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Immunotherapy with innate immune cells
has recently evoked broad interest as a
novel treatment option for cancer pa-
tients. y962T cells in particular are emerg-
ing as an innate cell population with high
frequency and strong antitumor reactiv-
ity, which makes them and their receptors
promising candidates for immune inter-
ventions. However, clinical trials have so
far reported only limited tumor control by
adoptively transferred y952T cells. As a

potential explanation for this lack of effi-
cacy, we found unexpectedly high variabil-
ity in tumor recognition within the physi-
ologic human y952T-cell repertoire, which
is substantially regulated by the CDR3
domains of individual y952TCRs. In the
present study, we demonstrate that the
reported molecular requirements of CDR3
domains to interact with target cells shape
the physiologic y952T-cell repertoire and,
most likely, limit the protective and thera-

peutic antitumor efficacy of y952T cells.
Based on these findings, we propose
combinatorial-y8TCR-chain exchange as
an efficient method for designing high-
affinity y962TCRs that mediate improved
antitumor responses when expressed in
afT cells both in vitro and in vivo in a
humanized mouse model. (Blood. 2012;
120(26):5153-5162)

Introduction

Immunotherapy with innate immune cells has become widely used
because this approach obviates the need to match a cellular product
to a defined HLA haplotype, allowing adoptive immunotherapies to
be used in virtually any cancer patient without extensive in vitro
selection or manipulation of the cellular product.!* y932T cells are
promising as an innate cell population for this purpose because they
are usually observed at high frequencies in the human peripheral
blood and provide a strong antitumor reactivity against various
solid and hematologic cancers.” However, within y932T-cell
populations, individual clones display great diversity in the reper-
toire because of the activating or inhibitory receptors expressed.®
Selecting innate cell products for certain cell types, such as those
with a low level of inhibitory receptors, therefore seems plausible,
especially considering the limited efficacy of adoptively transferred
innate immune cells in clinical trials.”® An alternative proposal is to
engineer cells to express defined activating innate receptors that
mediate strong antitumor reactivity, such as a defined y932TCR,’
which could pave the way for readily available and more effective
cellular products. However, the molecular details of how a
v982TCR interacts with its target are not fully understood, making
it challenging to select defined y932T cells or to engineer T cells
with defined y982TCRs.

In “classic” immunoreceptors such as aTCRs or Igs, the
complementary determining regions (CDRs) determine affinity and
specificity for a specific (peptide) epitope. V(D)J recombination
allows the creation of a highly variable CDR repertoire ensuring
recognition of an immense collection of antigens. y982T cells also
possess a rearranged TCR that mediates recognition. The phospho-
antigen isopentenyl pyrophosphate (IPP) has been suggested to be

a key player in y932TCR-mediated activation,>!%!! but no direct
interaction between a y932TCR and IPP or any other phosphoanti-
gen has ever been demonstrated. It was previously suggested that
positively charged residues within the y982TCR are crucial for the
response to negatively charged phosphoantigens'>!3 and a potential
IPP-binding groove has also been proposed.'? Interestingly, it
appeared that responsiveness to phosphoantigens depends in particu-
lar on germline-encoded residues within all CDRs apart from
dCDR3,* extending the footprint of recognition to a much larger
region than initially predicted.

Sequence alignment studies suggested that no defined 3CDR3
motif is required for recognition beyond a hydrophobic residue at
position 3109 (by Kabat numbering, 397'3), which suggests a less
dominant role for 3CDR3.1%1617 Therefore, it is still unclear why
variations in the y932CDR3 regions, which are particularly
abundant in 8CDR3, have evolved in humans and whether this
variability is important in regulating the activation of a y982T cell.
Understanding the reason for this variation would help to explain
either the specificity or the regulation of functional avidity of a
v982T cell, provide insight into the role of a y932TCR during the
selection process of a y982T cell, and allow engineering of
therapeutic cells with higher antitumor activity. In the present
study, we therefore investigated the following research questions:
(1) what is the clonal diversity in terms of tumor specificity and
functional avidity within y982T cells once they express an identi-
cal set of activating and inhibitory receptors?, (2) what is the
specific role of individual y982TCRs?, and (3) can we engineer a
v932TCR with improved and broader antitumor reactivity?
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Table 1. Antitumor reactivity of individual y952T-cell clones
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op T cells v952 bulk v952 cl3 v952 cl4 v952 cl5 v952 cl7 v952 clI8 v952 cl13 v952 cl15
PBMCs a3 2 10* 2* 7* 0* & s 13*
K562 0* 14* o 9o 621 181% 7* 561 12¢
Daudi 0* 206% 211% 551 458% 318% 268% 500% 244%
MZ1851RC 0* 205t 4* 94+ 114 216t 77t 93t 19*
BT549 0* 25 i 0* 44+ i 2 411 8*
MCF-7 0 2* 6* 1* 64t 1* 1 581 10*
SW480 0* 0* 11* Pg o 1= i 4* i)
MDA MB 231 0* 4+ o 1* 12¢ 1 1 14* 10*

*INF~y spots/15 000 cells < 40.
TIFNy spots/15 000 cells 40-100.
FIFN+y spots/15 000 cells >100.

Methods

Cells and cell lines

PBMCs were isolated from buffy coats obtained from Sanquin Blood Bank
(Amsterdam, The Netherlands). Primary AML blasts were received after
obtaining informed consent from the LML Biobank (University Medical
Center Utrecht) and were collected according to good clinical practice and
the Declaration of Helsinki. Cell lines are described in supplemental
Methods (available on the Blood Web site; see the Supplemental Materials
link at the top of the online article).

TCR mutagenesis, cloning, and sequencing

v982TCR modifications are based on codon-optimized genes of y9- or
82-TCR chain G115 flanked by Ncol and BamHI restriction sites (synthe-
sized by GeneArt). To generate alanine mutations, site-directed mutagen-
esis was performed by overlap extension PCR!® or whole-plasmid mutagen-
esis!®20 using a proofreading polymerase (Phusion; Bioké). Mutated
Ncol-BamHI-digested y9- or 82-TCR chains were ligated into the retrovi-
ral vector pBullet and sequenced by BaseClear (Leiden, The Netherlands).

Retroviral transduction of T cells

v932TCRs were transduced into aBT cells as described previously? and in
supplemental Methods. TCR-transduced T cells were expanded in vitro
based on a previously described Rapid Expansion Protocol.?!

Flow cytometry

v982TCR expression was analyzed by flow cytometry using a V82-FITC
(clone B6; BD Biosciences) or a pan-ydTCR-PE Ab (clone IMMUS510;
Beckman Coulter). The fold change was calculated based on mean
fluorescence intensity values of wild-type TCR (y9-G115,/82-G115,)—
transduced T cells set to 1 and mock-transduced T cells to 0. Abs used in the
studies shown in the supplemental figures are described in supplemental
Methods.

Functional T-cell assays

The 3!Cr-release assay for cell-mediated cytotoxicity was described previ-
ously.?>? In brief, target cells were labeled overnight with 100pCu >'Cr
(150pCu for primary cells) and incubated for 5 hours with transduced
T cells in 5 effector-to-target ratios (E:T) between 30:1 and 0.3:1. The fold
change compared with reactivity of engineered T cells expressing unmu-
tated y992TCR was calculated.”* IFNy ELISpot was performed using
antihuman IFNy mAb1-D1K (I) and mAb7-B6-1 (II; Mabtech) following
the manufacturer’s recommended procedure.”® Target and effector cells
(E:T 3:1) were incubated for 24 hours in the presence of pamidronate
(Calbiochem) where indicated.?>?° IFNy ELISA was performed using the
ELISA-Ready-Go! Kit (eBiosciences) following the manufacturer’s instruc-
tions. Effector and target cells (E:T 1:1) were incubated for 24 hours in the
presence of pamidronate as indicated. Where specified, the fold change was
calculated compared with reactivity of engineered T cells expressing
unmutated y982TCR.

Animal models

To induce tumor xenografts, sublethal total body irradiated (2 Gy), 11- to
17-week-old RAG-27/7/yc™'~ BALB/C mice (see supplemental Methods)
were injected intravenously with 0.5 X 10° Daudi-Luc cells (a kind gift
from Genmab)®27 or 5 X 10° RPMI8226/S-Luc cells (Anton Martens,
Utrecht, The Netherlands) together with 107 y982TCR *-transduced T cells.
Mice received 0.6 X 10° IU of IL2 (Proleukin; Novartis) in IFA subcutane-
ously on day 1 and every 21 days until the end of the experiment.
Pamidronate (10 mg/kg body weight) was applied at day 1 intravenously
and every 21 days intraperitoneally. Outgrowing tumors were visualized
in vivo by Biospace bioluminescence imaging. Mice were anesthetized by
isoflurane before receiving an IP injection (100 wL) of 25 mg/mL of beetle
luciferin (Promega). Bioluminescence images were acquired and analyzed
with M3Vision Version 2.1 software (Photon Imager; Biospace Laboratory).

Results
Antitumor reactivity of individual y952T-cell clones

To investigate whether individual y982T-cell clones mediate
differential activity against tumor cells compared with the parental
v982T-cell population, y932T cells from a healthy donor were
cloned by limiting dilution and tested against a broad panel of
tumor cells in an IFNy ELISpot assay (Table 1). High variability in
tumor recognition in terms of specificity and functional avidity was
observed between individual y932T-cell clones (cl); compared
with the original bulk population, cl5 and cl13 produced twice as
many IFNy spots in response to Daudi and selectively generated
significant amounts IFNy when challenged with K562, BT549, and
MCEF-7. In contrast, cl3 and cl15 recognized solely Daudi cells. A
variable expression of natural killer (NK) receptor and killer cell
Ig-like receptors (KIRs) has been reported in innate immune
cells?$3% and might have contributed to the observed differential
activity of selected clones. Therefore, surface expression of
v932TCR, NKG2D, CD158a, NKAT-2, and NKB-1 was examined
(supplemental Figure 1). However, no correlation was found
between receptor expression patterns and antitumor reactivity of
the tested y982T-cell clones. We hypothesized that the diversity
within the y982TCR contributes to the differential activity of the
examined y982T-cell clones. Therefore, y982TCRs of the highly
tumor-reactive cl5 and the weakly tumor-reactive cl3 were chosen
for detailed analysis and compared with y982TCR G115.%12

Antitumor reactivity mediated by individual y952TCRs

To elucidate differences among y982TCRs of tumor-reactive
clones, sequences of y9-cl3,,/82-cl3,, and vy9-cl5,, /82-cl5,, were
determined and aligned with y982TCR G115. All 3 y9382TCRs
only differed in their CDR3 domains: 1-3 amino acids between

20z dunr g0 uo 3senb Aq Jpd'€G1.5002 1 2508UZ/L9Z | 9€ L/EG1G/9Z/0Z L /Ppd-ajo1e/poo|qAau suoledligndyse//:djly woly papeojumoq



BLOOD, 20 DECEMBER 2012 - VOLUME 120, NUMBER 26

Figure 1. Antitumor reactivity mediated by y952TCRs.
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position y109 and y111 in yCDR3 and 4-8 amino acids between
8108 and 8112 in 8CDR3 (supplemental Table 1, numbering
according to the international ImMunoGeneTics information sys-
tem [IMGT]"). To determine whether distinct y982TCRs mediate
differential antitumor reactivity, individual y982TCR chains were
cloned into the retroviral vector pBullet and linked to a selection
marker as described previously.! The wild-type-combinations
v9-cl3,,/82-cl3,,, v9-cl5,,/82-clS,,, and y9-G115,,/82-G115,, were
transduced into peripheral blood aBT cells, selected by antibiotics,
and further expanded. y982TCR G115 (vy9-G115,,/82-G115,,)%!?
served as a control, as did cells transduced with an empty vector
cassette (mock). vy932TCR-transduced T cells showed similar
v932TCR expression (data not shown) and were tested for their
lytic activity against the tumor target Daudi in a >'Cr-release assay

(Figure 1A). T cells expressing y9-cl3,,,/82-cl3,,, had a 50% reduced
ability to lyse tumor cells (P < .01), whereas T cells with y9-cl5,,/
82-cl5,, were nearly twice as potent (P <.01) as the control
v9-G115,,/82-G115,,. To determine whether the phenotypes of
v982TCR-transduced cells with decreased or increased functional
avidity are also present at the cytokine level, a pamidronate-
titration assay was performed. Pamidronate treatment of Daudi
cells blocks the mevalonate-pathway downstream to IPP, causing
the accumulation of IPP and an enhanced cytokine secretion of
responsive T cells. To exclude NK-like activation, CD4* y932TCR-
transduced T cells, which lack the expression of major NK
receptors such as NKG2D, were selected by MACS sorting.
Transductants were tested at different concentrations of pamidro-
nate against the tumor target Daudi. Mock-transduced T cells that
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underwent equivalent stimulation but express an irrelevant a BFTCR
served as control. [IFNy secretion was measured by ELISA and the
half-maximal effective concentration (ECsy) was calculated (Figure
1B). Consistent with the changes observed for lytic capacity,
T cells transduced with y9-cl3,,/82-cl3,, secreted lower amounts
of IFNy (maximum 600 pg/mL), whereas T cells expressing
v9-cl5,,/82-cl5y, produced higher levels of IFNvy (maximum
1300 pg/mL) at all pamidronate concentrations relative to control
v9-G115,,/82-G115,,, (maximum 800 pg/mL). Despite different
plateaus in IFN+y secretion, all selected mutants and the wild-type
control had a comparable pamidronate-ECs, (approximately 30 pg/
mL). These results indicate that distinct yY932TCR clones mediate
different functional avidity, and that the high variability among
parental y982T-cell clones in tumor recognition seems to be
substantially regulated by the CDR3 domains of individual
v982TCRs. Therefore, the correlation between CDR3 domains and
functional avidity was investigated.

CTE as a rapid method to modulate functional avidity of
engineered T cells

To make the above determination, we devised a strategy called
combinatorial-ydTCR-chain exchange (CTE), which results in the
expression of newly combined y9- and §2-TCR chains on engi-
neered T cells. During this process, y9-G115,, was combined with
82-cl3,, or 82-cl5,, and 82-G115,, with y9-cl3,, or v9-cl5,,. These
combinations were retrovirally transduced into af3T cells. In all
transductants, equivalent ydTCR expression was detected, whereas
the endogenous a3TCR was clearly down-regulated (supplemental
Figure 2A). This resulted not only into a nearly abolished
alloreactivity of af3T cells expressing v9-G115,,/02-G115,,, as
reported previously,® but also of selected CTE-engineered o3 T cells
compared with mock-transduced cells (supplemental Figure 2B).
Therefore, reactivity of CTE-engineered T cells primarily depends
on expressed ydTCRs and not on residual endogenous aBTCRs.
Transductants were functionally tested against the tumor target
Daudi in a 'Cr-release assay (Figure 1C). The exchange of y9- or
82-chains indeed caused notable differences. Compared with the
original TCR y9-G115,,/82-G115,,, the combination of y9-G115,/
82-cl3,,, v9-G115,,/82-cl5,,, or y9-cl5,,/82-G115,,, mediated 40%-
70% increased specific lysis of tumor cells (all P < .05). The same
magnitude of recognition was observed when IFNvy production of
CD4* y3TCR-transduced T cells was tested in a pamidronate
titration assay (Figure 1D). Only the combination y9-cl3,,/52-
G115, led to decreased IFN+y production of transduced cells at all
pamidronate concentrations (maximum 100 pg/mL), whereas all other
CTE-y982TCRs mediated an increased IFNvy-secretion (maximum
= 1000 pg/mL) compared with control TCR v9-G115,,/62-G115,,
(maximum 800 pg/mL). Equal pamidronate ECsys of approximately
30 pg/mL were calculated for all responsive yY982TCR-transduced cells.

To determine whether cell-cell interaction influences the re-
sponse kinetics differently than pamidronate stimulation, CTE-
v982TCR v9-G115,/82-cl5,,, which mediates improved func-
tional avidity, and control TCR v9-G115,,/82-G115,,, were tested
in an E:T titration assay (Figure 1E), and an E:T5, was calculated.
Interestingly, T cells with y9-G115,,/82-cl5,, responded differ-
ently, with an E:Tsy of 0.3:1, compared with an E:Ts, of
1:1 calculated for control cells expressing vy9-G115,,/82-G115,,.
To determine whether the interaction between different TCRs and
ligands—and thus the affinity—is indeed increased, cell-cell
conjugates between Daudi and T cells expressing either potentially
high-affinity (y9-G115,,/82-cl5,,) or low-affinity (y9-cl3,,/02-
G115,,) TCRs were measured by flow cytometry. Significantly
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more cell-cell interactions were observed when vy9-G115,,/82-cl5,,
was expressed compared with y9-cl3,,/62-G115,, and mock-
transduced T cells (Figure 1F). This effect did not depend on the
presence of pamidronate (data not shown) and G115,,/82-cl5,, is
thus a high-affinity yY982TCR. Therefore, CTE appears to be an efficient
method to rapidly engineer y932TCRs with increased affinity, mediat-
ing improved functional avidity in transduced T cells.

Residues in 3CDR3 and J&1 are involved in y952TCR stability
and in mediating functional avidity of engineered «BT cells

To elucidate the molecular requirements of 3CDR3 to mediate
optimal functional avidity, alanine mutagenesis of a model 3CDR3
(clone G115) was performed; the entire J§1 segment was included
because important residues have also been reported within Jy1.!7
During an initial screening, 5 sequence areas were found to either
influence TCR expression or functional avidity of y982TCR-
transduced T cells (data not shown). To clarify the degree to which
single residues are responsible for impaired y982TCR expression
and lower TCR-mediated functional avidity, single alanine muta-
tions were generated. The mutated and wild-type 82-G115 chains
were expressed in combination with y9-G115,, in af3T cells and
tested for y982TCR expression using a 82-chain—specific Ab
(Figure 2A). Three single alanine mutations caused a 70% lower
TCR expression compared with the unmutated 82-G115,,, namely
82-G 115y 1164, 02-G115g 184, and 82-G 115y 244 (Supplemental Table
2). Comparable results were observed using Abs directed against
the y9-chain or the constant domain of the ydTCR (data not
shown), indicating the importance of 82-G115p 6, 82-G115g;3,
and 82-G115y 4 for stable TCR expression. The crystal structure of
v982TCR G115 supports our findings: 82-G115; 114, 82-G115g;;5, and
82-G115y,4 are located in hydrophobic cores (Figure 2B) and could
thus be crucial for the structural stability of the yY992TCR G115.

To address the impact of single alanine mutations on functional
avidity, a J'Cr-release assay was performed (Figure 2C). As
expected, transductants with low TCR expression (82-G115] j;6a,
82-G115g134, and 82-G115yio44) could not lyse tumor cells
effectively, because they demonstrated an 80% lower lytic capacity
compared with cells transduced with 82-G115,,,. However, T cells
with mutation 82-G115; jgoa and 82-G1151;74 (supplemental Table
2) properly expressed the TCR but showed a 70% reduced lytic
activity compared with 82-G115,,—expressing cells. Similar results
were obtained when TCR mutants were transduced into CD4*
Jurkat cells and IL-2 production was measured (data not shown).
Reduction of lytic activity was also seen when alanine substitutions
82-G115; 994 and 82-G115;;,74 were introduced into the 82-chain
of ydTCR clone 3 (data not shown). These results indicate that not only
residue 8L.109,'*1617 but also 81117 in 8CDR3, is generally important
for y982TCRs to mediate functional avidity (Figure 2D). However,
sequence alignments between 82-chains of clones 3, 5, and G115
indicated that 3L.109 and 31117 are conserved (supplemental Table 1),
making it unlikely that these residues mediate different functional
avidities of the y982TCR-transduced cells studied herein.

Influence of CDR3 length on functional avidity of
v952TCR-transduced T cells

Surprisingly, alanine substitutions during alanine-scanning mutagen-
esis of y982TCR G115 could replace large parts of the 3CDR3
domain without functional consequences. This raises the possibil-
ity that the crucial factor for the differing functional avidities of
distinct y982TCR combinations is not a defined amino acid, but the
relative length between the functionally important residues
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Figure 2. y952TCR expression and functional avidity of A
transduced T cells expressing single alanine mutated
82 chain of clone G115. (A) Peripheral blood T cells were
virally transduced with indicated y9 and 82 TCR chains and
analyzed by flow cytometry using a 82-chain specific Ab. Shown
is the fold change in mean fluorescent intensity (MFI) with
wild-type controls expressing 82-G115,:. (C) Lytic activity of
transductants was tested in a 5'Cr-release assay against the
tumor target Daudi (E:T, 10:1). Specific lysis is indicated as the
fold change in 5'Cr-release measured in the supernatant after
5 hours compared with reactivity of unmutated wild-type (52-
G115,,). Arrows indicate mutations in 82-G115 that impaired
receptor expression (dashed arrows) or functional avidity (solid
arrows). (B,D) Crystal structure of y982TCR G115 indicating
relevant amino acids (red arrows), 8-chain (in blue), 3CDR3 (in
green), and y-chain (in brown).
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paired with y9-G115,,,

paired with y9-G115,,;

82-G11511¢9 and the structurally important residue 82-G115y .
Therefore, different 82-G115 length mutants were generated.
Because the triple 82-G1157113.x115 is also important for stable
surface expression (data not shown), 9 length mutants (82-G115; )
with 0-12 alanines between 82-G115 ;09 and 82-G1157;3 were
generated and equally expressed in o3 T cells, again in combina-
tion with y9-G115,, (Figure 3A). To determine the functional
avidity of 82-G115;y—transduced T cells, CD4* TCR-transduced
T cells were selected by MACS sorting, and an IFNy ELISA in
response to Daudi was performed in the presence of pamidronate
(Figure 3B). Interestingly, engineered T cells expressing 82-G115; yjo
and 82-G115;y; were unable to produce IFNy, and T cells
expressing 8-G 11514 or 8-G1151 1, secreted only approximately
half the amount of IFNy compared with 82-G115,,~transduced
cells. All other mutants (82-G1151p,, 3. 5. 6. 9) induced comparable
amounts of IFNy in engineered T cells relative to transductants
expressing 82-G115,,. Mutants with functional impairment (82-
G1151m0,14.12, supplemental Table 2) were further tested against
increasing pamidronate concentrations and an ECs, was calculated.
Despite different plateaus in maximal IFN+y secretion, all selected
82-G115;y; transduced cells and the wild-type control had a
comparable pamidronate-ECs, (approximately 30 pg/mL; Figure
3C). Length mutations were also studied in yCDR3 of y982TCR
G115 by engineering stretches of 1-6 alanines between y9-
G115g03 and ¥y9-G115g ;1 (¥9-G115101.6). However, this did not
affect functional avidity (supplemental Figure 3A).

These results indicate that considerable alanine stretches within
v9 and 82CDR3 domains can be tolerated, likely because CDR3
regions are relatively exposed parts of the TCR (Figure 3F).
However, too short and very long alanine stretches between
82-G115y 1¢9 and 62-G 11573 in particular, as well as stretches with
4 alanines, are associated with reduced or absent function of a
v982TCR (Figure 3B-C). Loss of binding in mutants with short
alanine stretches is most likely because the middle segment of
8CDR3 is crucial for binding to the ligand. That suggests the

existence of an optimal 8CDR3 length for y982TCRs. Therefore,
the CDR3 length within the Y982TCR repertoire was studied.

Consequences for the physiologic v952T-cell repertoire

The IMGT database's was searched for reported stretches between
v9-G115g199 and y9-G115g;;;;, as well as 82-G115;,09 and
82-G115713. A preferential length for reported y9-chains was
found for CDR3 regions corresponding to y9-Gl151y, and
v9-G115) \3, but shorter stretches were also reported (supplemental
Figure 3B). In contrast, 82-chains with short SCDR3 domains, such
as 82-G115pyy or 82-G115p,, were not reported (Figure 3D),
consistent with our observation that such chains are not functional.
The majority of listed y982TCRs contain 3CDR3 lengths which
correspond to 82-G115;567. These findings support the hypoth-
esis that positive selection favors y982TCRs with an optimal
8CDR3 length of 5-7 residues between ©2-G115;,p9 and
82-G11573. However, the individual sequence might still play a
role in y932TCR-mediated functional avidity.

Influence of the CDR3 sequence on y952TCR-mediated
functional avidity

To test the hypothesis that both the length and sequence of 3CDR3
can be important to mediate optimal functional avidity, y932TCR
length mutants 82-G1151yp, 82-G1151\y, and 82-G115;,6 were
transduced into af3T cells in combination with y9-G115,. IFNy
secretion of transductants in response to Daudi was compared with
cells transduced with wild-type sequences from 82-cl3,, (corre-
sponds in length to 82-G115; ), 82-cl5,, (corresponds in length to
82-G115114), and 82-G 115, (corresponds in length to 82-G 115y 65
supplemental Table 3). Although T cells transduced with 82-
G115 and 82-G115,, did not differ in the amount of cytokine
secretion, all other combinations of wild-type chains showed a
more than 2-fold increase in IFNy compared with the length mutant
that selectively contained alanines (Figure 3E). These results were
confirmed when the lytic capacity of transduced cells was tested
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Figure 3. y932TCR expression and functional avidity of
transduced T cells expressing y9382TCR G115 with
52-CDR3 length mutations. (A) y932TCR expression of
indicated transductants was analyzed by flow cytometry using
a ydTCR-pan Ab. Shown is the fold change in mean fluores-
cent intensity (MFI) compared with wild-type controls express-
ing 82-G115,. (B) IFN+y secretion of §2-G115 y—transduced
T cells against the tumor target Daudi (E:T, 1:1) was measured
by ELISA after 24 hours of incubation in the presence of
100pM pamidronate. Shown is the fold change in IFNy
production compared with reactivity of transductants express-
ing 82-G115,,. (C) Transductants expressing 82-G115.o0,1,4,12
were tested in a titration assay against the tumor target Daudi
with increasing amounts of pamidronate as indicated. IFNy
production was measured after 24 hours by ELISA.
(D) Generated 82-G115_ys were matched in a BLAST search
with y932TCRs described in the IMGT database. Shown is the
number of citations compared with 82-G115.y of similar
3CDRS3 length. (E) Transductants with 82-G115 2,46 Were
compared side-by-side with transductants expressing indi-
vidual y932TCRs of the same 8CDRS3 length. IFNy secretion of

e 15+ transduced T cells against the tumor target Daudi (E:T, 1:1)
1500y 3'0"2?3‘:15 g was measured by ELISA after 24 hours in the presence of
vﬁz‘gusz‘m paired with - 100nM pamidronate. Shown is the fold change in IFNy
# 52-8116 -ea-mlsw.)\ 5 101 production compared with reactivity of transductants express-
= 1000, g;ig::gm N = ing 32-G115,:. Data represent the means = SD. **P < .01;
E ' / . & and **P <.001 by 1-way ANOVA. (F) Crystal structure of
E /" k] 54 v952TCR G115; the region that was used for alanine stretches
= o A 3 _§ within 3CDR3 is shown in white, the residual SCDR3 in green,
L soof 4 » £ the & chain in blue, and the +y chain in brown.
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(data not shown). The sequence in d8CDR3 is therefore also a
significant factor for the optimal functioning of a y982TCR. We
also investigated the sequential importance of yCDR3.

v9-G115; 1.3 were transduced into T cells in combination with
82-G115,,. IFNv secretion of transductants in response to Daudi
was compared with cells transduced with y9-cl3,,, (corresponds in
length to v9-G1151y), ¥9-cl5y, (corresponds in length to
v9-G115\p), and y9-G115,, (corresponds in length to y9-G115; 35
supplemental Table 3). T cells expressing y9-cl3,,/82-G115,, selec-
tively produced lower amounts of IFN+y compared with their
equivalent y9-G115y; (Figure 4A). Previously, the same y982TCR
combination was also found to mediate reduced functional avidity
(Figure 1C-D). Interestingly, loss of activity could be restored to
normal levels (referred to yY982TCR G115,,,) by mutating YCDR3g; g9
in vy9-cl3,, to YCDR34 09, Which demonstrates that a single
change in the variable sequence of y9CDR3 is sufficient to
regulate the functional avidity of the y932TCR-transduced
T cells investigated herein.

In summary, the length and sequence of the 82CDR3 domain
between L109 and T113 (supplemental Table 1) play a crucial role

in y982TCR-mediated functional avidity. In addition, the indi-
vidual sequence between E108 and E111.1in yY9CDR3 can hamper
the activity of a y982TCR, and in G115 yCDR34 ¢ is most likely
crucial for ligand interaction (Figure 4B and supplemental Table 1).
This provides not only the rationale for CTE-engineered y982TCRs, but
also for random mutagenesis within both the y9 and 82CDR3 regions.

CTE-engineered T cells as a tool for cancer immunotherapy

CTE-engineered y932TCRs with increased activity against tumor
cells are interesting candidates for TCR-gene therapeutic strategies.
This leads to the question of whether changes in functional avidity
mediated by CTE-y9382TCRs constitute a unique phenomenon of a
defined y982TCR pair in response to the B-lymphoblastic cell line
Daudi or if this is a general response to most tumor targets.
Therefore, CTE-y982TCRs that mediated increased (y9-G115,,/
82-cl5,,) or reduced (y9-cl3,/82-G115,,) activity were tested
against various tumors in an IFNvy ELISA in the presence of
pharmacologic concentrations of pamidronate (10nM; Figure
5A).° Tumor reactivity was significantly increased against a whole
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Figure 4. Functional avidity of transduced T cells expressing y952TCR G115
with y9-CDR3 length mutations. (A) Peripheral blood T cells were virally trans-
duced with indicated y9 and 82 TCR chains. Lytic activity of transductants was
compared side-by-side with T cells expressing individual y932TCRs of the same
Y9CDRS3 length. Specific lysis is indicated as the fold change 5'Cr-release measured
in the supernatant after 5 hours. Data represent the means = SD. **P < .01 by 1-way
ANOVA. (B) Crystal structure of y982TCR G115 indicating yY9CDR3 in gray including
amino acids v9-G115a109, ¥9-G115q110, andy9-G115q+11 (red arrows). 3CDR3 is
shown in green; the 3 chain in blue; and the y chain in brown.

range of different tumor entities, including other hematologic
cancers such as RPMI8226/S, OPM2, LME1 (all multiple my-
eloma), and K562 (myelogenous leukemia) and solid cancer cell
lines such as Saos2 (osteosarcoma), MZ1851RC (renal cell carci-
noma), SCC9, Fadu (head and neck cancer), MDA-MB231, MCF7,
BT549 (all breast cancer), and SW480 (colon carcinoma) when
taking advantage of y9-G115,,/82-cl5,, compared with y9-G115,,/
82-G115,, and was significantly reduced or even absent for all
other targets using y9-cl3,/82-G115,,. Moreover, CTE-engineered
T cells with increased activity against tumor cells still did not show
any reactivity toward healthy tissue such as PBMCs and fibro-
blasts. Superior lytic activity of T cells engineered with y9-G115,,/
82-cl5,, was also observed for hematologic cancer cells such as
RPMIB226/S, OPM2, and L363 and the solid cancer cell lines
Saos2, MZ1851RC, SCC9, MDA-MB231, and SW480 compared
with control T cells expressing v9-G115,,/82-G115,,, (Figure 5B).
Therefore, CTE-engineered y982TCRs can provide higher tumor
reactivity against a broad panel of tumor cells while not affecting
normal tissue and thus have the potential to increase efficacy of
TCR-engineered T cells.

v9 AND 32CDR3 DOMAINS 5159

To assess the potential clinical impact of CTE-engineered
v932TCRs, we investigated whether an increased efficacy of
CTE-y982TCRs is also present when primary blasts of AML
patients are chosen as targets. CTE-y982TCR—transduced T cells
were tested against 11 primary AML blasts and healthy CD34*
progenitor cells in an IFN+y-ELISpot assay (Figure 5C). Transduc-
tants expressing vy9-G115,,/82-clS,, recognized 8 of 11 primary
AML samples equally or superiorly compared with control y9-
G115,,/82-G115,,. Furthermore, CD34" progenitor cells were not
recognized by T cells expressing either y9-G115,,/82-cl5,, ory9-
G115,/82-G115,,. In light of these findings, CTE-engineered TCR
v9-G115,,/82-cl5,, appears to be a promising candidate for clinical
application.

Finally, to demonstrate that CTE-y932TCRs are safe and
function with increased efficacy compared with the original
constructs in vivo, adoptive transfer of T cells engineered with
CTE-TCRs was studied in a humanized mouse model: protection
against outgrowth of Daudi or RPMI8226/S in Rag2~/~yc™/~
double-knockout mice. Peripheral blood af3T cells were trans-
duced with CTE-TCR v9-G115,,/82-cl5,, or control TCR v9-
G115,,/862-G115,,. CTE-TCR-transduced T cells showed similar
expression of homing markers including L-selectin and CCR7
(data not shown). Irradiated Rag2~/~yc ™/~ mice received luciferase-
transduced Daudi (0.5 X 10°) or RPMI8226/S cells (5 X 10°) and
107 CTE-engineered T cells by IV injection. The frequency of
T-cell infusion was reduced to 1 IV injection relative to our
previously reported model, in which 2 infusions were given to test
the superiority of CTE-TCR-transduced T cells under suboptimal
conditions.? This resulted in loss of protection with TCR G115,,-
engineered T cells when tumor growth was measured by biolumi-
nescence imaging (Figure 6A-B). However, CTE-engineered T cells
expressing y9-G115,,/82-cl5,, clearly reduced tumor outgrowth
for Daudi (20 000 counts/min at day 42, n = 4) and RPMI8226/S
(80 000 counts/min at day 35, n = 7) compared with TCR G115~
engineered T cells (Daudi: 180 000 counts/min at day 42;
RPMI8226/S: 210 000 counts/min at day 35). T cells could be
found in the periphery until 1-2 weeks after infusion in mice (data
not shown), but the frequency of T cells was not correlated with
tumor regression. Finally, in the rapidly lethal Daudi model, only
mice treated with CTE-engineered T cells had a significant in-
creased overall survival of approximately 2 months relative to mice
treated with T cells expressing y9-G115,,/82-G115,, (Figure 6C).
These results indicate that CTE-engineered y932TCRs efficiently
mediate antitumor reactivity in vivo, which suggests that CTE is a
potential tool with which to optimize y982TCRs for clinical application.

Discussion

v982T cells are innate lymphocytes that provide strong antitumor
reactivity against solid and hematologic cancers.’>33 However,
despite positive preclinical data, adoptive transfer of y982T cells in
clinical studies has provided only limited tumor control.® In the
present study, we found one factor preventing the successful
translation of this strategy into humans: the strong tumor-reactive
potential of y982T cells is not a universal feature among all
v932T cells. Individual y982T-cell clones differ in their antitumor
reactivity in specificity and functional avidity. The latter is
substantially regulated by CDR3 domains of individual y982TCRs.
Most likely, single amino acid substitutions in CDR3 affect the
affinity of a y932TCR to its ligand. We have also provided a means
to engineer immune cells that harbor y982TCRs with increased
antitumor reactivity in vitro and in vivo, and these are promising
candidates for clinical applications.
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Figure 5. Antitumor reactivity of T cells transduced with
CTE-engineered y952TCRs in vitro. Peripheral blood T cells
were virally transduced with indicated y932TCRs and tested

100! - 1 (- _mOCK - against indicated tumor cell lines and healthy control tissue.
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(B) Transductants were incubated with indicated tumor targets
loaded with 5'Cr (E:T, 10:1). Percentage of specific lysis was
determined by 5'Cr-release measured in the supernatant after
5 hours. (C) CTE-engineered T cells were tested against primary
AML blasts and healthy progenitor cells in an IFNy ELISpot assay
(E:T, 3:1) in the presence of 10uM pamidronate. Data represent
the means + SD. *P < .05; **P < .01; and ***P < .001 by 1-way
ANOVA.
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Limited evidence has been provided for an important role of the
variable domains of a y932TCRs in mediating function. The
requirement for germline-encoded residues has been reported only
within yCDR3 and a hydrophobic residue at position 8109 within
SCDR3.!416 In the present study, J31 residue 1117 was found to be
important for tumor recognition, which shows that another germline-
encoded residue is mandatory in the 82TCR chain. Mutation of
residue 8109 or 81117 partially abrogates y932TCR-mediated
activation, indicating that such residues may be crucial for a first
binding of a y932TCR to its target. However, we have shown that
single amino acids in the highly variable part of CDR3, such as
vYCDR3 490, can clearly affect functional avidity. In the y982TCR

G115, yCDR3,jp9 points back toward the <y-chain, whereas
YCDR3g;19 and YCDR3,;; point toward the back of the TCR but
without contacting any &-chain residues. In combination with our
functional data, this modeling suggests that YCDR3 ¢ in G115 is
important for directly mediating ligand interactions. However, the
A/E and Q/E substitutions are fairly nonconservative and could
also indirectly alter the structure of the yCDR3 loop and the
TCR-binding site through global conformational changes. In
addition, our data indicate that diverse amino acid compositions in
82CDR3 can affect functional avidity; the combination of a defined
v9 and 82 chain is particularly important. We hypothesize that the
highly variable parts of y9 and 82CDR3 complement each other to
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Figure 6. Antitumor reactivity of T cells transduced with A
CTE-engineered y932TCRs in vivo. The functional avidity of
T cells expressing CTE-y982TCR v9-G115,,/32-cl5,: or con-
trol vy982TCR (y9-G115,/82-G115,;) was studied in
Rag2~/~yc~/~ double-knockout mice (4-7 mice per group).

< mock
&, (9-G115,/62-G115,,

v9 AND 32CDR3 DOMAINS 5161

Daudi RPMI-8226/S

M y9-G115,/62-G115,

After total body irradiation (2 Gy) on day 0, mice were IV 300000 @ 19-G115,,/52¢15, 000004 @ 79-G115,/62-¢154

injected with 0.5 % 10° Daudi-luciferase or 5 X 108 RPMI8226/
S-luciferase cells and 107 CTE-y982TCR-transduced T cells
at day 1. In addition, 6 X 105 IU of IL-2 in IFA and pamidronate
(10 mg/kg body weight) were injected at day 1 and every
3 weeks until the end of the experiment. (A-B) Tumor out-
growth was assessed in vivo by bioluminescence imaging
measuring the entire area of mice on both sides. Data
represent the means of all animals measured (Daudi, n = 4;
RPMI8226/S,n = 7). *P < .05; and **P < .01 by 1-way ANOVA
(Daudi at day 42 and RPMI8226/S at day 35). (C) Overall C
survival of treated Daudi mice was monitored for 72 days.

*P < .05;and **P < .01 by log-rank (Mantel-Cox) test.
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form a structure or allow a conformational change that is favorable
or unfavorable for target recognition. Therefore, in contrast to
previous results,* we have shown herein that SCDR3 alone does
not correctly reflect the full interaction of a y982TCR with its
target. Receptor flexibility is apparently necessary, for example, to
adjust to a variable cell surface of an antigen that might be
presented in different ways> or to respond with different affinities,
as was recently demonstrated for T22-reactive y8T cells with
variable 3CDR3-domains in mice.3® This is also consistent with a
2-step binding model reported for a3TCRs, which requires a
preliminary interaction and then adjustment.’” However, these
hypotheses are limited by the fact that no direct interaction of a
v932TCR with a ligand has been reported, which prevents further
visualization of the proposed receptor-ligand interactions.

Our present data suggest that certain limitations in the y982TCR
repertoire are mediated by the 3CDR3 length. If 3CDR3 is too
short, y982TCRs are not functional, and such receptors have not
been reported within the human 82TCR repertoire. Although the
IMGT database for human y982TCR repertoire used herein is
certainly not complete, it is plausible that alterations in 8CDR3 in
particular can limit the positive selection of a y982T cell. The
functionally tolerated variability in CDR3 sequences and lengths
reported in the present study support the observation that y982T-
cell responses to phosphoantigen stimulation do not further select
for defined CDR3 sequences.?$3° Consistent with this, we observed
identical dose-response kinetics in pamidronate titration experi-
ments, although the magnitude of response differed significantly.
The observation that equal pamidronate ECsys were calculated for
all responsive y982TC-transduced cells that only differ in their
CDR3 domains indicates that y9 and 82CDR3 binding does not
involve substrates directly regulated by pamidronate. Because IPP
is enhanced by pamidronate in the mevalonate pathway, it seems
unlikely that IPP contacts y9 or 82CDR3 directly and is in turn able
to regulate the functional avidity of y982TCR-transduced cells, as
was suggested recently.*® However, these theories support the
hypothesis that a secondary signal is present*! and therefore a
rather multimolecular signature is required for recognition, as has
been reported for other ydTCRs.*?

|
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Interestingly, T cells engineered to express defined y932TCRs
did reflect the functional avidity of the original y932T-cell clone
tested herein. Therefore, differences in CDR3 domains of y982TCRs
can be responsible for differential functional avidities observed
between individual y982T-cell clones. However, it is still likely
that the functionality of distinct y982T cells is orchestrated by
different stimulatory molecules such as NKG2D* and costimula-
tory signals derived from molecules that are also expressed on
v932T cells.*! The plethora of specificities and functional avidities
of distinct y982T-cell clones must therefore be taken into account
when such cells are ex vivo expanded and adoptively transferred.!

To generate tumor-reactive T cells that mimic the reactivity of a
v982T cell, we proposed to engineer a3 T cells to express a defined
v982TCR.? This allows rapid engineering of tumor-reactive T cells
that are not limited by HLA restrictions and are readily available
for nearly any patient with any cancer. Moreover, it allows a
vdT-cell repertoire to be repleted. The functionality of this reper-
toire is usually heavily impaired in cancer patients.** To further
improve functional avidity mediated by a TCR, laborious display
strategies have been used for «BTCRs.* Based on our observation
that it is mainly the y9 and 82CDR3 domains that are involved in
mediating functional avidity, we have proposed the concept of CTE
as an efficient method to design y982TCRs that mediate broad and
strong antitumor responses. The CTE-y982TCR-transduced T cells
tested remained tumor specific and did not respond to healthy
tissues. This indicates that pairing distinct y9 or 82 chains only
strengthens the response toward malignant cells instead of altering
specificity, which reduces the likelihood of unwanted specificities.
We conclude that CTE engineering provides an elegant strategy to
redirect T cells more effectively against a broad range of tumor cells.

Acknowledgments

The authors thank Charles Frink, Jeanette Leusen, Bas Nagelkerken,
and Tuna Mutis for helpful discussions.

This work was supported by grant 43400003 from The Nether-
lands Organization for Health Research and Development; grant
917.11.337 from VIDI-ZonMW, grant 0902 from Landsteiner

20z dunr g0 uo 3senb Aq Jpd'€G1.5002 1 2508UZ/L9Z | 9€ L/EG1G/9Z/0Z L /Ppd-ajo1e/poo|qAau suoledligndyse//:djly woly papeojumoq



5162

Foundation for Blood Transfusion Research; grant 10-736 from
The Association for International Cancer Research; and grant

GRUNDER et al

UU-2010-4669 from The Dutch Cancer Society.

BLOOD, 20 DECEMBER 2012 - VOLUME 120, NUMBER 26

the modeling data; J.K. supervised all experiments; and C.G. and
J.K. wrote the manuscript.

Conflict-of-interest disclosure: The authors declare no compet-

Authorship

Contribution: C.G., S.v.D., S.H.,, ED., T.S., SH, K.S., WS, ZS.,
and A.M. designed and performed the experiments; R.S. produced

References

1.

10.

1.

12.

13.

14.

15.

16.

ing financial interests.

Correspondence: Jiirgen Kuball, UMC Utrecht, Department of
Hematology and Department of Immunology, Huispostnr

KCO02.085.2, Lundlaan 6, 3584 EA Utrecht, The Netherlands;
e-mail: j.h.e.kuball@umcutrecht.nl.

Gomes AQ, Martins DS, Silva-Santos B. Target-
ing gammadelta T lymphocytes for cancer immu-
notherapy: from novel mechanistic insight to clini-
cal application. Cancer Res. 2010;70(24):10024-
10027.

Marcu-Malina V, van DS, Kuball J. Re-targeting
T-cells against cancer by gene-transfer of tumor-
reactive receptors. Expert Opin Biol Ther. 2009;
9(5):579-591.

Ruggeri L, Capanni M, Urbani E, et al. Effective-
ness of donor natural killer cell alloreactivity in
mismatched hematopoietic transplants. Science.
2002;295(5562):2097-2100.

Srivastava S, Lundqvist A, Childs RW. Natural
killer cell immunotherapy for cancer: a new hope.
Cytotherapy. 2008;10(8):775-783.

Castella B, Vitale C, Coscia M, Massaia M.
Vgamma9Vdelta2 T cell-based immunotherapy in
hematological malignancies: from bench to bed-
side. Cell Mol Life Sci. 2011;68(14):2419-2432.

Nedellec S, Bonneville M, Scotet E. Human
Vgamma9Vdelta2 T cells: from signals to func-
tions. Semin Immunol. 2010;22(4):199-206.

Geller MA, Cooley S, Judson PL, et al. Aphase Il
study of allogeneic natural killer cell therapy to
treat patients with recurrent ovarian and breast
cancer. Cytotherapy. 2011;13(1):98-107.

Nicol AJ, Tokuyama H, Mattarollo SR, et al. Clini-
cal evaluation of autologous gamma delta T cell-
based immunotherapy for metastatic solid tu-
mours. BrJ Cancer. 2011;105(6):778-786.

Marcu-Malina V, Heijhuurs S, van BM, et al. Redi-
recting alphabeta T cells against cancer cells by
transfer of a broadly tumor-reactive gammadelta
T-cell receptor. Blood. 2011;118(1):50-59.

Gober HJ, Kistowska M, Angman L, Jeno P,

Mori L, De LG. Human T cell receptor gammad-
elta cells recognize endogenous mevalonate me-
tabolites in tumor cells. J Exp Med. 2003;197(2):
163-168.

Kabelitz D, Wesch D, He W. Perspectives of
gammadelta T cells in tumor immunology. Cancer
Res. 2007;67(1):5-8.

Allison TJ, Winter CC, Fournie JJ, Bonneville M,
Garboczi DN. Structure of a human gammadelta
T-cell antigen receptor. Nature. 2001;411(6839):
820-824.

Morita CT, Lee HK, Wang H, Li H, Mariuzza RA,
Tanaka Y. Structural features of nonpeptide pre-
nyl pyrophosphates that determine their antige-
nicity for human gamma delta T cells. J Immunol.
2001;167(1):36-41.

Wang H, Fang Z, Morita CT. Vgammaz2Vdelta2
T Cell Receptor recognition of prenyl pyrophos-
phates is dependent on all CDRs. J Immunol.
2010;184(11):6209-6222.

Lefranc MP. IMGT, the international ImMuno-
GeneTics database. Nucleic Acids Res. 2003;
31(1):307-310.

Bukowski JF, Morita CT, Band H, Brenner MB.
Crucial role of TCR gamma chain junctional re-
gion in prenyl pyrophosphate antigen recognition

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

by gamma delta T cells. J Immunol. 1998;161(1):
286-293.

. Miyagawa F, Tanaka Y, Yamashita S, et al. Es-

sential contribution of germline-encoded lysine
residues in Jgamma1.2 segment to the recogni-
tion of nonpeptide antigens by human gammad-
elta T cells. J Immunol. 2001;167(12):6773-6779.

. Ho SN, Hunt HD, Horton RM, Pullen JK, Pease LR.

Site-directed mutagenesis by overlap extension us-
ing the polymerase chain reaction. Gene. 1989;
77(1):51-59.

. Miyazaki K. MEGAWHOP cloning: a method of

creating random mutagenesis libraries via
megaprimer PCR of whole plasmids. Methods
Enzymol. 2011;498:399-406.

Kuball J, Hauptrock B, Malina V, et al. Increasing
functional avidity of TCR-redirected T cells by re-
moving defined N-glycosylation sites in the TCR
constant domain. J Exp Med. 2009;206(2):463-
475.

Riddell SR, Greenberg PD. The use of anti-CD3
and anti-CD28 monoclonal antibodies to clone
and expand human antigen-specific T cells.

J Immunol Methods. 1990;128(2):189-201.

Kuball J, Theobald M, Ferreira EA, et al. Control
of organ transplant-associated graft-versus-host
disease by activated host lymphocyte infusions.
Transplantation. 2004;78(12):1774-1779.

van Dorp S, Resemann H, et al. The immunologi-
cal phenotype of rituximab-sensitive chronic
GVHD: a phase Il study. Haematologica. 2011;
96(9):1380-1384.

Huber C, Bobek N, Kuball J, et al. Inhibitors of
apoptosis confer resistance to tumour suppres-
sion by adoptively transplanted cytotoxic
T-lymphocytes in vitro and in vivo. Cell Death Dif-
fer. 2005;12(4):317-325.

Besold K, Frankenberg N, Pepperl-Klindworth S,
et al. Processing and MHC class | presentation of
human cytomegalovirus pp65-derived peptides
persist despite gpUS2-11-mediated immune eva-
sion. J Gen Virol. 2007;88(Pt 5):1429-1439.

Kuball J, Schuler M, Antunes FE, et al. Generat-
ing p53-specific cytotoxic T lymphocytes by re-
combinant adenoviral vector-based vaccination in
mice, but not man. Gene Ther. 2002;9(13):833-
843.

Bleeker WK, Munk ME, Mackus WJ, et al. Esti-
mation of dose requirements for sustained in vivo
activity of a therapeutic human anti-CD20 anti-
body. BrJ Haematol. 2008;140(3):303-312.

Battistini L, Borsellino G, Sawicki G, et al. Pheno-
typic and cytokine analysis of human peripheral
blood gamma delta T cells expressing NK cell
receptors. J Immunol. 1997;159(8):3723-3730.

Moris A, Rothenfusser S, Meuer E, Hangretinger R,
Fisch P. Role of gammadelta T cells in tumor immu-
nity and their control by NK receptors. Microbes In-
fect. 1999;1(3):227-234.

Rincon-Orozco B, Kunzmann V, Wrobel P, Kabelitz D,
Steinle A, Herrmann T. Activation of V gamma 9V
delta 2 T cells by NKG2D. J Immunol. 2005;175(4):
2144-2151.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Voss RH, Kuball J, Theobald M. Designing TCR
for Cancer Immunotherapy. Methods Mol Med.
2005;109:229-256.

Corvaisier M, Moreau-Aubry A, Diez E, et al.
V gamma 9V delta 2 T cell response to colon car-
cinoma cells. J Immunol. 2005;175(8):5481-5488.

Mattarollo SR, Kenna T, Nieda M, Nicol AJ. Che-
motherapy and zoledronate sensitize solid tu-
mour cells to Vgamma9Vdelta2 T cell cytotoxicity.
Cancer Immunol Immunother. 2007;56(8):1285-
1297.

Xu C, Zhang H, Hu H, et al. Gammadelta T cells
recognize tumor cells via CDR3delta region.
Mol Immunol. 2007;44(4):302-310.

Born WK, Zhang L, Nakayama M, et al. Peptide
antigens for gamma/delta T cells. Cell Mol Life
Sci. 2011;68(14):2335-2343.

Sandstrom A, Scharf L, McRae G, Hawk AJ,
Meredith SC, Adams EJ. gammadelta T cell re-
ceptors recognize the nonclassical major histo-
compatibility complex (MHC) molecule T22 via
conserved anchor residues in a MHC-peptide-like
fashion. J Biol Chem. 2012;287(8):6035-6043.

Wu LC, Tuot DS, Lyons DS, Garcia KC, Davis MM.
Two-step binding mechanism for T-cell receptor rec-
ognition of peptide MHC. Nature. 2002;418(6897):
552-556.

Urban EM, Chapoval Al, Pauza CD. Repertoire
development and the control of cytotoxic/effector
function in human gammadelta T cells. Clin Dev
Immunol. 2010;2010:732893.

Evans PS, Enders PJ, Yin C, Ruckwardt TJ,
Malkovsky M, Pauza CD. In vitro stimulation with
a non-peptidic alkylphosphate expands cells ex-
pressing Vgamma2-Jgamma1i.2/Vdelta2 T-cell
receptors. Immunology. 2001;104(1):19-27.

Harly C, Guillaume Y, Nedellec S, et al. Key impli-
cation of CD277/Butyrophilin-3 (BTN3A) in cellu-
lar stress sensing by a major human gammadelta
T cell subset. Blood. 2012;120(11):2269-2279.

Ribot JC, debarros A, Silva-Santos B. Searching
for “signal 2": costimulation requirements of gam-
madelta T cells. Cell Mol Life Sci. 2011;68(14):
2345-2355.

Willcox CR, Pitard V, Netzer S, et al. Cytomegalo-
virus and tumor stress surveillance by binding of
a human gammadelta T cell antigen receptor to
endothelial protein C receptor. Nat Immunol.
2012;13(9):872-879.

Das H, Groh V, Kuijl C, et al. MICA engagement
by human Vgamma2Vdelta2 T cells enhances
their antigen-dependent effector function. Immu-
nity. 2001;15(1):83-93.

Wilhelm M, Kunzmann V, Eckstein S, et al. Gam-
madelta T cells for immune therapy of patients
with lymphoid malignancies. Blood. 2003;102(1):
200-206.

Holler PD, Holman PO, Shusta EV, O’Herrin S,
Wittrup KD, Kranz DM. In vitro evolution of a

T cell receptor with high affinity for peptide/MHC.
Proc Natl Acad Sci U S A. 2000;97(10):5387-
5392.

20z dunr g0 uo 3senb Aq Jpd'€G1.5002 1 2508UZ/L9Z | 9€ L/EG1G/9Z/0Z L /Ppd-ajo1e/poo|qAau suoledligndyse//:djly woly papeojumoq



