The supernatant was
collected and concentrated before purification using an ion-
exchange Hi-Trap Q column (GE; 3 17115401), followed by a
size-exclusion HiLoad 16/600 Superdex 00 column. Post
purification, protein concentration and biotinylation effi-
ciency were determined by absorbance at 280 nm and HABA
assays (Invitrogen; 28005), respectively.

HuTARG Sort
HuTARG primary libraries were obtained from

Innovative Targeting Solutions Inc. An in vitro V(D)J rep-
ertoire with > 1 billion diversity was generated by the
expression of RAG-1 and TdT in the host cells as described
previously.50 Using a flow sorter device (Aria II; BD Bio-
sciences), the library was enriched for cells that expressed
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antibodies that bind specifically to target pMHC probes but
not to off-target pMHCs. Multiple enrichment rounds were
performed to increase on-target and decrease off-target
binding. In the final round, on-target and off-target binding
cells were isolated and subjected to RNA extraction and
reverse transcription. Polymerase chain reaction fragments
containing the complementarity-determining region (CDR)
regions were produced from the cDNA template, followed
by targeted next-generation sequencing (NGS) to determine
the frequency of each unique CDR region. The degree of
enrichment/depletion was determined by comparing the
output and input NGS counts.

Target-specific binders from the primary libraries were
used to generate optimization libraries to further improve on-
target sensitivity and/or reduce off-target cross-reactivity.
Optimization libraries were constructed by diversification of
CDR1, CDR2, or CDR3 of the light or heavy chains of
parental binders via in vitro RAG-mediated V(D)J recom-
bination. The optimization library was enriched for on-target
activity and depleted for off-target activity, followed by NGS,
as described for the primary library.

Molecular Cloning
All CAR constructs were created from fusions of sin-

gle-chain variable fragment (scFv), hinge, transmembrane,
and intracellular signaling domains. The hinge was derived
from CD8, the transmembrane domain from CD28, and the
signaling domain from CD28, 4-1BB, and CD3, unless
otherwise specified. Gene segments were fused using the
Golden Gate cloning systems and inserted downstream of a
human EF1α promoter in a lentivirus expression plasmid.
These expression plasmids were used for transient expres-
sion and lentivirus packaging.

A2 Scan
Sets of overlapping 9-mer and 10-mer peptides with an

offset of a single residue were extracted from the human
proteome (20,400 reviewed sequences). Peptides of
11,190,659 10-mer and 11,211,081 9-mer were scored using
3 different methods: (1) identity scoring; (2) anchor scoring;
and (3) incompatibility scoring. Identity score compared the
9-mer and 10-mers to the target peptide; an identical amino
acid to the target peptide at each position was scored +1.
Anchor score took into account the anchor positions and
residue preferences for each major histocompatibility com-
plex class I allele [Source: IEDB (Immune Epitope Database
and Analysis Resource): www.iedb.org]. Preferred amino
acids at anchor positions were scored as +1, tolerated amino
as +0.5, and unfavorable amino acids as −0.5. Incompati-
bility scores penalized differences in the physicochemical
properties of amino acids at each position of the peptides
when compared with the target peptide. Cutoffs used for the
selection of potential cross-reactive peptides were based on

the titin (TTN) peptide which was proposed as the most
likely cause of the off-target toxicity for a MAGE-A3
pMHC target.51

Jurkat:T2 Cell Assay
TCR and CAR expression constructs in the lentiviral

vector were transfected on day 1 into Jurkat NFAT-firefly
luciferase cells using standard protocols for the Lonza 4D
Nucleofector (AAF-1002B). T2 cells were loaded with
peptides listed in Tables 1–3 and Supplementary Tables 2
and 3 (Supplemental Digital Content 1, http://links.lww.
com/JIT/A623). After resuspension in DMSO, peptides were
diluted 20 times serially 3× per step. Serially diluted peptide
solutions were added to T2 cells resuspended in peptide-
loading media (RPMI1640+1% BSA+1× P/S), yielding
peptide-loaded T2 cells at ∼1 E6/mL, with peptide concen-
trations ranging from ∼10 fM to 100 μM, including control
at 0 μM. Peptide-loaded T2 cells were incubated overnight
at 37°C in 384-well plates (Thermo Scientific; AB0781). On
day 2, peptide-loaded T2 cells (10,000 cells/well) were added
to CAR/TCR-transfected Jurkat-NFAT-firefly luciferase
cells (12,000 cells/well) to a final volume of 20 μL in a
384-well plate (Corning; 3570). Luminescence intensity was
measured on a Tecan Infinite M1000 with the One-Step
Luciferase assay system (firefly luciferase, 60690; BPS Bio-
science) after a 6-hour incubation at 37°C.

Primary T-Cell Transduction
For human peripheral blood mononuclear cells (PBMCs),

collection protocols and donor informed-consent were
approved by an Institutional Review Board at Allcells. Allcells
followed HIPAA compliance and approved protocols (www.
allcells.com/cell-tissue-procurement/donor-facilities/). PBMCs
were purified from Leukopaks purchased from Allcells
according to the method described by Garcia et al.57 Unless
otherwise specified, all LymphoONE media (Takara; WK552)
was supplemented with 1% human AB Serum (GeminiBio;
100-512). Lentivirus CAR and TCR constructs were packaged
at Alstem (Richmond, CA) using the expression constructs in
the lentiviral vector. Human PBMCs were grown in Lym-
phoONE and supplemented with TransAct (Miltenyi; 130-111-
160) following the manufacturers guidelines (1:100 dilution) for
24 hours before being transduced with lentivirus encoding a
CAR or TCR. Additional LymphoONE supplemented with
interleukin 2 (IL-2) (300 IU/mL) was added 24 hours after
transduction to transduced cells and cultured for 3 days before
transfer to a 24-well G-Rex plate (Wilson Wolf; 80192M).
Fresh IL-2 (300 IU/mL) was added every 48 hours with a
media change every 7 days during expansion in G-Rex plates.
Expression and antigen binding of transduced CARs or TCRs
in primary T cells was confirmed by flow cytometry as
described below. CAR-expressing or TCR-expressing cells were
labeled with protein L-biotin/streptavidin-PE or mTCR-PE,

TABLE 1. Peptide-loaded Major Histocompatibility Complex Targets of Chimeric Antigen Receptors Screened in This Study

Peptide Name Peptide Position HLA Sequences Clinical Trial

HPV E629–3852,53 29–38 A*02 TIHDIILECV NCT02280811
HPV E711–1953–55 11–19 A*02 YMLDLQPET NCT02858310
HPV E782–9054–56 82–90 A*02 LLMGTLGIV —
HPV E77–1554,55 7–15 A*02 TLHEYMLDL —
HPV E659–6755 59–67 A*11 IVYRDGNPY —
HPV E693–10155 93–101 A*11 TTLEQQYNK —

HPV indicates human papillomavirus.
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followed by anti-PE microbeads (Miltenyi; 130-048-801)
according to the manufacturer’s protocol, and subsequently
enriched using AutoMACS Pro Separator (Miltenyi). Enriched
cells were grown in G-Rex plates until harvest.

Cytotoxicity Measurements
For peptide-loading assays, A375 firefly luciferase cells

were loaded with peptides as described above in the Jurkat:
T2 section. For cytotoxicity on cell lines with or without
endogenous HPV expression (ie, CaSki and A375, respec-
tively), cells were plated in LymphoONE supplemented with
1% human serum and 1× P/S before coculture with T cells.
To determine the number of target cells seeded per well,
24 hours after peptide loading or target cell seeding, a cal-
ibration curve was generated using CellTiter-Glo (Promega;
G7570) readout. T cells were mixed with target cells at 3:1
effector cell to target cell ratio (E:T) (for peptide-loaded
target cells) or 9:1 (for target cells without peptide loading),
according to the target cell number determined by the cali-
bration curve. Cytotoxicity of primary T cells was quantified
by the bioluminescent signal using One-Step Luciferase
assay system firefly (BPS Bioscience; 60690), or Renilla
Luciferase Assay System (Promega; E2810) on Tecan
Infinite M1000 after 48-hour coculture at 37°C. Loss of
GFP signal in Caski or A375 cells was monitored using
IncuCyte S3 to determine cytotoxicity.

Interferon γ (IFN-γ) Secretion Assay
T cells engineered with a TCR or scFv CAR were

cocultured with 10,000 HPV E6 or E7 peptide-loaded A375
cells per well at a 1:1 ratio in 96-well flat-bottom plates.
After 16 hours concentration of IFN-γ was measured in the
supernatant using BD CBA Flex Set and BD human soluble
protein master buffer kits according to the manufacturer’s
instructions (BD Biosciences). Briefly, 50 µL of the provided
standard or the cell culture supernatant was incubated
together with 50 µL of capture beads in the dark for 1 hour
at room temperature. Then, 50 µL of the detection reagent

was added, the samples were incubated and mixed for
2 hours, followed by analysis by flow cytometry on a BD
FACS Canto II. Concentrations were estimated from
interpolation of median fluorescence intensity on a 10-point
dilution standard curve.

Repeated Antigen-challenge Assay
A375 GFP+ target cells were loaded with target peptide

(custom ordered from Genescript) in LymphoONE supple-
mented with 1% human serum and 1× P/S as described
above. Peptide-loaded A375 target cells were seeded in
either 48-well (for “cycle” 1) or 96-well (for subsequent
cycles) plates at 27,000/well or 9000/well, respectively.
Twenty-four hours after peptide loading, T cells were mixed
with target cells at 3:1 E:T ratio. Plates were placed in the
IncuCyte S3 Platform (Sartorius) and imaged every 2 hours
for 48 or 72 hours for cycle 1 and subsequent cycles,
respectively. At the end of each cycle, cells in suspension
were separated from adherent target cells and counted
before added to the subsequent cycle of coculture with
equivalently peptide-loaded target A375 cells and incubated
for 72 hours. This process was repeated until T cells no
longer killed peptide-loaded target cells (< 10% loss of GFP
signal observed in a given round). Data was reported as
percent of control of the GFP signal relative to A375+
DMSO-only controls.

RESULTS

Identification of Potent, Selective scFvs That Bind
HPV E629–38 and E711–19 pMHCs

As a first step, we assembled a set of 454 overlapping
9-mer and 10-mer peptides, each offset by 1 amino acid,
spanning the E6 (1–148 amino acids) and E7 (1–98 amino
acids) sequences of HPV16 (E6: 139 9-mers and 138 10-mers
tested; E7: 89 9-mers and 88 10-mers tested, Supplementary
Fig. 1, Supplemental Digital Content 1, http://links.lww.

TABLE 2. Summary of On-target and Near Off-target Activity of HPV E711–19 TCR and Examples of Best Primary CARs in Jurkat:T2 Assays

Jurkat:T2 Assay

Constructs

Construct
Format or
Source Test Peptide Name

Test Peptide
Sequence

On/
Off

Target
EC50

(μM)
ECminimum

(μM)
Eminimum

(RLU)
Emaximum

(RLU) Selectivity

C882 TCR HPV E711–19 YMLDLQPET On 0.00005 0.000008 900 14,000 NA
ZFN236819–828 MLDLEPQHVV Off > 100 NA 740 NA > 2,000,000
ZFN236819–827 MLDLEPQHV Off > 100 NA 900 NA > 2,000,000
SH3GLB1242–252 QYMLDLQKQL Off > 100 NA 900 NA > 2,000,000
SH3GLB1243–252 YMLDLQKQL Off > 100 NA 900 NA > 2,000,000

C1007 Primary
binder
CAR

HPV E711–19 YMLDLQPET On 1.7 0.137 16,000 52,000 NA
ZFN236819–828 MLDLEPQHVV Off 35 ND 17,000 39,000 21
ZFN236819–827 MLDLEPQHV Off > 100 NA NA NA > 59
SH3GLB1242–252 QYMLDLQKQL Off > 100 NA NA NA > 59
SH3GLB1243–252 YMLDLQKQL Off > 100 NA NA NA > 59

C996 Primary
binder
CAR

HPV E711–19 YMLDLQPET On 0.07 0.005 6806 27,604 NA
ZFN236819–828 MLDLEPQHVV Off > 100 NA NA NA > 1428
ZFN236819–827 MLDLEPQHV Off > 100 NA NA NA > 1428
ZFN236818–827 AMLDLEPQHV Off 13.2 ND 2365 3705 189
SH3GLB1242–252 QYMLDLQKQL Off 13.7 ND 1994 6108 196
SH3GLB1243–252 YMLDLQKQL Off 6.5 ND 2245 7111 93

C996 is the parent of C1800 and C1806 shown in Supplementary Figure 4A and Supplementary Table 3 (Supplemental Digital Content 1, http://links.lww.
com/JIT/A623).

CAR indicates chimeric antigen receptor; HPV, human papillomavirus; NA, not applicable; ND, not determined; RLU, relative luminescence unit; TCR,
T-cell receptor.
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TABLE 3. Summary of On-target and Near Off-target Activity of HPV E629–38 TCR and Examples of Light-chain and Heavy-chain Optimized CARs in Jurkat:T2 and Acute Primary
T-Cell Assays

Jurkat:T2 Assay
Primary

T-Cell Assay

Constructs Construct Format/Source
Test Peptide

Name Test Peptide Sequence
On/Off
Target

EC50

(nM)
ECminimum

(nM)
Emaximum

(RLU) Selectivity
Primary

T-Cell EC50 (nM)

C882 TCR HPV E711–19 YMLDLQPET On 0.01 0.007 11,000 NA 0.05
C881 TCR HPV E629–38 TIHDIILECV On 0.6 0.05 18,000 NA 0.4

PRR5 NLVDQILESV Off > 100,000 NA NA > 167 ND
PTPRD FIHDALLEAV Off > 100,000 NA NA > 167 ND

C1044 Primary CAR HPV E629–38 TIHDIILECV On 2200 NA 17,315 NA NA
C1053 Primary CAR HPV E629–38 TIHDIILECV On 1500 NA 30,000 NA NA
C1068 Primary CAR HPV E629–38 TIHDIILECV On 930 NA 34,000 NA NA
C1072 Primary CAR HPV E629–38 TIHDIILECV On 1100 NA 7500 NA NA
C1073 Primary CAR HPV E629–38 TIHDIILECV On 3400 NA 9200 NA NA
C1078 Primary CAR HPV E629–38 TIHDIILECV On 550 NA 12,500 NA NA
C1987 Light-chain optimized CAR

(parent of CT503)
HPV E629–38 TIHDIILECV On 28 0.56 50,000 NA 5235

PRR5 NLVDQILESV Off > 250 NA NA > 9 ND
PTPRD FIHDAILEA Off 800 ND 38,000 29 ND

C2388 Light-chain optimized CAR HPV E629–38 TIHDIILECV On 7.7 0.28 71,000 NA 600
PRR5 NLVDQILESV Off 88 ND 57,000 11 ND
PTPRD FIHDAILEA Off > 100,000 NA NA > 12,000 ND

C1992 Light-chain optimized CAR
(parent of CT512)

HPV E629–38 TIHDIILECV On 5 0.02 114,000 NA 108

PRR5 NLVDQILESV Off 930 ND 55,000 186 ND
PTPRD FIHDALLEAV Off > 100,000 NA NA > 20,000 ND

CT503 Light-chain and heavy-chain
optimized CAR

HPV E629–38 TIHDIILECV On 0.5 0.02 30,000 NA 6.5

PRR5 NLVDQILESV Off 121 ND 28,000 242 ND
PTPRD FIHDALLEAV Off 34 ND 30,000 68 ND

CT512 Light-chain and heavy-chain
optimized CAR

HPV E629–38 TIHDIILECV On 0.2 0.06 30,000 NA 5.2

PRR5 NLVDQILESV Off 3.5 ND 27,000 18 ND
PTPRD FIHDALLEAV Off 280 ND 5200 1400 ND

CAR indicates chimeric antigen receptor; HPV, human papillomavirus; NA, not applicable; ND, not determined; RLU, relative luminescence unit; TCR, T-cell receptor.
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com/JIT/A623). The HPV16 serotype accounts for over half
of HPV-positive malignancies (Supplementary Table 1,
Supplemental Digital Content 1, http://links.lww.com/JIT/
A623).58 The HPV peptides were mixed individually with 6
purified common HLA class I proteins and assayed via
AlphaScreen, a standard method for quantifying bio-
chemical interactions.59 Positives were retested and plotted
as percent control. A total of 317 unique pMHC complexes
were identified, showing > 5 percent of control binding to at
least 1 of the 6 HLA class I proteins tested (Figs. 1A, B).
Sixteen different peptides, the top hits from the Alphascreen,
were selected, synthesized, and tested for pMHC probe
assembly. Eight of the 16 peptides formed stable pMHC
complexes. All 16 of these pMHCs are part of the sequence
set encompassed by 10 longer, nonoverlapping peptides
described in a previous report that demonstrated immu-
noreactivity of HPV-positive patients’ T cells against E6/E7

pMHCs54 (Fig. 1C). Our analysis determined HLA associ-
ation for all 30 peptides. In addition, we also defined 3
peptides that bound to 2 different HLA allelic forms tested.

We selected 6 pMHCs (Table 1, Supplementary Fig. 1,
Supplemental Digital Content 1, http://links.lww.com/JIT/
A623), all HLA-A*02-restricted, or A*11-restricted, for fur-
ther study and screened for antibody binders against all of
these complexes using a mammalian display system called
HuTARG.50 This system allows the generation of an entire
heavy-chain antibody repertoire paired with a single light
chain or scFV libraries with custom heavy-chain and light-
chain combinations, with diversity in the range of 1 billion
idiotypes.30 By linking the pMHCs to biotin during expression
in E. coli, streptavidin triggered the formation of tetramers that
could be conjugated to a fluorochrome. These labeled probes
were used to screen the library with a fluorescence-activated
cell sorter (FACS; Figs. 2A, B). The primary screens yielded

Total peptides: 454
HLA Alleles: 6

Total pMHCs screened: 2,724

Passed POC cut-off:
317 pMHCs
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FIGURE 1. HPV pMHC target identification. A, Diagram of filters used for the Alphascreen of HPV peptides. B, Hit selection for
AlphaScreen; hit cutoff: >5 POC in at least 1 of 6 HLA alleles; (3× SD <5% POC). C, Sixteen different peptides were identified and
confirmed in Alphascreen; 8 formed stable complexes and were used in binder isolation (see the Methods section). Peptides that can bind
to 2 HLA alleles are shown in the red boxes. All peptides shown are derived from larger sequences identified by Ramos et al.54 HPV
indicates human papillomavirus; pMHC, peptide-loaded major histocompatibility complex; POC, percent of control; TCR, T-cell receptor.

J Immunother � Volume 44, Number 8, October 2021 Potent, Selective HPV E629–38 pMHC CARs

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc. www.immunotherapy-journal.com | 297

http://links.lww.com/JIT/A623
http://links.lww.com/JIT/A623
http://links.lww.com/JIT/A623
http://links.lww.com/JIT/A623
http://links.lww.com/JIT/A623


Primary HuTARG library
(unbiased, 1 light chain + randomized

heavy chain)

NGS

Functional analysis in Jurkat

Primary binders

Light chain (LC) optimized library
(Randomized light chain + pooled heavy

chain from the primary binders)

Off-target pMHC probes FACS

NGS

Functional analysis in Jurkat

Light chain optimized binders

Heavy chain (HC) optimized library
(Randomized heavy chain + pooled light

chain from the LC optimized binders)

Off-target pMHC probes

FACS

NGS

Functional analysis in Jurkat

Heavy chain optimized binders

C1987, C1992, etc CT503, CT512C1068, C1053, etc

FACS

FACS

FACS

A

Primary library

Round 1
(Selectivity)

Round 2
(Selectivity)

Round 3
(Selectivity)

Round 4
(NGS)

On target Off target

B Light-chain optimization mAb library

Round 1
(Affinity)

Round 4
(NGS)

On target Off target

Round 2
(Counter)

Round 3
(Affinity)

C Heavy-chain optimization mAb libraryD

Round 1
(Affinity)

Round 2
(Affinity)

Round 3
(Affinity)

On target

Round 4
(NGS)

Off target

E F

ε εγδ

βα

ζ ζ

H

TM

ICD

LBD

CAR

HPV scFv

CD8

CD28

CD28
4-1BB

CD3zeta

TCR
Primary library

C1068

C1992

C1053

C1987

CT503 CT512

C2388

LC optimization library

HC optimization library

FIGURE 2. Overview of sorting strategy and representative scatter plots. HPV E629–38 is used as an example. A, Flowchart of the HuTARG
library, FACS, and optimization process. B, An unbiased HuTARG library was screened against HPV E629–38 pMHC mixed with an
unrelated pMHC probe to serve as counterscreen in each round. Cells that bound to HPV E629–38 pMHC were enriched over 3 rounds of
FACS, while nonspecific binders were depleted by gating against cells binding the counterscreen probe. Subsequently, cells with high,
medium, and low on-target probe binding and off-target probes binding were collected separately. cDNAs were generated from these
cells and pooled with barcodes. Complementarity-determining regions of binders were determined by NGS using pooled cDNA samples.
C, Thirty-two HPV E629–38 binders from the primary HuTARG library (primary binders) were selected based on their functional activity in
Jurkat assays as parents for light-chain optimization. A HuTARG library was built containing a mixture of binders with light-chain variations
paired with the heavy chains from the 32 parents. The optimization library was screened against HPV E629–38 using the same strategy as
the primary library, except that the on-target and off-target counterscreen were done in separate rounds by fluorescence-activated cell
sorter. D, Thirty-five binders from the light-chain optimization library were selected based on their functional activity in Jurkat assays as
parents for heavy-chain optimization. A HuTARG library was built containing a mixture of binders with heavy-chain variations paired with
the light chains from the 35 parents. The optimization library was screened against HPV E629–38 using the same strategy as the light-chain
optimization library. E, Diagram of relationships of the HPV E6 binders tested. F, Structural diagram of CARs and TCRs tested. CAR
indicates chimeric antigen receptor; FACS, fluorescence-activated cell sorter; HPV, human papillomavirus; ICD, intracellular domain; LBD,
ligand-binding domain; mAb, monoclonal antibody; NGS, next-generation sequencing; pMHC, peptide-loaded major histocompatibility
complex; TCR, T-cell receptor.
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binders that were converted to scFvs and tested in Jurkat:T2
functional assays for sensitivity and selectivity (Supplementary
Figs. 2, 3, Supplemental Digital Content 1, http://links.lww.
com/JIT/A623). Four of 6 pMHCs yielded functional CARs
with EC50 in or below the range of 1 μM (see Fig. 3, Table 2,
Supplementary Fig. 4, Supplementary Table 3, Supplemental
Digital Content 1, http://links.lww.com/JIT/A623, for exam-
ples of primary binders for all 4 pMHCs). Two pMHCs, HPV
E629–38, and HPV E711–19, were selected for further study
because they produced primary binders with better sensitivity
and had TCR benchmarks available for comparison (see
Figs. 3A, 4A, Supplementary Fig. 4A, Supplemental Digital
Content 1, http://links.lww.com/JIT/A623, for examples of E6
and E7 primary binder dose-response curves; Tables 2, 3, for
summary of activity).

To drive further sensitivity, optimization libraries for bind-
ers of HPV E629–38 and HPV E711–19 were constructed (see the
Methods section, Supplementary Figs. 2, 3, Supplemental Digital
Content 1, http://links.lww.com/JIT/A623). These libraries
involved pooling the top primary binder heavy-chain CDR3s and
using the HuTARG platform to generate diversity in the CDRs
of the light chain (see the sorting strategy in Fig. 2A). The CDR-
optimization libraries were screened via FACS to select higher
avidity binders. The best-optimized binders were identified based
on DNA sequence frequencies (see the Methods section; enrich-
ment in on-target sorted cells; depletion in off-target sorted cells).
Functional analysis of scFv-formatted binders in CARs revealed
a range of sensitivities (Fig. 4A, Table 3, Supplementary Table 3,
Supplemental Digital Content 1, http://links.lww.com/JIT/A623).
For unknown reasons, the selected HPV E711–19 binders all had
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sequences
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FIGURE 3. Sensitive and selective HPV E711–19 primary binders (C1007 and C996; examples of the best binders in peptide-loading Jurkat:
T2 assay). A, Comparison of the primary binders to the TCR (C882). B, Selectivity of the best primary binder compared with the TCR. Blue
lines are the on-target dose-response curves. Other colors are near off-target curves. C, Near off-target peptide sequences for HPV E711–19
are listed in the inserted table. Primary binder: binders identified from primary HuTARG library. D, Examples of on-target and far off-target
activity of primary binders against HPV E782–90. E, Examples of on-target activity of primary binders against HPV E77–15. CAR indicates
chimeric antigen receptor; CMV, cytomegalovirus; HPV, human papillomavirus; TCR, T-cell receptor.
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A
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C D

E

FIGURE 4. Sensitive and selective HPV E629–38 primary, light-chain optimized, and heavy-chain optimized binders identified by sorting (examples of
the best binders in peptide-loading Jurkat:T2 assay). Each data point is an average of 3 replicates, and all experiments were run at least twice, except
where noted. An example of the repeated experiments is shown in this figure. A, Examples of dose-response curves of on-target activity of HPV
E629–38 binders from primary HuTARG screen (green) compared with the HPV E629–38 TCR (blue). Their EC50 and Emaximum are summarized in
Table 3. B, Examples of HPV E629–38 light-chain optimized binders: sensitivity, near and far off-target selectivity. C, Examples of HPV E629–38 heavy-
chain optimized binders: sensitivity, near and far off-target selectivity. D, Peptide-loading efficiency comparison of HPV E629–38, HPV E711–19, and
PRR5. This experiment was run once. MFI was measured after staining with W6/32 antibody (see the Results section). E, Flow plot of CAR and TCR
expression in Jurkat cells. The sequences of peptides used in this figure are listed in the inserted table. Peptide-loading efficiencies are summarized in
the inserted table in (C). CAR indicates chimeric antigen receptor; CMV, cytomegalovirus; HPV, human papillomavirus; TCR, T-cell receptor.
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high backgrounds; that is, target-peptide-independent signaling in
Jurkat cells (2 examples are shown in Fig. 3A). In addition, light-
chain binder optimization did not significantly improve sensitivity
and selectivity for HPV E711–19 primary binders (Table 2, Sup-
plementary Fig. 4, Supplementary Table 3, Supplemental Digital
Content 1, http://links.lww.com/JIT/A623). Thus, HPV E711–19
pMHC binders were dropped from further investigation to focus
on E629–38 binders. However, the HLA-A*02-restricted TCR
selective for HPV E711–19 was retained as a benchmark given the
encouraging clinical experience with this engineered T-cell
product.

To further optimize HPV E629–38 binders, we selected
32 primary binders with different heavy chains and a com-
mon light chain for additional light-chain optimization
(Fig. 2C). Following binder enrichment by FACS and NGS
analysis to identify the most enriched on-target binders, the
top-ranked binders (C1987 and C1992 as 2 examples) were
further studied to measure potential off-target cross-reac-
tivity against unrelated peptides and “near off-target”
functional activity against 47 closely related peptides in

Jurkat-cell assays (Fig. 4B, Table 3, Supplementary Fig. 5,
Supplementary Table 2, Supplemental Digital Content 1,
http://links.lww.com/JIT/A623). These 47 peptides, pre-
dicted from the human proteome as most similar to HPV
E629–38, were identified by NCBI BLAST and a simple
matching algorithm (see A2 Scan section in the Methods
section). All of these peptides derive from human proteins
with transcript levels between 1 and 40 TPM in multiple
tissues (GTEx Web site, www.gtexportal.org/home). Thirty-
five light-chain optimized binders with unique light-heavy-
chain combinations and minimal near off-target activity
were selected for heavy-chain optimization (Fig. 2D). The 2
most sensitive heavy-chain optimized binders, CT503 and
CT512, were derived from 2 different light-chain parents,
C1987 and C1992, respectively (Fig. 2E).

Characterization of Fully Optimized HPV E629–38
CARs in Jurkat Cell Assays

The most enriched, fully optimized (light chain and
heavy chain) E6 binders were studied to determine

A

B

Swapped
VL-VH Bivalent CD3zeta(x2) Gen2

Standard
Gen3

FIGURE 5. Effect of intracellular domain and binder format on the activity of the HPV E629–38 CARs in Jurkat:T2 assays. Two heavy-chain
optimized binders, CT503 and CT512, with the highest activity were further optimized by varying the intracellular signaling domains and
the scFv format. A, Diagram of constructs. B, Intracellular domain and ligand-binding domain variants. These changes did not show
substantial improvement in EC50 compared with CT503 or CT512 in Jurkat:T2 assays. The data are summarized in Supplementary Table 4
(Supplemental Digital Content 1, http://links.lww.com/JIT/A623). CAR indicates chimeric antigen receptor; RLU, relative luminescence
unit; VH, heavy chain variable domain; VL, light chain variable domain.
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sensitivity and selectivity. In Jurkat-cell assays, the 2 most
sensitive binders (CT503 and CT512) had EC50 <1 nM
(Fig. 4C, Table 3). The improvement over their parental
(light-chain optimized only) sequences was ∼10× (Figs. 4B,
C; Table 3). CT503 and CT512 matched the benchmark E6
TCR but were ∼20× less potent than the benchmark E7
TCR. Some of this shortfall was explained by the loading
efficiency of HPV E711–19 compared with HPV E629–38,

where the observed EC50 for loading in T2 cells was 5×
right-shifted for HPV E629–38 (Fig. 4D). Emaximum was
higher for both CARs than for the TCR and baseline (tonic-
signaling) slightly higher. Selectivity was high. However, the
fully optimized E6 scFv CT503 retained cross-reactivity to
the PTPRD peptide from its parent (C1987) and acquired
cross-reactivity to the PRR5 peptide (Figs. 4B, C). The
other selected fully optimized E6 scFv C512 retained

A

E F

G

B D

C

FIGURE 6. Cytotoxicity in acute assay and RACA of optimized HPV binders. A, Acute sensitivity by peptide loading. HPV E629–38 was
loaded on A375 target cells expressing firefly luciferase at serially diluted concentrations. T cells expressing the TCRs or the CAR were
cocultured with peptide-loaded A375 for 48 hours. Luciferase signal was determined as an indication of live cell number. B, Acute
cytotoxicity on HPV(+/−) cell lines. T cells expressing the E7 TCR (C882), E6 TCR (C881), or the CAR (CT512) were cocultured with the
HPV(+) cell line, CaSki, or HPV(−) cell line, A375, at 9:1, 3:1, and 1:1 E:T ratios, and cytotoxicity was monitored by imaging for 70 hours
on the Incucyte. The maximum specific killing was calculated and plotted. C, IFN-γ secretion in acute cytotoxicity assay at 1:1 E:T ratio
after 16 hours cocultured with peptide-loaded A375 cells. D, Flow cytometry plots of CAR and TCR expression in primary T cells. E,
Diagram of RACA. F, Comparison of cytotoxicity of TCRs, a light-chain optimized CAR (C2388), and a heavy-chain optimized CAR
(CT512) in RACA at 3:1 E:T ratio. No IL-2 was present in this assay. The process is described in (E). G, Antigen-dependent exhaustion of
TCRs and light-chain optimized CAR (C2388) in RACA with and without IL-2. The results show that the addition of 300 IU IL-2 in the assay
significantly extended the cytotoxicity of TCRs and the CARs. CAR indicates chimeric antigen receptor; E:T, effector cell to target cell ratio;
GFP, green fluorescent protein; HPV, human papillomavirus; IFN-γ, interferon γ; IL-2, interleukin 2; POC, percent of control; TCR, T-cell
receptor; UTD, untransduced T cells.
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reactivity from its parent (C1992) to the PRR5 peptide. This
suggests that boosting potency did not, of itself, improve
relative selectivity, and heavy-chain optimization may
increase cross-reactivity. We noted that Emaximum values in
the Jurkat:T2 assay were up to 2–3× higher for the E629–38
CARs (CT503, CT512) compared with the E7 TCR. Pre-
vious results suggest that Emaximum correlates with total
functional receptor levels, and in this case, the CARs
appeared to express at ∼3× higher levels compared with the
TCR, based on probe binding16 (Fig. 4E).

We next explored the potential role of different CAR
signaling formats in acute sensitivity of the HPV E629–38
CARs (Fig. 5). We tested the CT503 and CT512 CAR
ligand-binding domains in a Gen2 construct (hinge/trans-
membrane/intracellular domain=CD8/CD28/4-1BB−CD3ζ)
and 4 variants of a Gen3 construct (=CD8/CD28/CD28−4-
1BB−CD3ζ): heavy chain variable domain (VH)/light chain
variable domain (VL) scFv; VL/VH scFv; bivalent scFv; and
tandem CD3ζ [CD3ζ(×2)] (Fig. 5). Even though EC50 varied
∼15–50× among these variants, none of the variants showed
higher sensitivity than the original CT503 or CT512 Gen3
constructs. In addition, Emaximum was affected in some cases
(Supplementary Table 4, Supplemental Digital Content 1,
http://links.lww.com/JIT/A623). Thus, simple alteration of
format did not significantly improve the acute sensitivity of
the CARs in Jurkat cells.

Characterization of Optimized CARs in Primary
T-Cell Assays

Having achieved acute functional sensitivity in Jurkat
cells matching the E6 TCR and within 10× of the E7 TCR
when corrected for peptide loading, we tested the fully
optimized E6 CARs in primary T-cell assays. First, we
explored acute sensitivity in a highly controlled, peptide-
loading context using A375 (HPV-negative) target cells,
with cytotoxicity as the readout. Acute HPV E629–38 CAR
(CT512) sensitivity was ∼10× lower than the E6 TCR and
∼100× lower than the E7 TCR, regardless of IL-2 addition
(Fig. 6A, Table 4). These findings are consistent with pre-
vious observations that primary T-cell cytotoxicity assays
increase resolution and amplify differences in acute sensi-
tivity measured in Jurkat:T2 assays.16 The cytotoxicity
response was mirrored by IFN-γ secretion (Fig. 6C).60–62 In
addition, we confirmed the E6 CAR (CT512), E6 TCR, and
E7 TCR killed the HPV-positive tumor cell line CaSki
similarly at multiple E:T ratios, while they had little effect
on the HPV-negative cell line A375 (Fig. 6B). The E7 TCR
killed better than the others. Expression of both CAR and
TCR constructs was similar to one another in these

experiments and comparable to what we typically observed
(Fig. 6D, Supplementary Fig. 6, Supplemental Digital
Content 1, http://links.lww.com/JIT/A623).

Next, we studied long-term antigen-dependent cytotox-
icity in serial cocultures with peptide-loaded A375 target cells
(HPV-negative, GFP-positive), with loss of GFP signal rel-
ative to target-negative controls as the readout (Fig. 6E). We
used both the fully optimized CT512 CAR and the partially
optimized (light-chain only) C2388 CAR. While both CARs
killed target-positive cells throughout 3 cycles of serial
coculture, they did not display an advantage over either TCR
(Fig. 6F, Table 4). Instead, the E7 TCR maintained target-
dependent killing for at least 1 additional coculture cycle in
comparison to E6 CARs. We also characterized the C2388
CAR together with E6 and E7 TCRs in the same assay in the
presence and absence of IL-2. IL-2 increased the number of
active cycles (adding ∼3 cycles) for all constructs similarly
(Fig. 6G). Together, these results demonstrated that the
optimized HPV E629–38 CARs were potent and selective after
heavy-chain and/or light-chain optimization, behaving sim-
ilarly in many respects to the clinical TCRs. However, the E7
TCR exhibited exceptional potency, eclipsing the E6 TCR
and CARs (Table 3).

DISCUSSION
We have explored the potential of CARs in one of the

most challenging areas of target biology, pMHCs, with
HPV E6 as the focal point. pMHC targets pose challenges
for CARs for at least 2 reasons: (i) the target density is low
compared with cases where CARs have demonstrated
unequivocal success in the clinic46; and, (ii) TCRs evolved to
target pMHCs, and they can be selected in the body for high
potency and specificity, often requiring little further opti-
mization. The E6 and E7 TCRs characterized by Hinrichs
and colleagues offer good comparators that exemplify the
high standard that CARs must meet to compete with good
TCRs.9,47 Both TCRs are highly potent and selective.
Nonetheless, we were able to optimize a CAR that nearly
matches the E6 TCR while falling short of the E7 TCR in
sensitivity. This shortfall, especially notable in primary
T-cell cytotoxicity assays, may be partly because of differ-
ences in peptide display and/or loading.63

The peptide-loading assay offers a convenient measure
of sensitivity, the EC50 at which T-cell response is
half-maximal. This value is correlated with pMHC mole-
cules/cell, which can be estimated directly using potent,
selective binding reagents and a combination of single-
molecule microscopy and cell fluorescence, providing a

TABLE 4. Summary of Antigen-dependent Cytotoxicity and Exhaustion of HPV E629–38 and HPV E711–19 TCRs and Examples of Light-
chain and Heavy-chain Optimized HPV E629–38 CARs in RACA

Constructs
Construct Format/

Source
Test Peptide
Sequence

Primary T-Cell
Acute EC50 (nM)

Peptide Concentration
Used in RACA (nM)

Cycles
(No IL-2)

Cycles
(+IL-2)

C882 HPV E711–19 TCR YMLDLQPET 0.05 25 4–5 8
C881 HPV E629–38 TCR TIHDIILECV 0.4 500 4 8
C2388 HPV E629–38 CAR (light

chain optimized)
TIHDIILECV 600 25,000 3 6

CT512 HPV E629–38 CAR (light
and heavy chain
optimized)

TIHDIILECV 5.2 5000 4 ND

CAR indicates chimeric antigen receptor; HPV, human papillomavirus; IL-2, interleukin 2; ND, not determined; RACA, repeated antigen-challenge assay;
TCR, T-cell receptor.
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standard curve.64 If these data are applied to HPV binders
and corrected for loading efficiency measured by surface-
stabilization of HLA-A*02, we estimate that at its Jurkat:T2
EC50 the E6 CAR (CT512) reacted to cells bearing an aver-
age of ∼10–20 target pMHCs/cell; the E7 TCR, ∼5 pMHCs/
cell (Supplementary Fig. 7, Supplemental Digital Content 1,
http://links.lww.com/JIT/A623). For comparison, HPV
E711–19 is reported to be displayed on HPV-positive CaSki
cells at ∼25 copies/cell.45 The sensitivity of the E6 CAR is
impressive and may be as high as any CAR ever reported.
Many groups have developed monoclonal antibodies (mAbs)
that bind pMHCs, and some have explicitly optimized them
for affinity and/or avidity.21 Where reported, the absolute
sensitivities typically fall in the range of 100–1000 molecules/
cell, though one study found that in vitro treatment with
CD19 CAR-T cells could kill target CD19(+) myeloma cells
with <100 molecules/cell.35,37 It is also generally thought that
high-affinity CARs have poor sensitivity, though we have not
observed such a correlation.65

We chose especially potent TCRs with which to compare
our CARs. Though these HPV TCRs are not outliers, there
are many characterized patient-derived TCRs relevant to
immuno-oncology with a sensitivity well below the best HPV
TCRs. Good examples are mutant KRAS-directed TCRs.
Despite enormous effort, published TCRs that discriminate
between the mutant and wild-type KRAS forms often include
relatively weak TCRs based on in vitro cytotoxicity assays.66,67

Therefore, it appears likely that, at least for certain antigens,
potency optimization will also be required for TCRs, poten-
tially providing another entré for CARs that must be opti-
mized in vitro to gain acceptable potency.

We do not understand certain aspects of the primary
binding and optimization process; for example, why certain
pMHC probes yield reasonable binders after primary
screening while others do not. It is possible other library
formats or larger numbers of variants might improve the
initial output from the binding screen. However, we have
not noticed large differences in results when different types
of library construction are used (eg, mAb, scFv, heavy-chain
vs. light-chain optimization, CDR3 combination, etc.). The
HPV E711–19 pMHC probe appeared to enrich more rapidly
during the primary binding campaign, and it is possible this
probe is less specific than, for instance, the HPV E629–38
probe. This problem might also explain the poor results
from the optimization of HPV E711–19 binders. We also
noted here a disconnect between binding and function that
we have observed generally.16 Though binding is necessary,
and further optimization rounds yielded improved function,
the relationship between binding and function is apparently
not simple. Finally, in the case of HPV E629–38, we com-
pleted 2 optimization cycles on top of the initial primary
binder selection. Further or different types of optimization
may produce additional increments in sensitivity.

With regard to specificity, the HPV CARs described
here are equally selective, or nearly so, compared with the
highly selective HPV TCRs. This finding is not consistent
with the view that high-potency CARs directed at low-
density antigens such as pMHCs cannot be selective.65 In
addition, it is relatively easy to identify and study-related
peptides that could cross-react with scFv binders that, unlike
many TCRs, are not derived from the human blood. This in
turn, suggests an easy way to flag and de-risk such possible
safety concerns in vitro based on quantitative assays and
comparisons with expression levels of proteins that encode
potentially cross-reacting peptides in human tissues.

As cell therapy evolves to include more complex engi-
neering, it seems likely that some of the innovation that has
characterized mAb therapeutic development will apply. A
good example is multifunctionality, illustrated by bispecific
T-cell engagers and dual-targeted checkpoint inhibitors.68–70

Such antibody-based molecules either furnish unique func-
tional capability that cannot be achieved by combining
individual mAbs, or offer additive benefits for convenience;
or, in the case of immuno-oncology, mitigation of preex-
isting and acquired resistance.31 In the context of HPV-
induced cancers, we imagine that improved cell therapies
will incorporate, at a minimum, binding elements that per-
mit multiple targeting of different epitopes, perhaps
including additional viral serotypes and HLA allelic forms.

CONCLUSIONS
A common view holds that CARs cannot be optimized

to reach the level of sensitivity and selectivity observed in
natural TCRs.65 This feature may not be an absolute differ-
ence but rather a result of their divergent origins. TCRs
typically come from the body optimized for signaling func-
tion. CAR ligand-binding domains, on the other hand, are
selected principally from binding screens. Here we show that
sensitive, selective pMHC-directed CARs can be recovered.
However, our experiments also illustrate the effort required to
achieve these features using current technology and suggest
the possible value of high-throughput functional screens.
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