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CANCER IMMUNOLOGY RESEARCH | PRIORITY BRIEF

Infusion Product TNFa, Th2, and STAT3 Activities Are
Associated with Clinical Responses to Transgenic T-cell
Receptor Cell Therapy
Theodore S. Nowicki1,2,3,4,5, Cole W. Peters1, Crystal Quiros1, Conner K. Kidd1, Moe Kawakami1,
Alexandra M. Klomhaus6, Ignacio Baselga-Carretero7, Paula Kaplan-Lefko7, Mignonette H. Macabali7,
Ivan Perez Garcilazo7, Beata Berent-Maoz7, Begoña Comin-Anduix3,8, and Antoni Ribas3,4,7,8,9

ABSTRACT
◥

Transgenic T-cell receptor (TCR) T cell–based adoptive
cell therapies for solid tumors are associated with dramatic
initial response rates, but there remain many instances of
treatment failure and disease relapse. The association of infu-
sion product cytokine profiles with clinical response has not
been explored in the context of TCR T-cell therapy products.
Single-cell antigen-dependent secretomic and proteomic anal-
ysis of preinfusion clinical TCR T-cell therapy products
revealed that TNFa cytokine functionality of CD8þ T cells and

phospho-STAT3 signaling in these cells were both associated
with superior clinical responsiveness to therapy. By contrast,
CD4þ T-helper 2 cell cytokine profiles were associated with
inferior clinical responses. In parallel, preinfusion levels of
IL15, Flt3-L, and CX3CL1 were all found to be associated with
clinical response to therapy. These results have implications
for the development of therapeutic biomarkers and identify
potential targets for enrichment in the design of transgenic
TCR T-cell therapies for solid tumors.

Introduction
Cancer immunotherapy with T cells expressing a transgenic T-cell

receptor (TCR T) or chimeric antigen receptor (CAR) can generate
objective clinical responses in a wide variety of solid tumors. However,
while these treatments lead to dramatic initial clinical responses in
some patients, there aremany patients who do not respond at all to the
initial infusion of transgenic T cells, and the responses to therapy that
do occur are often not durable beyond 6 to 12 months (1, 2). There is
substantial heterogeneity in the biological activities of the individual
cells infused due to functional differences resulting from the specific
secretomes/proteomes that are unique to each single cell. Given the
high degree of variability seen in cell populationswithin a given setting,

analysis of single cells is necessary for uncovering mechanisms
that cannot be identified on a bulk population level. Previous work
with CD19-targeted CAR T cells has demonstrated that the cytokine
polyfunctionality of the cell therapy infusion product is associatedwith
superior clinical response rates (3). Furthermore, the levels of certain
cytokines (e.g., IL7 and IL15) within the patients’ serum at the time of
cell therapy infusion (owing to the effectiveness of lymphodepleting
chemotherapy regimens) have also been associated with clinical
response to therapy with both CAR T cells and autologous tumor-
infiltrating lymphocytes (3, 4). However, neither of these phenomena
have been explored in the setting of transgenic TCR T-cell therapy for
solid tumors.

Given the importance of this knowledge gap, we explored these
factors in the final infusion cell therapy products and preinfusion
sera of patients withmelanoma and sarcoma positive forMART-1 and
NY-ESO-1 treated with TCR T-cell therapies targeting MART-1 and
NY-ESO-1 (1, 2). We hypothesized that the therapeutic activity of
the TCR T cells is mediated via their specific cytokine secretion
programs working in tandem with the cytokine milieu of the host
following lymphodepleting chemotherapy conditioning (prior to the
cell product infusion); the latter can play an important role in the
functionality of the infused TCR T cells. Herein, we describe an
exploratory observational analysis of single-cell multiplexed cytokine
polyfunctionality (5), single-cell phospho-protein signaling, and pre-
infusion sera in a cohort of patients treated with transgenic TCR T-cell
therapies, and their associations with clinical responsiveness and
antitumor activity. We report that products containing cytokine
functionalities characterized by high CD8þ T cell TNFa activity, low
CD4þ T-helper 2 (Th2) cell activity, and high CD8þ T cell STAT3
activity are associated with superior responsiveness to therapy.

Methods
Clinical trial, patients, and manufacturing of MART-1 and
NY-ESO-1 TCR T cells

For the F5-MART-1 transgenic TCR adoptive cell therapy clinical
trial, 15 patients positive for HLA-A�0201 and with MART-1þ
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metastatic melanoma were enrolled under NCT00910650 (UCLA
IRB #08–02020 and #10–001212) from April 2009 to September
2011, under investigational new drug (IND) #13859 (1). For the
NYESO-1 transgenic TCR adoptive cell therapy clinical trials, 13
patients positive for HLA-A�0201 and with NYESO-1-þ sarcoma or
melanoma were enrolled under NCT02070406 or NCT01697527
(UCLA IRB #12–000153 and #13–001624, respectively) under
IND#15167 (2), or NCT03240861 (UCLA IRB #15–000511) under
IND#15167 and IND#17471. Written consent was obtained for
each patient, and all studies were conducted in accordance with
local regulations, the guidelines for Good Clinical Practice, and
the principles of the Declaration of Helsinki. Clinical trial design,
manufacturing of the MART-1 and NYESO-1 TCR T cells, and
expansion/contraction kinetics of TCRþ transgenic T cells in vivo
have been previously described (1, 2). Briefly, nonmobilized
autologous peripheral blood mononuclear cells (PBMC) were
stimulated in culture with IL2 (Clinigen NDC 76310–022–01) and
OKT3 (Miltenyi Biotec 170–076–124) and transduced with clinical
grade MSCV retrovirus vector expressing the MART-1 F5 TCR or the
NYESO-1 TCR on two consecutive days, then continually expanded
ex vivo for 6 to 7 days. Up to 1�109 transgenic TCR T cells were
administered to each patient following conditioning chemotherapy
with cyclophosphamide and fludarabine, along with postinfusion
systemic IL2 for 7 to 14 days, and dendritic cell vaccine boosts, as
previously described (1, 2). For patients treated per NCT03240861, up
to 1 � 109 transgenic TCR T cells were administered to each patient
following conditioning chemotherapy with busulfan and fludarabine,
along with post-infusion systemic IL2 for 7 days and autologous stem
cell rescue with minimum 2.5�106/kg lentiviral transduced TCR
hematopoietic stem cells. PBMC samples from the infusion product,
as well as from serial peripheral blood samples after adoptive cell
transfer, were collected as previously described (1, 2) and stored in
liquid nitrogen prior to analysis. Patients’ responses to therapy were
determined per RECIST1.1 criteria (6), these responses, progression-
free survival (PFS), overall survival (OS), and TCR kinetics in vivo have
been previously published (1, 2).

Cell lines
HLA-A�02:01-transfected K562 cells (7) were a gift from

Wolfgang Herr in 2003. Cells were authenticated annually via flow
cytometry against HLA-A�02:01 (BD Biosciences 558570). Cells
were cultured in RPMI1640 media (Gibco 11875–093) supplemen-
ted with 10% FBS (Sigma F2442), 1xGlutamax (Gibco 35050061),
1xPenecillin/Streptomycin (Thermo 15140122), hereafter referr-
ed to as “complete media,” and passaged every 3 to 4 days. Cells
were passaged 2 to 3 times until used in our assays before being
discarded. Cells were also supplemented with 1 mg/mL Geneticin
(ThermoFisher 10131027) until subsequent coculture experi-
ments described below. All cell cultures were tested for Myco-
plasma contamination and found negative via the MycoAlert Kit
(LT07–318).

Analysis of single-cell cytokine secretion
Infusion product samples from clinical transgenic MART-1 or

NY-ESO-1 TCR T-cell products (n ¼ 27) were cultured at a density
of 106 cells/mL in complete media and 20ng/mL recombinant human
IL2 (BioLegend 589104) for overnight recovery. CD4þ and CD8þ

T-cell subsets were then separated using anti-CD4 and anti-CD8
microbeads (Miltenyi Biotec, 130–045–201 and 130–045–101), respec-
tively, and stimulated with K562 cells transduced with HLA-A:02:01
either alone or pulsed with (1 mg/mL) at a final concentration of

12mg/mL corresponding target peptide (MART-126–35, ELAGIGILTV,
or NY-ESO-1157–165, SLLMWITQC), representing tonic and stimu-
lated conditions, respectively, at an effector:target ratio of 1:1 for
24 hours at 37�C, 5% CO2. This allowed for the MHC I–restricted
transgenic TCR, which was expressed on CD8þ and CD4þ T cells
alike, to be stimulated. The cocultured CD4þ and CD8þ T cells were
then further enriched using anti-CD235a–conjugated magnetic
beads (PhenomEx, DEPLETION-1001–1) to deplete the K562 cells.
CD4þ and CD8þ TCR T cells were stained with anti-CD4 or anti-
CD8 conjugated to Alexa Fluor 647 (PhenomEx STAIN-1002–1 and
STAIN-1003–1) at room temperature for 10 minutes, rinsing once
with PBS, and resuspending in complete media at a density of
1�106/mL. Approximately 30 mL of the cell suspension was loaded
onto the PhenomEx single-cell barcode chip (SCBC, PhenomEx,
ISOCODE-1001–04) for single-cell secretomic evaluation or bulk
acellular cytokine quantification.

Protein secretions from �1,000 single cells were captured by the
32-plex antibody barcoded SCBC and analyzed by fluorescence
ELISA–based assay on an IsoSpark platform for 20 hours under
controlled temperature and CO2 conditions following single-cell
isolation within the microfluidic chip, as previously described (8).
Cytokines interrogated were granzyme B, perforin, IFNg , MIP-1a,
TNFa, TNFb, GM-CSF, IL2, IL5, IL7, IL8, IL9, IL12, IL15, IL21,
IL4, IL10, IL13, IL22, TGFb, sCD137, sCD40L, CCL11, IP-10,
MIP-1b, RANTES, IL1b, IL6, IL17A, IL17F, MCP-1, MCP-4. Poly-
functional TCR T cells (secreting 2 or more cytokines per cell) were
evaluated using IsoSpeak software v1.11.0 (PhenomEx). Assay
quality was determined using metrics that included cell counts,
low background noise, and analyte detection above thresholds, as
specified by the manufacturer. All data were normalized by via-
bility and transduction. The Polyfunctional Strength Index (PSI) of
CD4þ and CD8þ TCR T cells was computed using a prespecified
formula, defined as the percentage of polyfunctional cells, multi-
plied by signal intensity of the proteins secreted by those cells, as
previously described (8). The Functional Strength Index (FSI) of
CD4þ and CD8þ TCR T cells was similarly calculated, defined as
the percentage of cells secreting a given cytokine, multiplied by
signal intensity of the protein secreted, as previously described (5).
Overall PSIs (i.e., average of the total CD4þ and CD8þ PSIs) were
also calculated, as previously described (3). CD4þ Th cell cytokine
polyfunctionality profiles were defined as Th1 (IFNg , IL2), Th2,
(IL4, IL5, IL10, and IL13), Th9 (IL9), or Th17 (IL17A, IL17F, and
IL22).

Acellular cytokine analysis
Coculture media from the antigen stimulation conditions

described above was frozen until time for analysis, at which point
it was thawed and loaded into CodePlex chips (PhenomEx) accord-
ing to the manufacturers’ instructions. Samples were analyzed in
replicate (5 mL per replicate) with the same 32-plex antibody panel
as above on an IsoSpark platform (PhenomEx) and calibrated to
internal standards. Outputs were averaged between replicates and
quantified in pg/mL.

Analysis of single-cell intracellular phospho-proteome and
intracellular cytokines

Infusion product samples from clinical transgenic NY-ESO-1
TCR T-cell products (n ¼ 13) were recovered for 24 hours in RPMI
with 20 ng/mL IL2 (BioLegend). After recovery, CD4þ and CD8þ

T cells were enriched using anti-CD4 and anti-CD8 microbeads
(Miltenyi) as above. If viability was below 50% by trypan blue
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exclusion, cells were centrifuged through Ficoll Paque Plus (GE
Healthcare 17–1440–03) mixed with complete RPMI. Viable
cells were isolated within the Ficoll–media interface and then
resuspended in complete RPMI media prior to enrichment.
After enrichment, CD8þ and CD4þ cells were resuspended at
2�106 cells/mL in complete RPMI with IL2 for 20 hours. CD4þ

and CD8þ T cells were then immediately cocultured with either
NY-ESO-1 peptide–pulsed or nonpeptide–pulsed K562 cells in
a 96 well U bottom plate at a ratio of 1:1 for 18 hours, representing
stimulated and tonic signaling conditions, respectively. Brefeldin
A (ThermoFisher/Invitrogen 00–4506–51) was added to each
well (1:1,000 dilution) and cells were incubated for an additional
2 hours. Following coculture, K562 cells were depleted using anti-
CD235a beads (Invitrogen/ThermoFisher Scientific). After deple-
tion, the cells were resuspended in complete RPMI without IL2
and stained with anti-CD4 or anti-CD8 conjugated to Alexa Fluor
647 (PhenomeX) as above for on-chip cell detection. Stained
cells for each condition were resuspended in PBS to a cell density
of 1.25�106 cells/mL supplemented with 1:100 protease phos-
phatase inhibitor cocktail (Cell Signaling Technology 5872) and
1:200 Calyculin A (Cell Signaling Technology 9902S). Each
Human Adaptive Immune Signaling Chip (PhenomeX, ISO-
CODE-4L04–4-C), patterned with an antibody barcode against
15 intracellular cytokines and phosphoproteins, was loaded with
36 mL (�45,000 cells). Intracellular cytokines interrogated were
GM-CSF, granzyme B, IFNg , IL10, IL2, IL8, MIP-1b, perforin,
and TNFa, and phosphoproteins interrogated were p-IkBa,
p-MEK1–2, p-NF-kB p65, p-STAT1, p-STAT3, and p-STAT5. Chips
were loaded onto an IsoLight, which processes IsoPlexis/PhenomeX
chips using automated incubation, fluidics, and imaging. Cells were
immediately lysed following individual cell isolation in the micro-
fluidic chip prior to antibody incubation and fluorescence imagi-
ng/quantifiation. IsoSpeak software was used to analyze the data from
both the stimulated and tonic culture conditions. FSI and single
secretor data were generated with internal assistance in IsoSpeak.
Assay quality was determined using metrics that included cell counts,
low background noise, and analyte detection above thresholds, as
specified by the manufacturer. All data were normalized by viability
and transduction.

Serum cytokine analysis
Serum cytokine levels were assessed in serum samples taken from

patients on the day of transgenic TCR T-cell infusion (but prior to the
infusion itself). Cytokine levels were assessed using the Luminex
xMAP Immunoassay, which was performed in the UCLA Immune
Assessment Core. The human 38-plex magnetic cytokine/chemokine
(EMD Millipore) panel was used according to the manufacturer’s
instructions. This allowed for quantification of EGF, FGF-2, eotaxin,
TGFa, G-CSF, Flt-3L, GM-CSF, CX3CL1 (fractalkine), IFNa2, IFNg ,
GRO, IL10, MCP-3, IL12P40, MDC, IL12P70, IL13, IL15, sCD40L,
IL17A, IL1Ra, IL1a, IL9, IL1b, IL2, IL3, IL4, IL5, IL6, IL7, IL8, IP-10,
MCP-1, MIP-1a, MIP-1b, TNFa, TNFb, and VEGF. Briefly, 25mL
undiluted plasma samples weremixed with 25 mLmagnetic beads, and
allowed to incubate overnight at 4�C while shaking. After washing the
plates twice with wash buffer in a Biotek ELx405 washer, 25 mL of
biotinylated detection antibody was added and incubated for 1 hour at
room temperature. 25 mL streptavidin-phycoerythrin conjugate was
then added to the reaction mixture and incubated for another 30
minutes at room temperature. Following two washes, beads were
resuspended in sheath fluid, and fluorescence was quantified using
a Luminex 200TM instrument.

MHC dextramer immunologic assessment of surface expression
of transgenic TCRs

Analysis using fluorescent HLA-A:02:01 MHC dextramers with
corresponding MART-1 and NY-ESO-1 peptides (Immudex,
WB2162 and WB2696), which enable detection and quantification
of corresponding MART-1 and NY-ESO-1 TCRs (Immudex) was
performed on patient infusion products and post-infusion ex vivo
samples, as previously described (1, 2, 9). Our definitions for a
positive or negative immunologic response using standardized
MHC multimer assays were used, which are based on assay per-
formance specifications by defining changes beyond the assay
variability with a 95% confidence level (9).

Statistical analysis
Graphing and statistical analyses were performed using

GraphPad Prism V.9 (GraphPad RRID:SCR_002798). Compari-
sons between PSI/FSI values of responder versus nonresponder
cohorts used the unpaired t test, while correlations between
PSI/FSI values and PFS, OS, peak TCR% in circulation, or peak
percent change in tumor burden, using the sum of the diameters
(longest for non-nodal lesions, short axis for nodal lesions) rela-
tive to baseline measurements, per RECIST1.1 criteria (6), used
Pearson’s correlation (r). P values of < 0.05 were considered
significant for all analyses.

Data availability
The data generated in this study are available within the article and

its Supplementary Data files or upon request from the corresponding
author.

Results
Trial conduct, patient characteristics, and outcomes

27 patients from our previous trials evaluating adoptive cell
therapy with TCR T cells directed against MART-1 and NY-ESO-1
(1, 2) were selected for analysis. Patient demographics, clinical
characteristics, and outcomes are summarized in Table 1. Follow-
ing conditioning chemotherapy, patients were treated with up to
1 � 109 autologous transgenic TCR T cells. Of the total patients
selected, 17 of 27 patients treated demonstrated a transient objec-
tive response to therapy, defined as a reduction in measurable
tumor burden compared with baseline/pretreatment values, per
RECIST1.1 criteria.

CD8þ T-cell TNFa and STAT3 activity are associated with
superior clinical response to TCR T-cell therapy

To evaluate the cytokine functionality of the cell therapy infusion
products, we performed single-cell cytokine secretion assays on
each patient’s infusion product following coculture of the cells with
HLA-A:02:01-expressing K562 cells pulsed with the corresponding
target antigen peptide (MART-1 or NY-ESO-1). We observed that
the CD8þ T-cell TNFa FSI was significantly greater in infusion
product cells given to patients with a measurable clinical response to
therapy (responders) as opposed to cells given to patients without a
clinical response (nonresponders; Fig. 1A). In addition, we found
that the CD8þ T-cell TNFa FSI correlated with superior patient
survival (Fig. 1B), while the overall (average between CD4þ and
CD8þ T cells) TNFa PSI, i.e., the percentage of single-cells secreting
two or more cytokines multiplied by the degree of cytokine secre-
tion intensity, correlated with the degree of antitumor response, as
measured by peak percent change in tumor burden per RECIST1.1

TNFa, CD4 Th2, and STAT3 Activity in ACT
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criteria (Supplementary Fig. S1). We found no significant differ-
ences in the total aggregate PSI scores (representing all assayed
cytokines) from CD4þ and CD8þ T cells between responders and
nonresponders (Supplementary Figs. S2–S6).

In parallel, we conducted single-cell intracellular proteomics assays
on an IsoPlexis/PhenomEx single-cell proteomics chip, which assays
for both intracellular phospho-protein signaling pathway activity and
intracellular cytokine levels simultaneously. Importantly, the intracel-
lular cytokine levels are distinct from the secreted cytokine levels
measured in the secretomics assays and are not directly comparable
due to differences in the associated experimental assays as described
above. Aggregate data for these experiments, including both tonic
and stimulated conditions for responders and nonresponders, are
summarized in Supplementary Figs. S7 and S8. Tonic phospho-STAT3
FSI in CD8þ T cells was significantly greater in clinical responders
versus nonresponders following NY-ESO-1 TCR T-cell therapy,
and was also found to be positively correlated with both patient
survival and peak change in tumor burden (Fig. 1C–E). Tonic CD8þ

T-cell phospho-NF-kB p65 FSI was also significantly associated
with survival, while its association with peak change in tumor burden
nearly achieved statistical significance (Supplementary Fig. S9A and
S9B).We also observed that tonic intracellular levels of IFNg within the

CD8þT-cell compartment displayed significant correlations with peak
change in tumor burden and patient survival (Supplementary Fig. S9C
and S9D), although conversely, we observed no significant correlations
between IFNg secreted cytokine functionality and clinical response,
change in tumor burden, or patient survival (Supplementary Fig. S10).
Overall, the phosphoprotein FSI scores for p-IkBa, p-STAT3, and
p-STAT5 correlated more strongly with intracellular cytokine FSI
scores following antigen stimulation within the CD8þ T-cell com-
partment, compared with tonic conditions (Supplementary Fig. S11,
Supplementary Tables S1 and S2). The CD4þ T-cell compartment
phosphoprotein FSI scores demonstrated more significant correlation
between p-MEK1/2 activity and several intracellular cytokine FSI
scores following antigen stimulation, compared with tonic conditions
(Supplementary Fig. S12, Supplementary Tables S3 and S4). However,
none of these parameters showed any association with clinical
response.

CD4þ Th2 cytokine activity is associated with inferior clinical
response to TCR T-cell therapy

When our observations on single-cell cytokine polyfunctionality
and intracellular signaling activity were extended into the CD4þT-cell
compartment of the TCR T-cell therapy infusion products, we were
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Figure 1.

CD8þ T-cell TNFa cytokine functionality and CD8þ T-cell p-STAT3 activity are associated with superior clinical response to transgenic TCR T-cell therapy. A, CD8þ

T-cell TNFa FSI, i.e., the percentage of single cells secreting TNFa multiplied by the degree of cytokine secretion intensity, is significantly greater in clinical
responders to therapy (n¼ 17) versus nonresponders (n¼ 10).B,CD8þ T-cell TNFa FSI is significantly associatedwith patient OS.C,CD8þ T-cell tonic p-STAT3 FSI is
significantly greater in clinical responders to therapy versus nonresponders, and is significantly correlated with superior degree of antitumor response, as measured
by peak percent change in tumor burden per RECIST1.1 criteria (D), as well as with greater patient OS (E). All box and whisker plots represent median at dividing
line, with interquartile range represented by boxes, and lines representing minimum and maximum values for each dataset, and are compared by unpaired t test
(� ,P<0.05), while all correlation plots represent Pearson r values. Each samplewas run as an independent experiment, anddatawere aggregated by clinical response
for analysis.
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able to classify different CD4þ Th cell groups by their component
cytokine PSIs. Using this approach, we observed that the CD4þ Th2
cell PSI (i.e., the proportion of single cells secreting Th2 cytokines
IL4, IL5, IL10, and IL13 multiplied by the signal intensity of those
cytokines) was significantly greater in clinical nonresponders to
therapy versus responders (Fig. 2A). Furthermore, we found that
the CD4þ Th2 cell PSI was also positively associated with inferior
peak changes in tumor burden/tumor growth (Fig. 2B), and was also
weakly correlated with lower peak %TCRþ cells in circulation
following adoptive cell transfer (Supplementary Fig. S13), but failed
to achieve statistical significance (P ¼ 0.08). When we conducted
acellular cytokine analysis, subjecting the culture supernatants from
the antigen stimulation cocultures to the same multiplexed cytokine
panels as we did at the single-cell level, we also observed that the Th2
cytokines IL4 and IL5 displayed a significant association with clinical
non-response to therapy and were positively correlated with inferior
peak change of tumor burden, i.e., tumor growth occurring following
cell infusion (Supplementary Fig. S14). Our observations at the
single-cell phospho-proteome level showed that p-IkBa (a marker
of NF-kB signaling activity) was significantly associated with the

degree of CD4þ Th2 cell PSI, and was weakly associated with clini-
cal non-response to NY-ESO-1 TCR T-cell therapy, although this
did not achieve statistical significance (Supplementary Fig. S15).
We did not observe any significant associations between CD4þ Th2
cell PSI and patient survival (Supplementary Fig. S16) or any asso-
ciations between CD4þ Th1 cell cytokine polyfunctionality and
clinical outcomes (Supplementary Fig. S17). CD4þ Th9 cell func-
tionality was weakly associated with clinical response to therapy
but failed to achieve statistical significance (Fig. 2A), while CD4þ

Th17 cell functionality was significantly associated with patient
survival (Supplementary Fig. S18).

Preinfusion patient serum cytokine levels associated with
superior clinical response to TCR T-cell therapy

To assess the impact of preinfusion serum cytokines on clinical
responses to TCR T-cell therapy, we performed 38-plex cytokine
measurements on patient sera obtained on the day of cell product
infusion (i.e., following conditioning chemotherapy), but prior to
the cell infusion itself. We found that preinfusion serum levels of
IL15, Flt-3L, and CX3CL1 (fractalkine) were all significantly greater
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Figure 2.

CD4þ Th2 cell cytokine polyfunctionality is associated with inferior clinical response to transgenic TCR T-cell therapy. A, Comparison of different CD4þ Th cell
cytokine polyfunctionality profiles between clinical responders andnonresponders to TCRT-cell therapy (Th1¼ IL2, IFNg , Th2¼ IL4, IL5, IL10, and IL13, Th9¼ IL9, Th17
¼ IL17A, IL17F, IL22). CD4þ Th2 cell PSI (i.e., proportion of single cells secreting Th2 cytokines IL4, IL5, IL10, and IL13 multiplied by the signal intensity of those
cytokines) is significantly greater in clinical nonresponders to therapy (n¼ 10) versus responders (n¼ 17).B,CD4þTh2 cell PSI is associatedwith inferior peak change
in tumor burden per RECIST1.1 criteria. All box and whisker plots represent median at dividing line, with interquartile range represented by boxes, and lines
representing minimum and maximum values for each dataset, and are compared by unpaired t test (� , P < 0.05; ns, not significant), while all correlation plots
represent Pearson r values. Each sample was run as an independent experiment, and data were aggregated by clinical response for analysis.
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in responders compared with nonresponders (Fig. 3). Flt-3L was
also weakly associated with superior degree of change in tumor
burden but failed to fully achieve statistical significance (Supple-
mentary Fig. S19). We found no other significant associations with
change in tumor burden, PFS, nor OS between these cytokines, nor
any other cytokines assayed.

Discussion
TCR T adoptive cell therapy has repeatedly demonstrated robust

antitumor activity against solid tumors, but response durability
and substantial numbers of nonresponders to therapy remain urgent
challenges for improvement. The single-cell characterization of T-cell
cytokine polyfunctionality and signaling activity employed by our
study, which we believe to be the first of its kind in clinical TCR T-cell
therapy products, enables greater resolution of specific cell populations
and their cytokine producing/signaling activities that might be lost in
traditional bulk assays. By interrogating the cytokine functionality and
signaling elements associated with clinical response, and degree of
clinical responsiveness to therapy, our exploratory, discovery-based
studies has identified numerous potential targets for enrichment or
exclusion in future generations of TCR T-cell therapies for solid
malignancies.

TNFa is a pleiotropic cytokine with diverse roles in inflammation,
immunity, and cell death. TNFa enhances T-cell effector function,
promotes T-cell survival, and improves antitumor immunity (10, 11).
TNFa can also increase the sensitivity of tumor cells to apoptosis and
promote the recruitment of immune cells into the tumor microenvi-
ronment in vivo (12–14). Therefore, the targeted enrichment of TNFa
secretion potential via CRISPR or TNFa-“armed” vectors as an
augmentation for TCR T-cell therapy could enhance T-cell function
and improve antitumor immunity in solid tumors (15). Furthermore,
STAT3 signaling activities have been shown to be associated with
improved CD8þ T-cell effector functionality and antitumor efficacy
in vivo, as well as playing a critical role in the development and
maintenance of CD8þ memory T cells (16, 17), which are vitally
important for responsiveness to cell therapeutics. The importance of
NF-kB signaling in this latter process has also beenwell described (18).
Given the previously described deleterious impact of prior cumulative
chemotherapy exposure on T-cell phenotypes and their potential for
use in adoptive cell therapies (19), it may be that more refined

screening for certain cell signaling pathway activities, and their
subsequent enrichment, may be of benefit to future generations of
adoptive cell therapies.

CD4þ Th2 cell immune responses are characterized by the pro-
duction of the cytokines IL4, IL5, IL10, and IL13. While important for
the defense against extracellular pathogens and allergic responses, Th2
cytokines are also known to be immunosuppressive in the setting of T
cell–directed immunity, and can inhibit the anticancer functionality of
T cell–based immunotherapies (20–22). While a previous study
demonstrated a positive association between CD4þ Th2 cell levels
and lack of clinical relapse in anti-CD19 CAR T-cell therapy for acute
lymphoblastic leukemia (23), our study used samples from a greater
number of patients and focused on solid malignancies instead
of leukemia. Other studies have demonstrated the importance of
CD4þ Th9 and Th17 cells and their associated cytokines with clinical
response to both TCR T-cell and CAR T-cell therapies in vivo (3, 24).
Although the importance of CD4þ Th1 cells in adoptive cell therapy
approaches has been well described (25), we did not observe any
association between Th1 polyfunctionality and clinical response. It is
plausible that the impact of CD4þ Th cell cytokine functionality is
highly dependent on both the type of tumor microenvironment as
well as the type of transgenic T cell being used, as TCR T cells and
CAR T cells display differing degrees of antigen-dependent activity
in vivo. Selective depletion of CD4þ Th2 cell components of TCR
T-cell products may therefore be an effective way to augment their
effectiveness in vivo.

The importance of circulating cytokines to ACT performance
in vivo, as well the degree to which conditioning chemotherapy is
able to augment them, remains an important and actionable area
of study. The positive impact of higher levels of serum IL15 (as
a consequence of conditioning chemotherapy efficacy) on CAR
T-cell clinical outcomes has been well described (3, 4). CX3CL1
(fractalkine) signaling improves the antitumor efficacy of T-cells
in vivo (26), but its role in transgenic adoptive cell therapy has been
less well characterized. Transgenic Flt-3L has been used to augment
epitope spreading and antitumor activity of adoptively transferred
T cells in vivo (27), but has not been explored as a surrogate for
enhancing clinical adoptive cell therapy performance. It is possible
that these and other factors can be used as either clinical biomarkers to
help predict adoptive cell therapy outcomes, stratify effectiveness
of different conditioning chemotherapy regimens, or as targets for

A B CFigure 3.

Preinfusion IL15, Flt-3L, and CX3CL1
serum levels are all associated with
superior clinical response to transgenic
TCR T-cell therapy. Serum levels of IL15
(A), Flt-3L (B), and CX3CL1/fractalkine
(C) obtained prior to transgenic TCR
T-cell infusions were all significantly
greater in clinical responders to therapy
(n ¼ 17) compared with nonrespon-
ders (n ¼ 10). All box and whisker plots
represent median at dividing line, with
interquartile range represented by box-
es, and lines representing minimum and
maximum values for each dataset,
and are compared by unpaired t test
(� , P < 0.05), while all correlation plots
represent Pearson r values. Each sample
was run as an independent experiment,
and data were aggregated by clinical
response for analysis.
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supplementation and enrichment in patients who are to receive these
therapies.

Our exploratory study has several limitations. Onemajor limitation
is the inability to fully assess the changes experienced in cytokine
polyfunctionality and signaling activity over time in the patients, as
obtaining sufficiently large quantities of tumor-infiltrating lympho-
cytes from on-treatment tumor biopsies was not feasible. However,
previous studies have shown the importance of post-infusion IFNg
and IL6 levels for clinical response to TCR T-cell therapeutics (28).
Furthermore, obtaining on-treatment tumor biopsies to interrogate
the patients’ tumor microenvironment were not feasible to obtain, as
many patients’ metastases were not surgically accessible. This limited
our ability to adequately assay their impact on systemic responses, as
well as assessing the impact of the various Th cell subtypes within the
tumor microenvironment. Finally, our culture conditions used IL2,
which is generally necessary for the successful ex vivo culture of
primary human T cells. This may have introduced HLA-independent,
natural killer cell–like activity in the T cells. Indeed, we observed high
granzyme B secretion under tonic conditions, as well as the secretion
levels of several other cytotoxic cytokines (MIP-1a, MIP-1b). This
may indeed be due to increased HLA-independent T-cell responses,
as IL2 has been shown to induce these responses independent of
antigen stimulation (29). It is also known that IL2 is able to impact
signaling through STAT1, STAT3, and STAT5 (30), so IL2 culture
conditions may have impacted the tonic level of signaling through
these pathways. However, given that our manufacturing protocols
used anti-CD3 and IL2 mediated expansion, and that all patients
received systemic IL2 for 1 to 2 weeks following adoptive cell transfer
(1, 2), it is likely that any IL2-mediated T-cell activity that we observed
would still be reflective of what occurs in vivo.

It is likely that chronic antigen stimulation, as well as sustained
exposure to different degrees of local cytokine stimulation within the
tumor microenvironment, can impact the cytokine functionality and
intracellular signaling pathway activity of the adoptively transferred
TCR T cells. For example, in addition to its impact on T-cell effector
functionality and direct antitumor activity, TNFa signaling via TNF-
receptor 2 (TNFR2) and associated canonical NF-kB signaling activity
has been shown to directly inhibit Th2 cytokine production, can also
inhibit the differentiation of Th2 cells in vitro (31, 32), which is
consistent with our data showing that NF-kB activity (as measured
by p-IkBa activity) was positively associated with CD4þ Th2 cell
cytokine polyfunctionality. It is possible that TNFa activity, as well as
signaling by other inflammatory cytokines such as interferon-gamma
through JAK/STAT pathways, may augment or even potentiate
divergences in local T-cell phenotype and functionality in the tumor
microenvironment in vivo. Further mechanistic studies both in vitro
and in vivo, as well as larger, prospective clinical cohorts with access to
on-treatment biopsy samples are necessary to comprehensively
address the complexities of all of the factors studied herein in the
future.

In summary, we have shown that superior clinical responses to
transgenic TCR T-cell therapies are characterized by increased CD8þ

T-cell TNFa cytokine functionality and phospho-STAT3 activity, and
by decreased CD4þ Th2 cell cytokine activity. Furthermore, we have

demonstrated that increased preinfusion serum IL15, Flt-3L, and
CX3CL1 levels are also associatedwith superior clinical responsiveness
to therapy. These findings have implications in how the cellular
therapeutics community should approach the design of future gen-
erations of these products, both in terms of vector design, cell product
enrichment strategies, and conditioning chemotherapy for patients
treated with these agents for solid tumors.
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