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Complete cancer regression occurs in a subset of patients following
adoptive T cell therapy (ACT) of ex vivo expanded tumor-infiltrating
lymphocytes (TILs). However, the low success rate presents a great
challenge to broader dlinical application. To provide insight into TIL-
based immunotherapy, we studied a successful case of ACT where
regression was observed against tumors carrying the hotspot mu-
tation G12D in the KRAS oncogene. Four T cell receptors (TCRs)
made up the TIL infusion and recognized two KRAS-G12D neoanti-
gens, a nonamer and a decamer, all restricted by human leukocyte
antigen (HLA) C*08:02. Three of them (TCR9a, 9b, and 9¢) were
nonamer-specific, while one was decamer-specific (TCR10). We show
that only mutant G12D but not the wild-type peptides stabilized
HLA-C*08:02 due to the formation of a critical anchor salt bridge
to HLA-C. Therapeutic TCRs exhibited high affinities, ranging from
nanomolar to low micromolar. Intriguingly, TCR binding affinities to
HLA-C inversely correlated with their persistence in vivo, suggesting
the importance of antigenic affinity in the function of therapeutic
T cells. Crystal structures of TCR-HLA-C complexes revealed that
TCR9a to 9c recognized G12D nonamer with multiple conserved
contacts through shared CDR2$ and CDR3a. This allowed CDR3f
variation to confer different affinities via a variable HLA-C contact,
generating an oligoclonal response. TCR10 recognized an induced
and distinct G12D decamer conformation. Thus, this successful case
of ACT included oligoclonal TCRs of high affinity recognizing distinct
conformations of neoantigens. Our study revealed the potential of a
structural approach to inform clinical efforts in targeting KRAS-
G12D tumors by immunotherapy and has general implications for
T cell-based immunotherapies.

TCR-HLA-C complex structure | tumor-infiltrating TCR-antigenic affinity |
adoptive T cell transfer immunotherapy | KRAS-G12D neoantigen | cancer
therapy

In cancer, cytotoxic CD8" T cells can eliminate tumor cells
through recognition of peptide epitopes presented on major
histocompatibility complex class I (MHC-I) molecules by the
alpha-beta T cell receptor (apTCR). Each TCR chain contains
three complementarity-determining regions (CDRs) generated
by V(D)J recombination, which form six flexible loops that
contact MHC-I (1-4). In general, the germline-encoded CDR1
and CDR2 contact the MHC-I heavy chain, while the hyper-
variable CDR3 binds the MHC-I-bound peptide (1, 2, 5). T cells
can recognize peptides derived from tumor-associated antigens,
cancer-testis antigens, viral antigens (in the case of virally de-
rived tumors), and neoantigens (6). Neoantigens are peptides
derived from mutated “self” proteins that the immune system
detects as “nonself.” Many neoantigens are “private” to indi-
vidual tumors, and immunity to these antigens can be exploited
with immunotherapies such as checkpoint blockade or person-
alized vaccines (7, 8). Some neoantigens are derived from
common or “hotspot” mutations such as those arising in the RAS
proteins and p53. The RAS family (H, N, and KRAS) of small
GTPases are among the most commonly mutated oncogenes in
cancer (27%) (9). Among them, the G12D mutation in KRAS
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occurs most frequently and is found in ~45% of pancreatic, 13%
of colorectal, and 4% of lung cancers (10, 11). The high fre-
quency of this mutation makes it an ideal drug target but at-
tempts to chemically target mutant RAS have proven challenging
(10, 11).

Adoptive T cell therapy (ACT) with expanded tumor-infiltrating
lymphocytes (TILs) has demonstrated clinical efficacy; however,
the complete response rate is only 20 to 25% (12, 13). In antibody-
based immunotherapy, clinical efficacy is known to depend on
antigenic specificity, affinity, and antibody half-life (14). In con-
trast, the desirable traits of TCRs for favorable ACT clinical out-
comes remain unclear and, with the expansion of TIL-based
immunotherapy (15), there is a need to evaluate and predict the
potential clinical efficacy of TIL TCRs. To provide insight into
tumor recognition by TILs and to facilitate the development of
effective ACT, we combined biochemical, structural, and cellular
approaches to elucidate 1) cell-based tumor antigenic presentation
by class I human leukocyte antigen (HLA-I), 2) the specificity and
affinity of TIL-TCR recognition of tumor antigen in solution and
on reconstituted T cells, and 3) structural recognition of tumor
antigen by TIL TCRs (Fig. 14). In particular, we studied five
KRAS-G12D-specific tumor-infiltrating TCRs obtained from two
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Fig. 1. G12D mutation is critical for presentation and T cell recognition of KRAS-G12D neoantigens. (A) Strategy to study TIL TCRs. (B and C) HLA-I stabi-
lization on TAP-deficient 221-C*08:02-ICP47 cells incubated overnight at 26 °C with 100 pM WT and G12D KRAS 9- and 10-mer and control peptide YVD
(YVDEHGTRL). NP, no peptide. A representative experiment is shown in B and data from five or six independent experiments are summarized in C. Statistical
significance was assessed by one-way ANOVA with Tukey’s multiple comparison test (****P < 0.0001). (D and E) Frequency of TCR* Jurkat T cells expressing
CD69 after incubation with 221-C*08:02-ICP47 cells loaded with WT and G12D KRAS 9- and 10-mer, as measured by flow cytometry. Peptides were tested from
1,000 to 0.01 nM. A representative experiment is the data shown in D with 10 nM peptide and four to six independent experiments are summarized in E with

mean and SEM values. MdFI = median fluorescence intensity.

patients (16, 17). One patient (no. 4095) with metastatic colorectal
cancer was treated with an infusion of ex vivo expanded TILs car-
rying four TCRs (TCR9a to 9c and TCR10), which resulted in
successful tumor regression. Another KRAS-G12D-specific TCR
(TCRY9d) was identified from the TILs of patient no. 3995 but was a
minority of the TIL infusion used to treat this patient (16). All five
TCRs are HLA-C*08:02-restricted and recognize either a nonamer
(10GADGVGKSA) or decamer (;(GADGVGKSAL) KRAS pep-
tide, in which the wild-type (WT) Gly is mutated to Asp (D) at
position 12 (Table 1). Nonamer-specific TCRs (9a to 9d) shared the
same V genes but varied in their CDR3p sequence. The decamer-
specific TCR10 used a different V gene and CDR3 sequences.
We show that only G12D but not WT KRAS peptides are
presented by HLA-C*08:02, explaining the lack of recognition of
WT KRAS peptides by G12D-specific TCRs. All five KRAS-
G12D-specific TCRs displayed nanomolar to low micromolar
peptide-HLA-C (pHLA-C) binding affinities, which inversely
correlated with their in vivo persistence, suggesting antigenic af-
finity impacts the T cell’s in vivo persistence. Multiple TCR-HLA-
C complex structures revealed that TCR9a to 9d share a common

recognition mode, dependent on their CDR2f and CDR3w inter-
actions with peptide and HLA-C. The lack of peptide-contacting
CDR3p residues allowed its sequence variation among TCRY9a to
9d, while maintaining neoantigen specificity. The variable CDR3p
of the four TCR9s produced different contacts with HLA-C that
modulated their binding affinities. The structure of TCR10 in
complex with decamer-HLA-C showed the receptor recognized a
distinct G12D peptide conformation not present in TCR9-HLA-C
structures. This suggests both TCRY and 10 are required to target a
distinct conformation of KRAS-G12D neoantigens. Our study
provides a molecular understanding of TCRs from a successful
case of ACT and suggests that oligoclonal, tumor-specific TCRs
with high affinities can deliver effective tumor clearance. We an-
ticipate rules for selecting TILs for better immunotherapy will
emerge as more clinical cases are explored using the current ap-
proach. It is our hope that these studies will eventually yield
predicative power to facilitate the design of ACT with effective
tumor clearance, better antigenic coverage, and optimal therapeutic
persistence.

Table 1. KRAS-G12D-specific T cell receptors

Patient TCR TCR frequency TCR frequency KRASG12P
no. name V alpha V beta CDR3a (length) CDR3p (length) (infusion), % (post transfer), % specificity
4095 9a TRAV4*01 TRBV5-6*01 CLVGDMDQAGTALIF (13) CASSLGEGRVDGYTF (13) 50 0 ' GADGVGKSA
4095 9% TRAV4*01 TRBV5-6*01 CLVGDMDQAGTALIF (13) CASSLGRASNQPQHF (13) 7 5 ' GADGVGKSA
4095 9c TRAV4*01 TRBV5-6*01 CLVGDRDQAGTALIF (13) CASSFGQSSTYGYTF (13) 0.04 0.05 'GADGVGKSA
4095 10 TRAV12- TRBV10- CAAAMDSSYKLIF (11) CASSDPGTEAFF (10) 20 10 " GADGVGKSAL

2*01 2*01
3995 9d TRAV4*01 TRBV5-6*01 CLVGDMDQAGTALIF (13) CASSLGQTNYGYTF (12) 0.002 0 °GADGVGKSA
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Results

HLA-C Presents the G12D Neoantigens but Not Wild-Type KRAS for
T Cell Recognition. Tumor specificity is essential to a T cell-based
antitumor therapy. While the four transferred TIL-expanded T cells
to patient 4095 successfully cleared metastatic tumors through tar-
geting KRAS-G12D in the context of HLA-C*08:02, the source of
their tumor specificity remained unknown (17). The therapy’s
specificity against neoantigen but not wild-type KRAS was assumed
the property of the four TCRs (18). Namely, these TCRs possess
higher affinity to HLA-C presenting the G12D mutant than WT
KRAS. To assess antitumor TCR preference for neoantigen, we
utilized a cell-based functional peptide-binding assay using trans-
porter associated with antigen presentation (TAP)-deficient cells
(221-C*08:02-ICP47). The HLA-I-negative cell line 221 was
transfected with HLA-C*08:02 and the TAP inhibitor ICP47 (19).
Peptide binding was assessed as an increase in HLA-C expression by
flow cytometry after overnight incubation with peptide at 26 °C.
Both the KRAS-G12D mutant nonamer and decamer peptides
stabilized HLA-C*08:02 expression, measured by staining for class I
HLA (W6/32) or beta-2 microglobulin (B,m) (Fig. 1 B and C). This
increase in HLLA-C stabilization was similar to a control peptide
YVD (YVDEHGTRL), previously shown to bind HLA-C*08:02
(Fig. 1C) (19). However, the WT KRAS peptides failed to stabilize
HLA-C expression on the TAP-deficient cells (Fig. 1 B and C),
suggesting the TCR tumor specificity is derived from preferential
tumor antigen presentation by HLA-C rather than differential TCR
recognition of G12D over WT KRAS.

To evaluate the specificity of the KRAS-G12D-specific TCRs,
we generated Jurkat T cells transfected with TCR9a (Va4 Vp5)
and TCR10 (Val2Vp10), specific for the nonamer and decamer,
respectively. TCR-transfected Jurkat cells were specifically acti-
vated by their G12D but not WT KRAS epitopes loaded on 221-
C*08:02-ICP47 cells, measured by CD69 expression (Fig. 1 D
and E). TCR10-transfected Jurkat cells recognized the G12D
decamer exclusively with a half maximal effective concentration
(EC,) of 0.03 nM, while TCR9a-transfected Jurkat cells recog-
nlzed both the nonamer and decamer G12D with an ECsq of 1
and 35 nM, respectively.

The G12D Mutation and Peptide C Terminus Form Critical Anchors for
Binding HLA-C*08:02. The role of the G12D mutation in peptide
binding was illustrated in the crystal structures of HLA-C*08:02
in complex with the KRAS-G12D nonamer (;(GADGVGKSA)
and decamer (1(GADGVGKSAL) peptides (Fig. 2.4 and B and
SI Appendix, Table S1). Both structures were refined to 1.9- A
resolution and were nearly identical to each other. Comparing
the Co residues 2 to 272 of the HLA-C heavy chains gave an
rmsd of 1.06 A. The two peptides were anchored at the N and C
termini by similar interactions with HLA-C*08:02 but showed
distinct conformations in the middle between the p5 and p8
positions (Fig. 2 B and C and SI Appendix, Fig. S1 A and B). The
decamer bulged out of the peptide-binding groove peaking at the
p7 position Lys, similar to previous studies of longer peptides
(20, 21). The most contacts between the HLA-C*08:02 peptide-
binding groove and peptide side chains were at peptide p3, where
the negatively charged Asp formed a salt bridge with the posi-
tively charged Arg-156 on the a2-helix (Fig. 2C and SI Appendix,
Fig. S1C). Critically, p3 Asp is the result of the KRAS-G12D
mutation and the salt bridge cannot be formed with the WT Gly,
suggesting G12D but not WT KRAS is selectively presented by
HLA-C*08:02. This is consistent with a previous study of the
immunopeptidome of HLA-C*08:02 showing the p3 position
contained exclusively negatively charged Asp or Glu residues
(22) (Fig. 2D). Consistent with the crucial role of p3D in antigen
presentation, other KRAS mutations such as G12V, G12R, and
G12S were not recognized by the G12D-specific TCRs (SI Ap-
pendix, Fig. S1D).
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To further assess the role of the G12D mutation in peptide
binding to HLA-C*08:02, we refolded HLA-C*08:02 with WT and
G12D KRAS peptides. By size-exclusion chromatography, HLA-
C refolded with WT peptides appeared largely misfolded, with no
major peak at the expected elution volume of 82 mL (SI Appendix,
Fig. S24). In contrast, HLA-C refolded with G12D peptides
eluted as expected. Furthermore, we determined the melting
temperature of these proteins by differential scanning fluorimetry
with a fluorescent dye (SYPRO orange) that binds hydrophobic
regions of proteins (23). HLA-C refolded with WT peptides dis-
played strong binding to the dye at low temperatures with no
discernable melting point, indicative of misfolded protein
(Fig. 2E). In contrast, HLA-C*08:02 refolded with either the
KRAS-G12D nonamer or decamer exhibited well-behaved ther-
mal melting curves with melting points of 51 + 1.3 and 45 + 1.8 °C,
respectively, similar to other peptide-HLA-C molecules (24).
Thus, only the G12D mutation but not WT KRAS peptides sta-
bilized the peptide-HLA-C complex for antigen presentation.

Understanding the structural mechanism of peptide presentation
by HLLA molecules can lead to rational peptide substitutions for the
development of peptide vaccines (25-27). The C-terminal peptide
residue often anchors the bound peptide to the MHC, such as Leu-
19 in the G12D decamer (SI Appendix, Fig S2B). However, the
C-terminal anchor in the G12D nonamer is the less hydrophobic
Ala, which has 44.5 AZ less buried surface area than Leu. While
Leu is the most common C-terminal residue, Ala at the C terminus
is absent from nonamer or decamer peptides previously eluted
from HLA-C*08:02 (22) (SI Appendix, Fig. S2C). We hypothesized
that substituting the C-terminal Ala with Leu (KRAS-G12D-
A18L) would improve HLA-C stabilization and confer better rec-
ognition by nonamer-specific TCRs. Indeed, this substitution im-
proved the stabilization of HLA-C*08:02, and enhanced the ECs
of TCRY9a by 20-fold (Fig. 2F and SI Appendix, Fig. S2D). Con-
versely, substitution of Leu for Ala in the decamer C terminus
abolished HLA-C stabilization and recognition by TCR10
(Fig. 2F). Thus, Ala is a suboptimal G12D nonamer C-terminal
anchor for HLA-C*08:02, and a Leu-substituted G12D nonamer
may lead to more sensitive T cell recognition. Together, we con-
clude that the G12D mutation is critical for neoantigen pre-
sentation by HLA-C*08:02 (Fig. 2), which is essential for T cell
recognition.

Therapeutic TCRs Display High Affinities That Inversely Correlate with
In Vivo Persistence. The molecular properties of TIL TCRs are
poorly understood. For most TIL-based therapy, the antigenic
affinities of therapeutic T cells are not known, nor are consid-
ered as a selection criterion. Patient 4095 was treated as part of a
clinical trial using ex vivo expanded TILs (17). As part of this
trial, TIL cultures were determined to be neoantigen-reactive
regardless of neoantigen identity or the number of TCR clono-
types. This TIL infusion contained four KRAS-G12D-specific
TCRs, TCR9a to 9c and TCR10. After adoptive transfer of
this TIL infusion product, TCR9a to 9c¢ and TCR10 exhibited
differences in their in vivo persistence, despite similar in vitro
functional avidities, and expression of cell-surface markers (17).
TCROYa to 9d also exhibit CDR3 variation, the impact of which
is unknown but could impact TCR specificity and affinity.

To investigate the impact of TCR-pHLA binding affinity on
the success of KRAS-G12D-specific immunotherapy, we mea-
sured the solution binding affinities of KRAS-G12D-specific
TCRs to their cognate HLA-C by surface plasmon resonance
(SPR) using BIAcore (Fig. 3). Recombinant HLA-C was cap-
tured by an immobilized class I HLA monoclonal antibody (mAb)
on CMS5 sensorchips and recombinant TCRs were used as analy-
tes. TCR9a to 9d exhibited affinities in the range of 16 to 835 nM
for the G12D nonamer-complexed HLA-C*08:02 (Fig. 3 A-D).
The best binder was TCR9a, with a K, of 16 (+8) nM, the highest
to our knowledge for an unmodified tumor-specific TCR (28-30).
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(TCRY9a) to 835 nM (TCR9Db). These differences in binding
affinity were not due to differences in thermal stability be-
tween the TCRs (S Appendix, Table S2). While limited to
four data points, we observed an intriguing inverse correlation
between TCR affinity and TCR frequency 40 d post adoptive
transfer (Fig. 3H). Notably, TCR9a (Kp 16 nM) made up 50%
of the infusion product but was undetectable in circulation
40 d post transfer (Fig. 3 G and H). Conversely, TCR10 (Kp
6.7 pM) made up 20% of the infusion product but was main-
tained as 10% of circulating T cells at 9 mo post transfer
(Fig. 3 G and H) (17).

Contrasting TCR Binding Modes for Recognition of KRAS-G12D
Neoepitopes. To understand how these therapeutic TCRs ex-
hibit non—cross-reactive binding to the two similar G12D neo-
antigens, we solved the X-ray crystal structures of three TCRs
(%9a, 9d, 10) in complex with HLA-C*08:02 (SI Appendix, Table
S1). TCR9a and 9d recognized the HLA-C*(08:02-presenting
G12D nonamer and these structures were refined to 3.2- and 2.0-
A resolution, respectively (Fig. 4 A and B and SI Appendix, Table
S1). TCR9a and 9d (both Va4Vp5) bind HLA-C*08:02 in an
identical orientation with almost complete overlap of their six
CDR loops (Fig. 4B). The third structure was a complex of TCR10
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with HLA-C*08:02-decamer, which was refined to a resolution of
3.5 A (Fig. 4 C and D). Given the similarity of the TCR9a and 9d
complex structures, comparisons to the TCR10 complex were
made only with the TCR9d complex. Unlike the conserved
structural recognition of HLA-C between TCR9a and 9d, TCR9d
and TCR10 have limited overlap when aligned onto HLA-C*08:02
(Fig. 4 E and F). The two TCRs have docking geometries that
differ by 48° (Fig. 4G). TCR9d docks diagonally (relative to the
HLA-C al-helix vector) with a crossing angle of 15°, while TCR10
docks more vertically with a crossing angle of 63°. Overall, TCR9d
makes more contacts with the peptide-HLA-C complex than
TCR10, consistent with its higher antigenic affinity (Figs. 3 and 4H
and SI Appendix, Tables S3 and S4). Proportionally, the a-chain of
both TCRs made more contacts to pHLA-C than their f-chain, a
difference that was more pronounced for TCR9d (Fig. 4H). Im-
portantly, TCR9d and TCR10 exhibited unique contacts to HLA-
C to accommodate the nonamer and decamer antigens that are
similar in sequence but divergent in structure (Fig. 4 H-/ and SI
Appendix, Tables S3 and S4).

T Cell Recognition of the KRAS-G12D Nonamer. TCR9a and 9d were
identified from TILs of two individuals and share almost identical
binding modes (Fig. 4). Specifically, the nonamer TCRs share
almost identical TCR sequences, differing significantly only in
their CDR3p. The common recognition mode was dominated by
shared CDR3a and CDR2f interactions with pHLA-C (Fig. 5 4
and B and SI Appendix, Fig. S34). Lys at peptide p7 is the most
prominent exposed residue of the peptide (Figs. 1D and 54). It
forms a hydrogen bond (h-bond) with Tyr-48 and a salt bridge with
Glu-49 of CDR2f. T cell activation was substantially reduced
when p7 Lys was replaced with Ala and abolished when Lys was
replaced with Glu, likely due to charge repulsion with Glu-49 of
CDR2p (Fig. 5C and SI Appendix, Fig. S3D). Arg replacement at
p7 did not fully restore the T cell activation, suggesting that Lys is
preferred at p7 (Fig. 5C). In addition, GIn-98 of CDR3a forms
h-bonds with GIn-155 and Arg-156 of HLA-C*08:02, and with the
carbonyl group of the peptide p5 (Val) (Fig. 5B). Ala replacement
of GIn-98 resulted in a 30-fold loss in TCR9a binding affinity to
the nonamer-HILA-C ligand, whereas Ala substitutions of Tyr-48
and Glu-49 in CDR2p decreased the binding by 500-fold, sug-
gesting the CDR2p interactions contribute more than CDR3a to
the high affinity of TCR9a (Fig. 5 E and F). Ala substitution at p4
or p6 Gly, but not p5 Val, abolished T cell recognition, suggesting
conformational flexibility was necessary for T cell recognition
(Fig. 5C and SI Appendix, Fig. S3D).

TCROYa to 9d differ substantially in their CDR3p sequence and
exhibit a range of affinities (Fig. 3). Consistently, the conformation
of the CDR3p loop was the main difference between the struc-
tures of the TCR9a and 9d complexes with HLA-C (Figs. 4B and
5D and SI Appendix, Fig. S3 B and C). CDR3a extends un-
derneath CDR3p, obscuring its contact with the peptide (Fig. 5 B
and D). Consequently, both TCR9a and 9d CDR3ps make no
contacts with the peptide and instead form either a salt bridge
(from TCR9a Glu-95) or h-bond (TCR9d GIn-95) to Arg-69 of
HLA-C*08:02, respectively (Fig. 5D). Variation at CDR3p posi-
tion 95 among the four nonamer-specific TCRs is consistent with
the variable HLA-C binding affinities observed among the
nonamer-specific TCRs (Fig. 5G). Glu-95 of TCR9a forms a salt
bridge with Arg-69 of HLA-C, leading to the highest ligand
binding affinity of 16 nM (Fig. 5G). GIn-95 of TCR9c and 9d
forms an h-bond with Arg-69, resulting in similar binding affinities
of 90 and 125 nM, respectively. In contrast, Arg-95 of TCR9b
would not be able to interact with Arg-69, and thus TCR9b dis-
plays the lowest pHLA-C binding affinity of 825 nM (Fig. 5G).
Consistently, substitution of Glu-95 with Arg in the CDR3p of
TCRY9a reduced its affinity from 16 to 377 nM, similar to that of
TCROb (SI Appendix, Fig. S3E). Together, our data show that the
G12D nonamer-specific TCRs share an identical HLA binding
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mode that relies on their CDR3a and CDR2p for peptide rec-
ognition. CDR3p did not contact peptide but made a variable
HLA-C contact. These structures provide a molecular explanation
for how multiple TCRs can maintain neoantigen specificity with
variable affinities by adopting a shared binding mode.

TCR10 Recognizes an Altered KRAS-G12D Decamer Peptide Conformation.
Notably, in the crystal structure of TCR10 (Va12Vp10) complexed
with HLA-C*08:02-G12D, the decamer exhibited yet a different
conformation compared with that of the “TCR-free” (HLA-C-alone)
structure (Figs. 2B and 64 and SI Appendix, Fig. S4 A-C). While the
decamer bulges out of the HLA-C peptide-binding groove between
the p6 and p8 positions in the TCR-free HLA-C structure (Figs. 2B
and 64), the bulge is shifted to the p4 to p6 positions in the TCR-
bound HLA-C (Fig. 64). Specifically, the positions of Val-Gly-Lys-
Ser (p5 to p8) of the peptide shifted 3.5 to 4.8 A upon TCR complex,
breaking a van der Waals contact and two h-bonds between the
peptide and HLA-C observed in the TCR-free structure (SI Appen-
dix, Fig. S4D). The two h-bonds were between Tyr-97 of CDR3x and
the carbonyl of Gly (p4) and between the amide of CDR3f Gly-97
and the carbonyl of Val (p5). The salt bridge was between CDR3p
Asp-95 and Lys (p7) (Fig. 6B). Substitution of the p7 Lys with Arg
preserved activation of TCR10-transfected T cells, while Ala or Glu
substitutions abolished activation, demonstrating the importance of
the salt bridge between Asp-95 of CDR3p and Lys at p7 of the
peptide (Fig. 6D and SI Appendix, Fig. S4D). None of these CDR3p
contacts could be made with the TCR-free peptide by modeling
(Fig. 6 A-C). Ala substitution of p4 to p6 (GVG) abolished recog-
nition, further supporting the importance of a peptide conformational
change (Fig. 6D and SI Appendix, Fig. S4D). By SPR, substitutions in
CDR3a (Y97F, Y97A) and CDR3p (D95A, P96G, G97A) each
resulted in loss of the TCR binding to the decamer—-HILA-C (Fig. 6 E
and F). We conclude that the G12D-decamer conformation with a
bulge at p5 Val is necessary for TCR10 activation.

Modeling TCRY onto the decamer-HLA-C structure revealed
the importance of TCR10 in recognition of the “TCR10-bound”
decamer conformation. TCR9d could partially accommodate the
decamer peptide in its TCR-free conformation, as evidenced by
the cross-reactive recognition of nonamer-specific TCR9a to the
G12D decamer (Fig. 1E and SI Appendix, Fig. S5). However,
significant steric hindrance between the TCR10-bound decamer
conformation and TCR9 CDR3a would prevent the receptor
binding to this conformation. The distinct antigenic recognition
is further supported by peptide substitutions, where Ala substi-
tutions of p4 to p7 eliminated both TCR9a and TCR10 activa-
tion (SI Appendix, Fig. S5D). In contrast, Arg at p7 reduced
TCRYa but not TCR10 activation. Our functional and structural
studies suggest the decamer exists in two conformational states,
one that is weakly recognized by TCR9 and one that is effectively
recognized by TCR10. It is likely that KRAS-G12D* tumors
present both the nonamer and decamer peptides and therefore
the existence of TCR10 in the TIL infusion ensured efficient
targeting of both structurally distinct neoantigens.

Discussion

ACT with ex vivo expanded TILs is a promising cancer immu-
notherapy, but predicting clinical success remains challenging.
This is in part due to the lack of understanding of the structural
and sequence requirements of TCRs for effective ACT. Here, we
studied multiple TCRs from a successful case of ACT against the
clinically important, common oncogenic mutation KRAS-G12D.
Our study demonstrates that effective ACT, in this case, is as-
sociated with oligoclonal TCRs that exhibit high binding affinities
for two structurally distinct neoantigens. The nonamer-specific
TCRs differed in their binding affinities due to a CDR3p-
dependent variable contact with HLA-C. However, neoantigen
specificity by TCR9 was maintained via a shared binding mode
dependent on their CDR3a and CDR2p. Effective recognition of

PNAS | June9,2020 | vol. 117 | no.23 | 12831

BIOPHYSICS AND

COMPUTATIONAL BIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921964117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921964117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921964117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921964117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921964117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921964117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921964117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921964117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921964117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921964117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921964117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921964117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921964117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921964117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921964117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1921964117/-/DCSupplemental

A TCR9d: CDR2B B TCR9d: CDR3u

CDR3p C
Jurkat-TCR9a

GADGVGKSA { s
- ¢o
A oy f e ) [ |+
————— A-—- o 3
—————— A-- 1 [
—————— R——{ e
—————— E--1P

0 20 40 60

a ’
- CD69* (%)
HLA-C*08:02 GADGVGKSA
DcpRrap: TcR9a Tcrod E F
C*08:02-G12D-9mer ~ TCR9a C*08:02-G12D-9mer TCRYa
CDR3¢. Q98A CDR2p YE4849AA
90- _ M 90- M
. Ko=467 WM i (uM)
= +4060M — 10 E Kp=83 _5
5 60- 5 60- +85 M — 25
© — 5 r
2 25 & — 125
S 30 ~ 8 30
73 —12 & . — 062
g | € B — 0312
00200 300400500 00 300 400 — 0.156

Time (s)

Time (s)

Fig. 5. T cell recognition of the KRAS-G12D nonamer via CDR2p. (A) TCR9d CDR2p interactions with p7 Lys of the KRAS-G12D-9-mer. CDR2p, red; HLA-C, gray;
KRAS-G12D-9-mer, green. (B) TCR9d CDR3« interactions with HLA-C*08:02 and the KRAS-G12D-9-mer. CDR3q, turquoise; CDR3, orange; HLA-C, gray; KRAS-
G12D-9-mer, green.(C) Frequency of TCR* Jurkat T cells expressing CD69 after incubation with 221-C*08:02-ICP47 cells loaded with KRAS-G12D-9-mer peptides
with the indicated amino acid substitutions. Amino acids identical to the KRAS sequence are indicated with “-.” Peptides were tested from 1,000 to 1 nM,
shown here at 10 nM; data are a mean of three independent experiments. Statistical significance was assessed by one-way ANOVA with Dunnett’s multiple
comparison test (****P < 0.0001). (D) TCR9a/d CDR3p interactions with HLA-C*08:02 Arg-69. TCR9a-CDR3p, blue; TCR9d-CDR3p, orange; HLA-C, gray; KRAS-
G12D-9-mer, green. (E and F) Binding of TCR9a-CDR3a Q98A (E) and TCR9a-CDR2B YE48,49AA (F) to captured HLA-C*08:02-KRAS-G12D-9-mer at the in-
dicated nanomolar concentrations determined by SPR. Dissociation constants were determined by kinetic curve fitting. Data are representative of two

independent experiments.

the G12D decamer required a peptide conformation only rec-
ognized by TCR10, not TCR9. Tumor specificity was in large
part due to the selective binding of mutant KRAS-G12D to
HLA-C*08:02, sparing healthy cells that express WT KRAS.
Together, this successful case of ACT was associated with the
infusion of multiple, high-affinity TCRs which exhibit
oligoclonal-like recognition of the same mutation.
Antigen-specific TCRs generally consist of diverse populations
of sequences (31-33) and CDR3p sequences often play a dom-
inant role in determining peptide specificity (1, 2). For the
nonamer-specific TCRs this was not the case, as CDR3p varia-
tion generated oligoclonality leading to variable binding affini-
ties but neoantigen specificity was maintained through a shared
binding mode. Crystal structures of TCR9a and 9d complexed
with HLA-C*08:02-KRAS-G12D nonamer revealed that TCR9
recognition was dependent on the germline-encoded CDR2f of
TRBVS5-6*01 and the CDR3a chain. The shared binding mode is
indicative of “public” TCRs that could be exploited by vaccine
strategies (34). Explanations for public TCRs include convergent
recombination, where many V(D)J recombination events con-
verge on the same sequence (34). By mutational analysis,
germline-encoded CDR2 TRBV5-6*01 Tyr-48 and Glu-49
appeared largely responsible for nonamer binding affinity and
thus multiple TCRp recombination events, with variable CDR3p
sequences, could derive nonamer specificity. This likely explains
why nonamer-specific TCRs were found in two patients (16, 17).
As these TCRs derive from only two individuals, it is yet to be
seen whether these TCRs are truly public. Nonetheless, it would
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be interesting to examine the frequency of TCR9-like TCRs
from HLA-C*08:02" patients who carry KRAS-G12D™* tumors.

The presence of both TCR9 and TCR10 ensured a more
complete antigenic coverage than the use of either alone. The
nonamer and decamer KRAS-G12D neoantigens contact HLA-
C*08:02 in similar ways but form structurally distinct T cell
epitopes. While the nonamer-specific TCRs may recognize the
TCR-free conformation of the decamer, TCR10 more effectively
recognized a structurally distinct conformation of the decamer
that is not cross-reactive to the nonamer. This different binding
mode was associated with fewer pHLA-C contacts and a weaker
affinity than the nonamer-specific TCRs, but was still in the
higher range for natural TCRs (28-30).

Patient 4095 was treated with an infusion of expanded TILs
containing four KRAS-G12D-specific TCRs (17). These TCRs
displayed similar functional responses in vitro; however, post
adoptive transfer they displayed variable in vivo persistence (17).
Most dramatic was the disappearance of TCR9a and the sub-
stantial engraftment of TCR10 at 10% of peripheral T cells 9 mo
post transfer (17). Prior to our study, no molecular feature could
explain the differences in in vivo TCR persistence. Limited of
course by the number of TCRs studied from this case, we none-
theless observed that TCR frequency post adoptive transfer was
inversely correlated with TCR affinity. Specifically, those TCRs
with lower affinity (TCR9 and TCR10) had the highest fre-
quencies. Somewhat consistent with this, previous studies sug-
gested that intermediate-affinity TCRs are optimal for ACT and
there is an optimal affinity window for TCR signaling with a Kp
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Binding of WT and mutant TCR10 with indicated amino acid substitutions to captured HLA-C*08:02-KRAS-G12D-10-mer at 5 uM, determined by SPR. Rep-

resentative of two independent experiments (D) and summary (E).

near 1 uM (35-40). The highest-affinity TCRs (9a and 9c) were
almost undetectable 9 mo post transfer (17). For TCROc, this
could be explained by its low frequency in the TIL infusion
(0.04%) but not for TCR9a, which made up 50% of the infusion.
While the high-affinity TCRs (9a and 9c) displayed no reactivity to
WT KRAS, in vivo these TCRs may have experienced chronic
stimulation due to their higher affinity for HLA-C*08:02 or cross-
reactivity to other peptide antigens. Indeed, it would be in-
teresting, and important for the clinical development of these
TCRs, to study the peptide cross-reactivity of TCR%a to 9d to
examine the impact of the variable HLA-C contact on neoantigen
specificity. Previous studies of high-affinity TCR-MHC-I interac-
tions suggest they can induce an anergic-like response, perhaps
due to increased levels of SHP-1 (41, 42). Supporting the idea that
TCRa™ cells exhibit poor in vivo functionality, a recent single-cell
RNA-sequencing analysis revealed nonpersistent TCR9a* T cells
exhibited a differential gene expression pattern compared with the
persistent TCR9b™ and TCR10* T cells (43). Specifically,
TCRY9a* T cells expressed lower transcripts for IL-7R and higher
levels of the EOMES transcription factor, hallmarks of exhausted
T cells (44). Monoclonal TIL-expanded or TCR-transduced
T cells have been successfully used in immunotherapy (45, 46);
however, it is not clear whether in the case studied here the in-
clusion of multiple TCRs with a range of affinities contributed to
its clinical success. It would be interesting to examine in an
in vivo setting whether the inclusion of high-affinity TCRs, in
addition to intermediate-affinity TCRs, may confer an advantage
compared with the intermediate-affinity TCRs alone. In addi-
tion, high-affinity TCRs such as TCR9a, 9¢, and 9d could be of
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advantage for ACT with TCR-transduced T cells as they are
likely to be CD8-independent and can be functionally expressed
in CD4"* T cells (47, 48).

The KRAS-G12D neoantigens exhibit features of “high-
quality” neoantigens, which may also have contributed to the
success of this case (49-51). The KRAS-G12D neoantigens have
no similarity to self as WT KRAS peptides lack the critical Asp
residue to stabilize HLA-C*08:02 (Fig. 1). This suggests G12D-
specific T cells would exhibit minimal off-target effects, which
have been reported in previous ACT trials (52-55). A recent
analysis of immunogenic neoantigens revealed that for anchor
residue mutations, the relative binding comparing WT with
mutant was a strong indicator of immunogenicity (56). In con-
trast to G12D mutants, the WT KRAS peptides were very poor
ligands for HLA-C*08:02, conferring no HLA-C stabilization of
cell-surface or recombinant HLA-C, suggesting the relative
binding affinity was very high for these epitopes. For the design
of peptide vaccines, we showed that a C-terminally modified
nonamer G12D peptide (G12D-A18L) would be a better can-
didate as it improved the sensitivity of TCR9a™ Jurkat cells by
~20-fold (Fig. 2C). Future work should explore the impact of this
C-terminal substitution on T cell recognition as anchor modifi-
cations can have subtle effects on peptide side-chain orientation
and T cell recognition (27).

There is considerable interest in determining which tumor
mutations lead to immunogenic neoantigens (56, 57). A deeper
understanding of how TIL TCRs recognize immunogenic neo-
antigens could lead to improvements in predicting targets for
neoantigen vaccines and the development of other TCR-based
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therapeutics (58, 59). Here we evaluated how the immune system
detects a common cancer mutation of great clinical interest. A
recent analysis of colorectal adenocarcinoma patients identified
18.4% (687/3,734) carried HLA-C*08:02 and 2.3% (85/3,734)
carried HLA-C*08:02 in combination with tumors bearing KRAS-
GI12D (60). It was estimated that over 130,000 new cases of co-
lorectal cancer would be diagnosed in 2016 (61), suggesting
thousands of patients would be eligible for KRAS-G12D-specific
immunotherapy in this one cancer type alone. Our study revealed
a set of favorable TCR attributes associated with a successful TIL-
based immunotherapy in addition to deepening our understanding
of T cell recognition and informing peptide vaccine design.

Materials and Methods

Cell Culture and TCR Transfection. Jurkat T cells and 221-C*08:02-ICP47 cells
were cultured in Iscove’s modified Dulbecco’s medium (Gibco) and 10% fetal
calf serum. DNA encoding TCR9a and TCR10 was synthesized and cloned into
PCDNA3.1 (GenScript). The constructs contained a P2A site separating the
alpha and beta chains, as described (62). Jurkat cells were transfected by
nucleofection using Amaxa (Lonza) with the program X-001 in Cell Line
Nucleofector Solution V. After G418 selection, cells were cloned by limiting
dilution and screened for functional responses to cognate peptide loaded on
221-C*08:02-1CP47 cells.

Peptide Loading Assay. Peptide loading assays were as previously described
(19). Peptides were synthesized at >95% purity (GenScript). Peptide was
incubated overnight at 100 uM with 10° 221-C*08:02-ICP47 cells at 26 °C. The
following day, cells were washed once with phosphate-buffered saline (PBS)
and stained with anti-HLA-I mAb (APC [allophycocyanin], W6/32; BioLegend;
311410). Expression of HLA-C was determined by flow cytometry. Each
peptide was tested at least twice in independent experiments.

T Cell Activation Assay. The day prior to the assay, 10° 221-C*08:02-ICP47
target cells were incubated overnight at 26 °C with peptide ranging from
1 uM to 0.01 nM. The following day, target cells were mixed with TCR*
Jurkat T cells for 6 h at 37 °C. Cells were then washed twice in PBS and
stained with mAbs to CD69 (APC, FN50; BD Biosciences; 555533) and CD3
(APC-Cy7, UCHT1; BioLegend; 300426). Expression of CD69 was measured on
CD3* cells by flow cytometry. All peptides were tested at the indicated
concentrations at least twice in independent experiments.

Flow Cytometry. Flow cytometry was performed on an LSR Il or Fortessa X-20
(BD Biosciences) and data were analyzed using FlowJo software (Treestar;
v10). Cytometer setup and tracking beads were run daily and single-
mAb-stained beads were used to determine compensation settings for
multicolor experiments

Protein Expression, Purification, and Crystallization. DNA encoding residues 1
to 278 of HLA-C*08:02, 1 to 99 of f,m, and the TCR extracellular portions
were synthesized and cloned into the bacterial expression vector pET30a via
Ndel and Xhol (GenScript). All proteins were expressed as inclusion bodies in
BL21 (DE3) cells (Invitrogen). The HLA-CB,m-peptide complex and TCR heter-
odimers were refolded by rapid dilution as previously described (63-65). Pro-
teins were purified first via ion exchange followed by size-exclusion
chromatography with a Superdex 200 column (GE Healthcare). Proteins were
concentrated to 10 mg/mL and screened for optimal crystallization conditions
using commercial and in-house screens using a Crystal Gryphon (ARI). HLA-
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C*08:02-nonamer and HLA-C*08:02-decamer crystals formed in 0.1 M Bis-Tris
(pH 6.5), 0.05 M CaCl, dihydrate, 30% poly(ethylene) glycol monomethyl ether
(PEG MME) 500. TCR9a and TCR9d, complexed with HLA-C*08:02-nonamer,
formed crystals in 22% PEG 3350, 0.1 M Mops (pH 7.1), and 0.25 M MgSOj,.
TCR10 complexed with HLA-C*08:02-decamer formed crystals in 12.5% PEG
4000, 0.1 M Na cacodylate (pH 5.8), 0.2 M (NH,4),SO,4, and 10% glycerol.

Data Collection, Structure Determination, and Refinement. Crystals were im-
mersed in cryoprotectant (crystallization conditions plus 20% glycerol) before
flash cooling in liquid nitrogen. Single datasets were collected for all struc-
tures except the TCR10-HLA-C*08:02-decamer complex, where a complete
and partial dataset from the same crystal were merged. All data were col-
lected on the SER-CAT 22 ID or BM beamlines (Argonne National Laboratory)
and processed and merged using HKL2000 (66). All structures were solved by
the molecular replacement method with Phaser in the CCP4 package and
models were built and refined with Coot and Phenix (67-70). The structure
of HLA-C*08:01 (71) (Protein Data Bank [PDB] ID code 4NT6) with the pep-
tide omitted was used as the search model for the HLA-C*08:02-alone
structures. Our HLA-C*08:02 structure with the peptide omitted and a Va4 TCR
(72) (PDB ID code 6AVG) with CDR loops omitted were used as search models
for the TCR9 complexes. For the TCR10-HLA-C*08:02—decamer complex, a Va12
TCR with the CDR loops omitted was used as the search model (PDB ID code
4ZDH). HLA-C*08:02-alone structures contained one molecule per asymmetric
unit and belonged to the C2 space group. The TCR9a/d-HLA-C*08:02—-nonamer
complexes contained one complex per asymmetric unit and belonged to the
P2, space group. The TCR10-HLA-C*08:02—decamer complex contained two
complexes per asymmetric unit and belonged to the P2, space group. Peptide
and CDR loops were added manually using 2Fo — Fc electron density maps.
Graphical figures were generated in PyMOL.

Surface Plasmon Resonance. SPR was performed with a BlAcore 3000 in-
strument and analyzed with BlAevaluation software v4.1 (GE Healthcare).
The pan HLA-I-specific mAb W6/32 (BioLegend) was immobilized to CM5
chips (GE Healthcare) at 5,000 to 7,000 response units (RUs) by primary
amine coupling with a 2 pL/min flow rate in 10 mM sodium acetate (pH 5.5).
HLA-C was captured by W6/32 at 400 to 700 RUs in PBS. The analytes were
TCR heterodimers in 10 mM Hepes (pH 7.5) and 0.15 M NacCl with a flow rate
of 50 uL/min. TCRs were injected for 2 min followed by a dissociation of
10 min. Binding was measured with serial dilutions of TCR from 10 to 0.15
pM for TCR10 and 1,200 to 37.5 nM for TCR9a to 9d. Dissociation constants
were obtained by modeling steady-state kinetics for TCR10 and kinetic curve
fitting for TCR9a to 9d with BlAevaluation software.

Differential Scanning Fluorimetry. Thermal denaturation assays were per-
formed by differential scanning fluorimetry largely as described (23). Proteins
were diluted to 20 and 10 pM in duplicate on ice and then mixed with 10 and
5x (final concentration) SYPRO orange dye (Thermo Fisher Scientific). Assays
were diluted in 10 mM Hepes (pH 7.5) and 0.15 M NaCl and proteins were
heated from 10 to 90 °C at 1 °C/min. Fluorescence was measured every
minute on a CFX Connect Real-Time PCR Detection System on the fluores-
cence resonance energy transfer setting (Bio-Rad).

Statistical Analysis. All statistical analyses were carried out in GraphPad Prism
(version 7).
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