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SUMMARY
Chimeric antigen receptor T cells (CAR-Ts) have remarkable efficacy in liquid tumors, but limited responses in
solid tumors. We conducted a Phase I trial (NCT02107963) of GD2 CAR-Ts (GD2-CAR.OX40.28.z.iC9),
demonstrating feasibility and safety of administration in children and young adults with osteosarcoma and
neuroblastoma. Since CAR-T efficacy requires adequate CAR-T expansion, patients were grouped into
good or poor expanders across dose levels. Patient samples were evaluated by multi-dimensional proteo-
mic, transcriptomic, and epigenetic analyses. T cell assessments identified naive T cells in pre-treatment
apheresis associated with good expansion, and exhausted T cells in CAR-T products with poor expansion.
Myeloid cell assessment identified CXCR3+ monocytes in pre-treatment apheresis associated with good
expansion. Longitudinal analysis of post-treatment samples identified increased CXCR3– classical mono-
cytes in all groups as CAR-T numbers waned. Together, our data uncover mediators of CAR-T biology and
correlates of expansion that could be utilized to advance immunotherapies for solid tumor patients.
INTRODUCTION

Children and young adults with recurrent, metastatic, or unre-

sectable osteosarcoma or neuroblastoma experience dismal

outcomes, with little progress in osteosarcoma treatment op-

tions over the last several decades.1–7 In these patients, immu-

notherapy provides an enticing opportunity to change the treat-

ment paradigm by targeting tumor-specific antigens. In fact,
Cancer
neuroblastoma has seen improvement in overall survival for

high-risk patients using a disialoganglioside glycoprotein 2

(GD2)-targeting monoclonal antibody, which is now part of front-

line therapy.8 Based on this, several trials have tested GD2-tar-

geting chimeric antigen receptor T cells (CAR-Ts) in neuroblas-

toma and have shown safety, but limited efficacy.9–12

Understanding the basis of this limited efficacy is crucial for

the progress of solid tumor CAR-T therapies. Experience with
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Table 1. Patient Demographics and Baseline Characteristics

Characteristic

Number of patients enrolled in

clinical trial (n=15)

Number of patients who received

GD2 CAR-Ts (n=13)

Age Median (range) 17 (8 - 28) years 18 (10 - 28) years

Sex Female/Male 3/12 3/10

Race White 9 7

African American 3 3

Asian 1 1

Hispanic 1 1

Multiple Race 1 1

Tumor Type Osteosarcoma 12 11

Neuroblastoma 3 2

Prior Therapies Surgery 14 12

Chemotherapy 15 13

Radiation 8 6

Immunotherapy / Targeted Therapy 6 5

Autologous Stem Cell Transplant 3 2

Total Lines of Prior Systemic Therapy

1– 2 5 5

3 – 4 7 6

5 or more 3 2

Performance Status ECOG 0 3 3

ECOG 1 10 9

ECOG 2 2 1
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CAR-T therapies in both solid and hematologic malignancies has

identified CAR-T expansion as an essential first step toward

CAR-T efficacy.13 As such, progress in solid tumor CAR-Ts re-

quires understanding mediators of CAR-T expansion. Therefore,

we report a GD2.CD28.OX40.z CAR-T trial in neuroblastoma and

osteosarcoma, where we performed robust correlative studies

to shed light on mediators of CAR-T expansion in patients.

Biomarker evaluations of CAR-Ts in acute lymphoblastic leu-

kemia and chronic lymphocytic leukemia correlate early memory

T cell phenotypes in patient pre-treatment apheresis with CAR-T

success.14,15 Conversely, less abundant early memory T cell

populations correlate with decreased T cell expansion poten-

tial.16 Additionally, exhausted T cells are associated with poor

clinical response.17,18 In the clinical solid tumor space, compre-

hensive immune cell analyses are scarce. Thus far, central mem-

ory cells in patient GD2.CD3z CAR-T products are associated

with more durable remissions,10 and pre-clinical models of

GD2 CAR-Ts identify tonic signaling and exhaustion as a limita-

tion of CAR-T activity.19,20 As CAR-T therapies continue to gain

traction in the treatment of solid tumors, it will be important to

validate and expand on these potential biomarkers of CAR-T ac-

tivity specifically in the context of solid tumors.

In addition to identifying features of T cells, there is a shift in

focus as the contributions of myeloid cells to cancer progression

and immunotherapy efficacy become increasingly apparent.21 In

patients treatedwithGD2.CD28.OX40.z CAR-Ts,myeloid popula-

tions expand after CAR-T administration.11 Moreover, in patients

with diffuse midline glioma treated with GD2.41BB.z CAR-T ther-

apy, suppressive myeloid cells may have limited CAR-T activity.22

These insights into myeloid populations underscore the impor-
2 Cancer Cell 42, 1–17, January 8, 2024
tance of deeper investigation into their roles to unlock the full po-

tential of immunotherapy for solid tumor patients.

Here, we demonstrate the safety and feasibility of adminis-

tering a third-generation GD2.CD28.OX40.z CAR-T to GD2+ os-

teosarcoma and neuroblastoma patients. Naive and memory

T cell as well as CXCR3+ myeloid populations in pre-treatment

apheresis show striking correlation with CAR-T expansion and

may be predictive of patient response to immunotherapies.

These findings highlight the power of integrating clinical out-

comes with robust correlative analyses to provide insight into

the T cell and myeloid immune milieu modulating CAR-T activity

in solid tumor patients.

RESULTS

Patient characteristics and CAR-T manufacturing
feasibility
Fifteen patients, twelvewith osteosarcoma and threewith neuro-

blastoma, were enrolled in this Phase I single center clinical trial

(NCT02107963) testing GD2.CD28.OX40.z CAR-Ts (Table 1,

Figures 1A, 1B, and Table S1). The median age was 17 (range

8–28), and these patients were all heavily pre-treated prior to

enrollmentwithmultiplemodalities of therapies (Table 1).Disease

burden at baseline varied on themetrics of tumor size, number of

metastatic lesions, and number of sites involved (Tables 2 and 3).

Thirteen patients received the intended GD2 CAR-Ts at the

four planned dose levels (1 x 105, 1 x 106, 3 x 106, and 1 x 107

transduced GD2 CAR-Ts/kg), and two patients died prior to

CAR-T administration. GD2 CAR-Ts were manufactured using

a retroviral vector (iC9-2A-14G2A.CD28.OX40Z), activated by
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Figure 1. GD2 CAR-T administration results in varying levels of CAR-T expansion

(A) Schematic of GD2 CAR-T construct.

(B) Timeline of treatment and sample collection for patients receiving GD2 CAR-T.

(legend continued on next page)
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Table 2. Disease Burden Score

Size of largest tumor

lesion

Number of metastatic

lesions R 1 cm in size

Number of sites

involved*

% 2.5 cm; 0 points % 3; 0 point 1; 0 point

> 2.5 cm, % 5 cm;

1 point

>3, % 6; 1 point 2-3; 1 point

> 5 cm; 3 points > 6; 3 points 4 or more; 3 points

Scoring:

Total score % 2, small disease burden

Total score R 3, large disease burden

*Sites: CNS (brain and spine), head/neck (not CNS), chest, abdomen,

pelvis, upper extremity, lower extremity
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CD3/CD28 beads and expanded in the presence of IL-2 (Fig-

ure S1A). The cell selection process prior to manufacturing

changed from bead selection to elutriation + ACK lysis for the

last four treated patients to reduce myeloid populations during

the manufacturing culture process,23 which resulted in improved

GD2 CAR-T expansion during manufacturing (Figures S1A and

S1B). One patient’s cells failed transduction/expansion based

on the final number of GD2 CAR-T-transduced cells (6 x 106 cells

at harvest), but the product was able to be re-manufactured with

the addition of Ficoll density gradient and monocyte-adhesion

steps. All GD2 CAR-T products were manufactured within

10–11 days and met release criteria as specified on the clinical

trial protocol (Table S2).
Toxicity and response
Safety was assessed during the study through the evaluation of

treatment emergent adverse events (TEAEs), laboratory profiles,

physical examinations, and vital signs. TEAEs were graded ac-

cording to the National Cancer Institute Common Terminology

Criteria for Adverse Events, version 4.0. Overall, GD2 CAR-Ts

were very well tolerated without significant evidence of toxicity

attributed to CAR-T (Table S3). 15.4% (2/13) of patients experi-

enced grade-1 cytokine release syndromewithout signs of neuro-

logical toxicities. No dose-limiting toxicities attributed to the IND

researchwereobserved in any of thedose levels of administration.

No patients required administration of the iCasp9 suicide gene

switch, AP1903 (rimiducid), for unacceptable toxicity possibly,

probably, or likely related to GD2 CAR-Ts. On day 28 following

GD2 CAR-T infusion, 16.7% (2/12) of evaluable patients had pro-

gressive disease and 83.3% (10/12) had stable disease (SD).

30% (3/10) of SD patients remained stable at 60 days post-GD2

CAR-T infusion, but all patients eventually progressed (Figure 1C).
CAR-T kinetics and activity
While subsequent CAR-T trials have since implemented fludara-

bine and cyclophosphamide for lymphodepletion, this trial used

only cyclophosphamide at 1800mg/m2/day for twodays, resulting

in a nadir in absolute lymphocyte count occurring between day

0 and 7 in all patients (Figure S1C) and was shorter than patients

receiving a fludarabine/cyclophosphamide regimen.24 We

measured the expansion and persistence of GD2 CAR-Ts in the

peripheral blood using qPCR. GD2 CAR-Ts expanded in all pa-

tients receiving treatment, half of whom had expansion above

1,000 GD2 CAR copies/100 ng DNA, a level similar to that seen

in clinically active CD19 and CD22 CAR-Ts,25–27 but the GD2

CAR-Ts had limited persistence (Figures 1D and 1E). CAR-T

expansion in patients did not associate with dose level, CAR

transduction efficiency, nor CD4/8 ratio in the CAR-T product

(Figures S1D, S1E, and Table S2). Importantly, this trial, similar to
(C) Swimmer’s plot representing patient response from time of GD2 CAR-T infus

(D) Levels of CAR-T detected in the peripheral blood of patients as measured by

(E) Stratification of patients into good and poor CAR-T expanders based on pea

patients (dots) with median (line) and range (whiskers).

(F) Fold change of cytokines in the plasma of patients on day 10 ± 4 (range day 7

Boxplot represents all patients (dots) with median (line) and range (whiskers). Sta

(G) Schematic of patient samples pre-treatment apheresis, CAR-T product, and

including proteomic (mass cytometry or CyTOF), transcriptomic (RNA-seq), and
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all Phase I clinical trials, enrolled patients who were relapsed and

frequently metastatic, but demonstrated considerable differences

in disease burden. We developed a disease burden score, based

on metrics of tumor size, number of metastatic lesions, and

number of sites involved at time of trial enrollment (Table 2). This

score correlated closely with an AI-generated disease burden

quantification28 and together may be useful to quantify tumor

burden and potentially correlate with treatment response in the

clinical trial setting.Surprisingly, thesepatientdiseaseburdenmet-

rics did not correlate with GD2 CAR-T expansion in patients (Fig-

ure S1F and Table 3). Importantly, peak GD2 CAR-T expansion

(maximum level detected at available time points) above 1,000

GD2 CAR copies/100 ng DNA did associate with increased

cytokine levels in patient plasma on day 10 ± 4 days (range day

7–14), suggesting a functional difference in these patients’

CAR-Ts and confirming the importance of common cytokine

receptor g-chain family of cytokines, such as IL-15, as drivers of

T cell expansion, consistent with other adoptive cell therapy

studies24 (Figures 1F and S2). Additionally, all patients with

CAR-T expansion over 1,000 copies/100 ng DNA demonstrated

stable disease, whereas 3 of 5 patients with CAR-T expansion

below 1,000 copies/100 ng DNA had progressive disease within

the 28-day window (Figure 1C).

Basedon thesefindings,wecategorizedpatients into thosewith

goodCAR-T expansion (peak CAR-T expansion >1,000GD2CAR

copies/100 ng DNA) versus poor CAR-T expansion (peak CAR-T

expansion <1,000 GD2 CAR copies/100 ng DNA) (Figure 1E). To

profile the cellular correlates of CAR-T expansion and activity in

these patients, we performed comprehensive phenotypic (cytom-

etry by time-of-flight [CyTOF]), transcriptomic (RNA sequencing

[RNA-seq]), and epigenetic (assay for transposase-accessible

chromatinwith high-throughput sequencing [ATAC-seq]) analyses

of patient pre-treatment apheresis (apheresis), CAR-T product

(product), and peripheral blood mononuclear cells collected

between day 1 and 60 after CAR-T infusion (post-treatment)

(Figure 1G).
ion.

qPCR of the GD2 CAR-T construct.

k (maximum) level of GD2 CAR-T detected by qPCR. Boxplot represents all

–14) following CAR-T administration over day 0 prior to CAR-T administration.

tistical analysis conducted by Mann-Whitney test (n = 13).

post-treatment (day 1–60 after CAR-T infusion) multi-dimensional analyses,

epigenetic (ATAC-seq) assays. Also see Figures S1, S2, and Tables S1–S3.



Table 3. Disease burden at baseline does not correlate with CAR-T Peak Expansion

Patient SUV max Total Lesion Glycolysis (SUVbw*ml) Volume (ml) Disease burden score GD2 CAR-T Peak Expansion

1 4.49 11.71 5.34 1, small 237.2

2 27.96 7997.11 1304.95 7; large N/A (no CAR)

3 11.83 4559.04 1054.72 7; large 494.9

4 102.88 2102.47 355.8 7; large 0.0

5 16.08 129.47 28.52 2; small 237.3

6 14.18 348.3 90.93 5; large 3331.7

7 *incomplete imaging for evaluation *small 34400.0

8 10.89 167.46 42.31 1; small 11500.0

9 3.72 4.44 2.23 0; small 10875.0

10 11.03 1405.28 413.2 5; large 3100.0

11 *incomplete imaging for evaluation *large N/A (no CAR)

12 9.03 576.05 182.21 4; large 1185.6

13 11.26 101.18 20.16 1; small 29269.0

14 5.4 253.56 83.21 1; small 100.6

15 15.59 330.98 85.41 3; large 471.5
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Good and poor expanders exhibit shared immune cell
populations in CAR-T products and post-treatment
samples
CyTOF analysis of GD2 CAR-T products using a robust T cell

Phenotype Panel identified 8 distinct clusters, none of which

weredifferentially represented between goodandpoor expanders

(Figures 2A—2C, S3A, and S3B). Interestingly, two clusters

comprised an average of 63% of each patient’s CAR-T product

(Figure 2D). These GD2 CAR+ T cell clusters define a proliferating,

activated population of CD4 T cells (cluster 3; CD39+KI67+

CD45RO+ CD95+OX40+CTLA4+CD38+TBET+BTLA+) and CD8

T cells (cluster 6; CD39+KI67+CD45RO+CD95+CTLA4+CD38+

TBET+BTLA+) (Figure 2D). Application of a CAR-T Exhaustion

Score based on bulk RNA-seq data (Figure S3C), developed

from a previously published dataset,29 suggested trends of

increased activation signatures in good expanders and increased

exhaustion signatures in poor expanders (Figure 2E). Finally,

epigenetic analyses of CAR-T products via ATAC-seq also

demonstrated limited differences in the open chromatin

(Figures 2F and S4), but showed enrichment in good expander

CAR-T products of AP-1 factor transcription factor (TF) motifs,

such as BATF, JUN, and FOS, signals previously implicated in

exhaustion-resistant T cells29 (Figure 2G). When evaluating post-

treatment samples by CyTOF, poor expanders demonstrated a

trendof increasedCD39andHeliosprotein expression, consistent

with exhaustion30,31 and T regulatory cells (Tregs)32 (Figure S3D).

Together, these data demonstrate that while all CAR-T products

have similar proteomic exhaustion signatures, poor expanders

have increased transcriptomic signatures of exhaustion and

good expanders have increased epigenetic signatures of exhaus-

tion resistance, potentially contributing to CAR-T expansion and

persistence in patients.

Good CAR-T expansion associates with increased T cell
memory subsets in apheresis prior to CAR-T
manufacturing
Prior to CAR-T manufacturing, patient cells are collected via

apheresis for CAR-T production. We posited that these apher-
esis samples represent the detailed circulating immune milieu

of patients at baseline. Phenotypic profiling of the apheresis

samples by CyTOF using the T cell Phenotype Panel identified

twelve distinct clusters from all viable CD45+ cells, ten of them

within the T cell compartment (Figures 3A—3C and S3E). Com-

parison of samples originating from good versus poor expanders

identified two significantly differentially abundant clusters: clus-

ter 1, a naive CD8 T cell population (CD45RA+CCR7+) associated

with good CAR-T cell expansion, and cluster 4, a terminal

effector TEMRA CD8 T cell population (CD45RA+CCR7�CD38+

TBET+CD11b+CD122+) trended with poor CAR-T expansion

(Figure 3D). Manual gating of apheresis memory populations

based on expression of CD45RA and CCR7 confirmed that

naive (CD45RA+CCR7+) CD4 and CD8 T cells trend toward

increased proportions in good expanders, while effector

TEMRA (CD45RA+CCR7-) and effector (CD45RA�CCR7-) CD4
and CD8 T cell populations were predominant in poor expanders

(Figure 3E). Random forest analysis of surface markers

measured by CyTOF identified CD38, previously implicated in

antigen-induced T effector function,33 as a prominent marker in

apheresis associated with poor expansion (Figure S3F).

Although transcriptomic analysis by RNA-seq resulted in a small

number of differentially expressed genes between good and

poor expanders (Figure S3G), Gene Set Enrichment Analysis

(GSEA) focusing on transcriptomic profiles that define T cell sub-

types identified enrichment of gene sets associated with naive or

central memory phenotypes in apheresis from good expanders

compared to poor expanders (Figure 3F). Conversely, GSEA

analysis demonstrated enrichment of Treg and IL-4 gene sets

in poor CAR-T expanders, a finding aligned with recent publica-

tions identifying Tregs as a potential inhibitor of CAR-T

response34,35 (Figure 3F). These findings illustrate that naive

T cell populations in apheresis correlate with good CAR-T

expansion, whereas TEMRA T cell populations in apheresis

associate with poor expansion.

Finally, we profiled the epigenetic landscape of apheresis

samples by ATAC-seq. Principal component analysis separated

samples according to their expansion and showed increased
Cancer Cell 42, 1–17, January 8, 2024 5
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Figure 2. CAR-T product samples display features of T cell exhaustion

(A) UMAP plot of T cell populations in GD2 CAR-T product using the T cell Phenotype CyTOF Panel (n = 12 patients).

(B) Feature plots showing the distribution of expression of select CyTOF markers among the T cell populations.

(C) Heatmap of hierarchical clustering of median marker expression in GD2 CAR-T product by CyTOF represented per patient.

(D) Proportion of total cells represented in T cell Phenotype Panel clusters 3 and 6. Boxplot represents all patients (dots) with median (line) and range (whiskers).

Statistics calculated by Mann-Whitney test (n = 12 patients).

(legend continued on next page)
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genome-wide accessibility of chromatin in good versus poor ex-

panders (Figures 3G, 3H, and Figure S4). TFs associated with

T cell dysfunction and regulatory roles, including Epas1, TCF4,

and Gli2, were enriched in poor expanders36 (Figure 3I). Good

expanders demonstrated enrichment of RUNX3, a TF known to

inhibit Th2 lineage differentiation and increase Th1 effector

molecules, such as IFNG.37 RUNX3 overexpression is also asso-

ciatedwith downregulation of ApoE andCCL2 immune-suppres-

sive programs inmyeloid cells.38 In fact, the apheresis epigenetic

landscape demonstrated myeloid signatures across both good

and poor expanders, including IRF3, which is essential for the

innate immune response,39 Ets2, which drives myeloid suppres-

sive populations,40 and KLF6, which regulates macrophage po-

larization41 (Figure 3I). In poor expanders, Gli1 was enriched,

which is implicated in the regulation of inflammation and involved

in theCD47-SIRPa pathway.42 Given the crucial role thatmyeloid

cells play in orchestrating immune responses and a growing

body of literature that myeloid cells can limit immune responses

in solid tumors,43 we sought to robustly characterize the myeloid

populations in patients receiving GD2 CAR-T therapy.

Myeloid cell populations in apheresis are associated
with CAR-T expansion
We evaluated apheresis and post-treatment patient samples for

potential myeloid contributors to CAR-T expansion. Phenotyping

patient apheresis using an in-depthMyeloidCyTOFPanel demon-

strated significantly reduced frequencies of monocytes and den-

dritic cells (DCs) in patients with good versus poor CAR-T expan-

sion (Figure 4A). CIBERSORT RNA-seq analysis corroborated

these findings that monocytes were associated with poor

CAR-T expansion (Figure 4B). Using previously published data-

sets that characterized myeloid populations in the setting of can-

cer, we found that poor responders had increased gene signa-

tures associated with CD16 monocytes44 and myeloid-derived

suppressor cells (MDSCs),45–47 which was validated by surface

phenotyping (Figures 4C and 4D). Further, apheresis samples of

patientswith poor CAR-T expansion enriched for a gene signature

similar to that of monocytes from non-responders to PD-L1 inhibi-

tion,48 suggesting a monocyte phenotype that limits other immu-

notherapeutic approaches beyond CAR-Ts (Figure 4C). GSEA

indicated that samples from patients with poor CAR-T expansion

were enriched in pathways associated with myeloid cell immune

suppression in response to strong activation, such as LPS and

TREM1-mediated phenotypes,49 in parallel with reduced adaptive

T and B cell immune signatures relative to myeloid populations,

suggesting myeloid skewing in the circulating immunemilieu (Fig-

ure 4E). These findings are consistent with observations that

myeloid cells demonstrate marked plasticity, and by integrating

signals from multiple stimuli can strongly modulate the T cell

compartment and tailor the immune response.50

To further study the monocyte and DC populations, we per-

formed a sub-clustering analysis of the myeloid populations at

apheresis (Figures 5A, S5A, and S5B). CXCR3+ and CXCR3hi
(E) The Activation Score based on Panther dataset. The Exhaustion Score was bas

represents all patients (dots) with median (line) and range (whiskers). Statistical a

(F) Volcano plot of CAR-T products demonstrates 60 chromatin features higher in

and log2FC > 2 (n = 11 patients).

(G) Open transcription factor motifs identified by combination of log(qvalue) and
classical monocytes, as well as CXCR3+Slan+ and CXCR3+

Slan� non-classical monocytes (nMo: CD14�CD16+), were

significantly increased in good expanders; meanwhile, CXCR3–

classical monocytes (cMo: CD14+CD16�) and both clusters of

intermediate monocytes (iMo: CD14dimCD16+) were significantly

increased in poor expanders (Figure 5A). Overall, non-classical

CXCR3+monocytes correlated positively with CAR-T expansion,

while CXCR3– classical and intermediate (iMo2) monocyte pop-

ulations negatively correlated with CAR-T expansion (Fig-

ure S5C). Pseudotime trajectory analysis demonstrated progres-

sion from classical to intermediate to non-classical monocytes

and from CXCR3– to CXCR3+ populations, suggesting that

poor CAR-T expanders displayed a less-differentiatedmonocyte

phenotype (Figures S5D and S5E). Multidimensional scaling of

these samples demonstrated that patients with poor expansion

cluster together, indicating commonalities in the apheresis

of poor expanders, while good expanders have more diversity

(Figure 5B). In agreement with the T cell Phenotype Panel

analyses, the Myeloid Panel analyses identified that patients

with good CAR-T expansion had increased expression of

CCR7, CD45RA, and GITR/CD357 prior to CAR-Tmanufacturing

(Figure 5C). Random forest analysis showed that CXCR3 on

myeloid cells is the most important feature distinguishing

good CAR-T expansion from poor CAR-T expansion (Figure 5D).

In contrast, patients who experienced poor CAR-T cell expan-

sion had increased myeloid expression of the canonical

monocyte markers CD11b and CD14, the MDSC marker

CD33, which mirrors pathways observed in the transcriptomic

analyses and metabolic dearrangements reported in MDSCs

(Figure 5C).44–46,48,49

Post-treatment patient sample characterization
suggests myeloid molecular signatures associate with
poor CAR-T expansion and persistence
Extending beyond differences of myeloid populations prior to

treatment that could contribute to CAR-T expansion, we interro-

gated whether myeloid populations changed in response to

CAR-T administration. Consistent with previous reports,11 com-

plete blood count analysis showed that the absolute monocyte

count was significantly increased in poor CAR-T expanders

2 weeks after treatment relative to those patients with good

CAR-T expansion (Figure 6A). Cytokine analysis indicated that

good expanders had increased plasma levels of GM-CSF and

IL-12, which are associated with monocyte differentiation and

antitumor responses, respectively (Figure 6B). Moreover, post-

treatment IL-12 strongly associated with the presence of

CXCR3+ myeloid populations (Figure S6A). Myeloid Panel

CyTOF analysis of peripheral blood immune populations

showed significant increases in CXCR3– cMo and iMo2 clusters,

with a significant decrease in the CXCR3hi cMo cluster, following

CAR-T cell infusion (Figures 6C and 6D). Of note, poor ex-

panders did not have differences in their monocyte populations

pre- versus post-treatment, while the good expanders had
ed on dataset of a previously described CAR-Tmodel of exhaustion.29 Boxplot

nalysis conducted by Mann-Whitney test (n = 8 patients).

accessibility in good or poor expanders based on FDR-adjusted p value%0.05

odds ratio (n = 11 patients). Also see Figures S3, S4, and Table S2.
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Figure 3. Apheresis memory T cell signatures correlate with CAR-T expansion in patients

(A) UMAP clusters of immune cell populations in apheresis from the T cell Phenotype CyTOF Panel (n = 10 patients).

(B) Median marker gene expression in populations in apheresis from the T cell Phenotype CyTOF Panel (n = 10 patients).

(legend continued on next page)
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monocyte populations that shifted from a favorable pre-treat-

ment phenotype to a phenotype that resembles the poor ex-

panders following CAR-T treatment (Figure 6D). In fact, this

shift was consistent when evaluating CXCR3 expression on all

myeloid cells (Figure 6E). These data suggest that the CXCR3–

monocyte population associated with poor CAR-T expansion

may also be responsible for limited CAR-T persistence in pa-

tients who experienced good initial CAR-T expansion.

Given CXCR3 expression may represent a marker of an acti-

vated immune response, we explored CXCR3 expression in

other inflammatory settings. We identified a trend of higher

CXCR3 expression in monocytes of hospitalized COVID-19 pa-

tients as compared to those not hospitalized,51 suggesting

increased immune activation in these patients (Figure 6F). As

CXCR3 expression was the most significant indicator of CAR-T

expansion in our patients, we queried the TARGET-OS dataset52

and found that high CXCR3 expression was associated with

significantly increased survival in patients with osteosarcoma;

conversely, low CXCR3 expression was associated with

reduced survival (Figures 6G, S6B, and S6C). Together, these

data demonstrate that monocyte populations, specifically

CXCR3+ or CXCR3hi classical monocytes, are associated with

good CAR-T expansion in patients and provide evidence for a

T cell-extrinsic, monocyte-dependent mechanism contributing

to CAR-T efficacy.

To begin to understand interactions of these myeloid popula-

tions and T cell populations, we tested whether direct interac-

tion of CXCR3-expressing monocytes with GD2 CAR-Ts would

have an impact on CAR-T function. Given CXCR3 expression

can be induced by interferon signaling, and immune cells pro-

duce interferon upon activation, we investigated whether inter-

ferons could be predominantly responsible for the upregulation

of CXCR3 on primary human monocytes. Exposure to neither

recombinant interferon alpha (IFN a) nor interferon gamma

(IFN g) in vitro significantly altered CXCR3 expression on pri-

mary human monocytes from three healthy donors or the

THP-1 monocyte cell line, suggesting multiple CXCR3 ligands

beyond IFNs may be at play in the in vivo tumor microenviron-

ment setting (Figure S6D). Further, we established a stable

CXCR3-expressing THP-1 (CXCR3+ THP-1) cell line by viral

transduction (Figure S6E) and co-cultured these CXCR3+

THP-1 cells or untransduced THP-1 (UTD THP-1) cells with

GD2 CAR-Ts in the presence of GD2+ 143B osteosarcoma tu-

mor cells. UTD THP-1 cells cultured with GD2 CAR-Ts and

143B tumor cells reduced IFNg production by GD2 CAR-Ts,

while co-culture with CXCR3+ THP-1 cells maintained IFN g

production (Figure S6F). These data suggest CXCR3 expres-

sion on monocytes can impact CAR-T function, underscoring

an area of great interest and continued investigation.
(C) Violin plots of marker expression levels in each cell cluster from the T cell Ph

(D) Difference in proportion of cells in cluster 1 and cluster 4 in good versus poor

(whiskers). Statistical calculations by generalized linear mixed model. p values c

(E) CyTOF manual gating characterization of memory CD8 and CD4 T cell popul

(F) Selected C7 pathways significantly enriched in the transcriptome of good vers

rank-sum test.

(G) Principal component analysis (PCA) plot of patient samples analyzed by ATA

(H) Volcano plot of CAR-T products demonstrate 60 chromatin features up highe

log2FC > 2 (n = 11 patients).

(I) Open transcription factor motifs identified by combination of log(qvalue) and o
DISCUSSION

Here, we report on a Phase I trial of a third-generation GD2

CAR-T therapy for GD2+ solid tumor in pediatric and young adult

patients with osteosarcoma and neuroblastoma. This trial met its

primary objectives with successful manufacturing of CAR-Ts

from fifteen patients and safe administration of GD2 CAR-Ts to

eleven patients with osteosarcoma and twowith neuroblastoma.

Despite all patients on study eventually experiencing disease

progression, a portion of patients exhibited GD2 CAR-T expan-

sion similar to that seen in clinically active leukemia patient

CAR-T trials.25–27 Although there were no objective responses,

three patients had stable disease beyond day 90 and all

three had good CAR-T expansion. Therefore, we performed

multi-dimensional correlative studies on pre-treatment apher-

esis, CAR-T product, and post-infusion peripheral blood pa-

tient samples to identify central mechanisms of CAR-T expan-

sion and explore immune mediators of CAR-T persistence and

efficacy.

While the causes of inadequate CAR-T expansion in solid tu-

mors are likely multifactorial, experience in preclinical models

and hematologic malignancies suggests that T cell exhaustion

and inadequate memory potentially play an integral role.53 In

this study, we demonstrate that increased baseline naı̈ve T cell

subsets are associated with good CAR-T expansion. These

findings align with studies showing early memory T cells in pre-

manufacturing apheresis as a biomarker of CAR-T success in

pediatric acute lymphoblastic leukemia14,54 and chronic lympho-

cytic leukemia.15 Single-cell RNA-seq analyses of CD19 CAR-T

products from lymphoma patients also found the presence of

memory T cells to be associated with good clinical response.17

Our study expands these discoveries to solid tumors, where a

favorable T cell population prior to CAR-T manufacturing could

enhance CAR-T activity. Suppressive T cell populations may

also contribute to poor CAR-T activity, as evidenced by elevation

of Helios protein expression in post-treatment time points, sug-

gesting regulatory T cells contributing to poor CAR-T function-

ality, in line with recent identification of these populations in

CD19 CAR-T-treated patients.34,35 Finally, our patients demon-

strated exhaustion signatures that may explain the inability of

CAR-Ts to persist. This observation was present across all pa-

tient product samples with exhaustion significantly increasing

in the context of manufacturing and may help explain lack of effi-

cacy observed. These patient findings confirm previous preclini-

cal models of GD2 CAR-Ts showing tonic signaling and exhaus-

tion as a limitation of CAR-T activity,19 and highlight the potential

benefit of incorporating approaches to reduce tonic signaling and

exhaustion, such as with use of dasatinib in preclinical models55

and in new GD2 CAR-T clinical trials22 (NCT04539366 and
enotype CyTOF Panel (n = 10 patients).

expanders. Boxplot represents all patients (dots) with median (line) and range

alculated as FDR-adjusted p values (n = 10 patients).

ations based on CD45RA and CCR7 (n = 10 patients).

us poor expanders (n = 10 patients). Statistical analysis calculated byWilcoxon

C-seq colored by expansion (blue = good; orange = poor) (n = 11 patients).

r in accessibility in good or poor based on FDR-adjusted p value % 0.05 and

dds ratio (n = 11 patients). Also see Figures S3 and S4.
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Figure 4. Apheresis myeloid cells and myeloid cell activation programs are associated with poor CAR-T expansion

(A) UMAP clusters and boxplots of immune cell populations in apheresis from the Myeloid CyTOF Panel. Boxplot represents all patients (dots) with median (line)

and range (whiskers). Statistical calculations by generalized linear mixed model. p values calculated as FDR-adjusted p values (n = 8).

(B) Stacked bar plots of CIBERSORT data from RNA-seq analysis delimitating predicted immune cell composition in apheresis (n = 10 patients).

(C) Enriched gene signatures stratified by CAR-T expansion. Boxplot represents all patients (dots) with median (line) and range (whiskers). Statistical calculations

by FDR-adjusted p value (n = 10 patients).

(legend continued on next page)
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NCT04196413). Identifying these T cell phenotypes that correlate

with CAR-T expansions provides an opportunity to understand

the mechanisms of CAR-T failure and craft approaches to

improve CAR-T activity.

While most CAR-T studies have focused exclusively on T cell

populations, our study extensively evaluates myeloid cell

subsets as they relate to CAR-T expansion. Our transcriptomic

analysis identified elevated MDSC signatures in the apheresis

of patients who went on to experience poor CAR-T expansion,

a population that, when targeted, can improve CAR-T activity

in solid tumor mouse models.56 Further, GSEA points to an

inflammatory activation of monocyte populations in poor ex-

panders, with enrichment of lymphocytes over myeloid cell pro-

grams in good expanders. Using high-dimensional proteomic

profiling of myeloid populations, we identified that classical

monocytes were significantly elevated in the pre-treatment

apheresis of patients with poor CAR-T expansion, while non-

classical monocytes were significantly increased in good ex-

panders. The contribution of monocyte subsets in cancer pro-

gression has not been well defined to date. A key finding of our

work is the identification of CXCR3 expression on monocytes

at baseline as the most important feature associated with good

CAR-T cell expansion. This CXCR3+ monocyte population was

reduced post CAR-T therapy in parallel with loss of CAR-T

persistence, suggesting that the myeloid program has marked

plasticity and can modulate changes in T cell activation states

and other inflammatory cues. Our findings were validated in

TARGET-OS patient data, where high CXCR3 expression was

associated with a survival benefit in osteosarcoma patients as

well as other malignancies. CXCR3 has been extensively studied

on T cells, but its function onmyeloid populations is yet to be fully

explored, with contradictory evidence reported in the literature of

both pro-tumorigenic and antitumor functions.57–59 Preliminary

mechanistic in vitro studies suggest that CXCR3 expression on

monocytes can maintain CAR-T functionality, but CAR-T IFN g

production is reduced by monocytes not expressing CXCR3.

Further work is needed to understand the CXCR3 signaling

pathway in myeloid cells and its modulation in the CAR-T immu-

notherapy setting. The results of our study demonstrate that the

peripheral immune environment, in particular, the myeloid milieu

prior to CAR-T administration, may effectively predict andmodu-

late CAR-T expansion in patients. Further, patients with poor

CAR-T expansion had significantly elevated absolute monocyte

counts in circulation following CAR-T administration, indicating

that monocytes are expanding in response to treatment and

may be a central factor limiting CAR-T persistence. When

expanded to brain tumor immunotherapy, myeloid populations

appear to similarly dictate CAR-T expansion, cytokine kinetics,

and activity.22 These findings deepen our biological understand-

ing of myeloid population kinetics and contributions to immuno-

therapy outcomes.

As the use of CAR-Ts expands beyond hematologic malig-

nancies, it is imperative to perform in depth reverse translational

evaluations to identify mediators of CAR-T efficacy in solid and
(D) Flow cytometry analysis of Myeloid-Derived Suppressor Cell (MDSC) pheno

calculated by Mann-Whitney test.

(E) Selected C7 myeloid pathways significantly enriched in poor expanders com

Wilcoxon rank-sum test.
brain tumors. The main limitation of this pediatric solid tumor trial

is the small study size, which is a function of the relatively small

total number of eligible patients with osteosarcoma or neuro-

blastoma with metastatic or relapsed refractory disease,60,61 a

reflection of the log-fold lower scale of pediatric oncology to

adult oncology. The patients represented in this study are

consistent with the majority of patients in pediatric and adult

relapsed, refractory solid tumor Phase I studies, where patients

tend to be diverse in tumor type, disease burden, and baseline

progression rate. We have developed a disease burden assess-

ment score (Table 2), and this score trended with our AI-gener-

ated disease burden quantification (Table 3), which provides a

mechanism for comparing heterogeneous early phase clinical

trial patients in this and future work. In light of the limitations of

small study size and diversity in disease burden, the statistical

significance of our key findings underscores their biological

importance and provides a starting point and motivation for vali-

dation in subsequent studies.

The comprehensive correlative analyses that we performed

can serve as a roadmap for cell therapy clinical trial correlative

studies. Understanding the T and myeloid cell molecular drivers

of CAR-T expansion in solid tumor patients will aid in the identi-

fication of modifiable pathways to improve CAR-T efficacy for

patients and opens the door for the addition of myeloid-based

interventions.
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Figure 5. Apheresis CXCR3 expression on monocytes is a marker of good CAR-T expansion

(A) UMAP clusters and boxplots (median and range) ofmyeloid cell subpopulations in apheresis from theMyeloid CyTOF Panel. Boxplot represents all patients (dots)

with median (line) and range (whiskers). Statistical calculations by generalized linear mixed model. p values calculated as FDR-adjusted p values (n = 7 patients).

(B) MDS plots of myeloid cell subpopulations in apheresis labeled by patient and colored by expansion (blue = good expansion; orange = poor expansion) (n = 7

patients).

(C) Density plots showing expression of select markers (blue = good expansion; orange = poor expansion) (n = 7 patients).

(D) Boxplot of importance scores from 30 iterations of random forest analysis depicting the strength of association of markers with CAR-T expansion and

representative CyTOF expression plots. Markers are sorted by average importance scores. Boxplot represents all iterations (dots) with median (line) and range

(whiskers) (n = 7 patients). Also see Figure S5.
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Figure 6. Myeloid populations shift in response to CAR-T treatment

(A) Absolute monocyte count in peripheral blood 14 ± 3 days post CAR-T infusion. Boxplot represents all patients (dots) with median (line) and range (whiskers).

Statistical analysis by Mann-Whitney test (n = 13).

(B) Protein levels of GM-CSF and IL-12p70 in the plasma of patients 7–14 days and 25–27 days following CAR-T administration, respectively. Boxplot represents

all patients (dots) with median (line) and range (whiskers). Statistical analysis by Mann-Whitney test (n = 13).

(C) Stacked bar plots of patient samples by cluster from the Myeloid CyTOF Panel (n = 7 patients).

(D) Boxplots of immune cell populations in pre- and post-treatment samples from the Myeloid CyTOF Panel. Boxplot represents all patients (dots) with median

(line) and range (whiskers). Statistical calculations by generalized linear mixed model. p values calculated as FDR-adjusted p values (n = 7 patients).

(E) Boxplot of CXCR3 expression on myeloid cells in pre- and post-treatment samples from the Myeloid CyTOF Panel. Boxplot represents all patients (dots) with

median (line) and range (whiskers). Statistical calculations by linear mixed model. p values calculated as FDR-adjusted p values (n = 7 patients).

(F) CXCR3 expression onmyeloid cells in patients hospitalized versus not hospitalized with COVID-19. Boxplot represents all patients (dots) withmedian (line) and

range (whiskers). Statistical calculations by linear mixed model. p value calculated as FDR-adjusted p value (p = 0.117; n = 27 patients).

(G) Overall survival of patients in TARGET-OS dataset stratified by expression level of CXCR3. Statistical analysis on group survival differences was performed

utilizing the log rank test. Also see Supplemental Figure S5 and S6.
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by lead contact, Rosandra

Kaplan(kaplanrn@mail.nih.gov).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d RNA-seq and ATAC-seq data have been deposited in dbGAP and are available via controlled access as of the date of publi-

cation. Accession numbers are listed in the key resources table.

d This paper does not report any original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Trial design
This is a Phase I open labeled, single institution dose escalation trial of GD2 CAR-Ts in children and young adults with GD2+ solid

tumors carried out in the Pediatric Oncology Branch of the National Cancer Institute (NCT02107963). The trial used a 3+3 design

with four dose levels with administration of 1 x 105, 1 x 106, 3 x 106, and 1 x 107 transduced GD2 CAR-Ts/kg. The primary ob-

jectives were to determine the feasibility of producing GD2 CAR-Ts meeting the established release criteria and to assess the

safety of administering escalating doses of GD2 CAR-Ts in children and young adults with neuroblastoma and osteosarcoma

(eligibility criteria in Table S1), following cyclophosphamide-based lymphodepletion (Days -3 to -2: 1800 mg/m2/day over 2 hours

daily for 2 days), as well as determine the recommended Phase II dose and evaluate clinical kinetics of GD2 CAR-Ts. Secondary

objectives included determining if administration of GD2 CAR-Ts mediated antitumor effects, and measuring correlates of CAR-T

activity, including CAR expansion and persistence. The GD2 CAR construct also included an iC9, which could be activated by a

bioinert small molecule dimerizing agent, AP1903, to mediate clearance of GD2 CAR-Ts. Secondary objectives included potential

administering AP1903 for severe CAR-T toxicity and assessing toxicity of AP1903 if administered. Dose escalation decisions were

made based on clinically significant dose-limiting toxicity (DLT) events possibly associated with CAR-T. DLTs were determined
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during the first 28-days after CAR-T administration and defined as a treatment-emergent adverse event (TEAE) not reasonably

attributed to the patient’s underlying disease, other medical conditions, or concomitant medications or procedures. The maximum

tolerated dose was defined as the highest dose level at which less than two of six evaluable patients experienced a DLT. Patients

were eligible for enrollment if they had a confirmed diagnosis of osteosarcoma or neuroblastoma, two tumors which have ubiq-

uitous expression of GD2.19 All patients provided written informed consent before study entry. The study was approved by the

relevant institutional review boards and/or independent ethics committees and was conducted according to the International

Conference on Harmonization Good Clinical Practice guidelines and the Declaration of Helsinki. This study is registered with

ClinicalTrials.gov.

METHOD DETAILS

CAR-T Cell manufacturing
Patients underwent apheresis to obtain autologous peripheral blood mononuclear cells (PBMCs). These cells were then

selected using either bead selection or elutriation and ACK lysis, activated using CD3/CD28 beads, transduced with a bicis-

tronic retroviral vector including an iC9 domain and a GD2.CD28.OX40.z CAR (Figure 1A), and then expanded for 7-9 days

with IL-2.23

Cytokine assay
Cryopreserved plasma samples were analyzed for the presence of cytokines in a multiplex format according to the manufacturer’s

instructions (Human Luminex XL Cytokine 45-Plex R&D Systems.

qPCR assay
GD2 CAR-T expansion wasmeasured by qPCR of peripheral blood-isolated PBMCs using TaqMan chemistry on the StepOnePlus�
Real-Time PCR System according to the manufacturer’s instructions.
Target Primer/Probe Name Sequence (5’-3’)

CDKN1A Sense primer GAAAGCTGACTGCCCCTATTTG

Antisense primer GAGAGGAAGTGCTGGGAACAAT

Probe CTCCCCAGTCTCTTT

OX40Z Sense primer CGCCCACTCCACCCT

Antisense primer GTTCTGGCCCTGCTGGTA

Probe CAAGATCAGAGTGAAGTTC
Mass cytometry, cytometry by time of flight (CyTOF), assay and analysis
Pre-treatment (apheresis), GD2 CAR-T product, and post-treatment (apheresis or whole blood) samples were analyzed by mass cy-

tometry (CyTOF) with 2 different panels as previously described.62,63

CyTOF assays

Upon thawing, cells were washed twice with RPMI supplemented with penicillin-streptomycin and L-glutamine (Hyclone), 10% FBS

(Hyclone), 20 U/mL of sodium heparin (Millipore Sigma) and benzonase 25 U/mL (Pierce, ThermoFisher). Cell counts were obtained

using a Vi-Cell XR cell viability analyzer (Beckman Coulter), and cells were split to proceedwith antibody staining with a range of 1 to 2

million cells per test. Reconstituted lyophilized Veri-Cells tagged with 181Ta (custom order from BioLegend) were added directly to

each sample to a ratio of 1:10.

For the T cell Phenotype Panel, cells were washed twice in PBS (Rockland) and then were stained for live-dead discrimination with

Cell-ID� Cisplatin 5 mM (Fluidigm) for 5 min. After 2 washes with the Cell Staining Media (CSM, PBS 1X supplemented with 0.5%

BSA and 0.02% sodium azide), cells were resuspended in 1X Maxpar� Fix I Buffer (Fluidigm) and fixed for 10 min at room temper-

ature. Cells were washed twice withMaxpar 10X Barcode PermBuffer (Fluidigm) and stained for barcoding with the Cell-ID� 20-Plex

PdBarcoding Kit (Fluidigm) for 30min at room temperature. Then, cells werewashed twicewith CSMprior to being pooled in a unique

5 mL FACS tube. The composite sample was stained with a surface antibody cocktail containing the Fc receptor-blocking solution

Human TruStain FcX� (BioLegend) for 30 min at room temperature. After 2 washes with CSM, cells were fixed in CSM + PFA 2%

(Alfa-Aesar) for 10 min at room temperature and washed again in CSM. Then cells were fixed again with ice-cold methanol for

10 min on ice in the dark. After 2 washes with CSM, we proceeded to intracellular staining (Table S6) for 45 min at room temperature.

Finally, after 2 washes in CSM, cells were stained with the Cell-ID Ir-Intercalator in 1X PBS (Rockland) + PFA 2% overnight at 4�C.
Prior to acquisition on the next day, the sample was washed twice with CSM and 3 times with milli-Q water and resuspended with EQ

Four Element Calibration Beads (Fluidigm) 1:10 inmilli-Q water. Data were acquired on a Helios mass cytometer (Fluidigm). Amixture

of unstimulated and PMA/ionomycin stimulated, tantalum-labeled lyophilized PBMCs (Vericells, Biolegend) were added to all sam-

ples as a spike-in control.
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For Myeloid Panel, pre-treatment patient samples, post-treatment patient samples, and healthy human PBMC samples were

thawed into RPMI media (Gibco) supplemented with 5% FBS (Omega Scientific). Samples were then washed twice with PBS (Corn-

ing) supplemented with 2% FBS. Cell counts were obtained using a Moxi V cell viability analyzer (Orflo). 10 million cells per sample

were taken into viability staining with Cell-ID� Cisplatin 5 mM (Fluidigm) in PBS. Cells were then washed with 1x CyPBS (Rockland)

and blockedwith HumanBlocking Solution (1x CyPBS, 1mMEDTA, 1%Human ABSerum, 0.1%NaN3 in 1x CyPBS) for 10min. Cells

were then barcoded using triplet combinations of anti-human CD45 Cadmiummetals (Fluidigm) in CyFACS (2mM EDTA, 0.1% BSA,

0.05% NaN3 in 1x CyPBS) for 30 minutes at 4�C. Cells were then washed twice with CyFACS and pooled into one tube. A total of 5

patient samples and 1 healthy PBMC technical control were barcoded and ran together for each CyTOF acquisition. Post-washes,

cells were stained with an established Myeloid Panel in CyFACS for 30 min at 4�C. Cells were washed twice with CyFACS and re-

suspended in 2% PFA (Thermo Scientific) overnight at 4�C. Fixed cells were permeabilized with 1x Permeabilization Buffer

(eBioscience) for 30 minutes at 4�C. Cells were then resuspended in Cell-ID� Intercalator 500 mM (Fluidigm) in 1x Permeabilization

Buffer for 30 min at room temperature. Cells were washed once with CyFACS and once with Cell Acquisition Buffer (Fluidigm), re-

suspended in 1:10 EQ Four Element Calibration Beads (Fluidigm) in Cell Acquisition Buffer, and CyTOF acquisitions were run.

RNA-sequencing assay and analysis
cDNA library construction

Total RNA was quantified using the Quant-iT� RiboGreen� RNA Assay Kit and normalized to 5ng/ul. An aliquot of 200ng for each

sample was transferred into library preparation which was an automated variant of the Illumina TruSeq� Stranded mRNA Sample

Preparation Kit. This method preserves the strand orientation of the RNA transcript and uses oligo dT beads to select mRNA from

the total RNA sample. It is followed by heat fragmentation and cDNA synthesis from the RNA template. The resultant 500bp

cDNA then goes through library preparation (end repair, base ‘A’ addition, adapter ligation, and enrichment) using Broad Insti-

tute-designed indexed adapters substituted in for multiplexing. After enrichment, the libraries were quantified with qPCR using

the KAPA Library Quantification Kit for Illumina Sequencing Platforms and then pooled equimolarly. The entire process was per-

formed in a 96-well format and all pipetting was done by either Agilent Bravo or Hamilton Starlet.

Illumina sequencing

Pooled libraries were normalized to 2nM and denatured using 0.1 N NaOH prior to sequencing. Flowcell cluster amplification and

sequencing were performed according to the manufacturer’s protocols using either the HiSeq 2000 or HiSeq 2500 machine. Each

run was performed with 101bp paired-end reads, including an eight-base index barcode. Data were analyzed using the Broad Insti-

tute Picard Pipeline which includes de-multiplexing and data aggregation.

ATAC-seq assay and analysis
ATAC-seq assay

Assay for Transposase-Accessible Chromatin with high-throughput sequencing (ATAC-seq) was conducted as previously described80

with minor modifications specified below. Apheresis and Product samples were counted, and 150,000 cells were split into 3 replicates

containing 50,000 cells each. Cells were pre-treated with 200 units/ml Dnase I (Worthington Biochemical, LS006343) in PBS for 30min

at 37�C. Post-incubation, samples were washed twice with ATAC resuspension buffer (ATAC-RSB; containing 1M Tris-HCl pH 7.5, 5M

NaCl, 1MMgCl2 in sterile water), plus 0.1% Tween-20, with centrifugation at 500g for 5 minutes at 4�C. Cells were then lysed for 3 mi-

nutes on icewith 50 ml cold ATAC-RSBplus 0.1%NP40, 0.1%Tween-20 and 0.01%Digitonin. After lysis, nuclei werewashedwith 1ml

ATAC-RSB containing 0.1% Tween-20 and were pelleted at 500g for 10 minutes at 4�C. Nuclei were transposed with Illumina Tn5

transposase (Illumina, 20034198), and reactions were cleaned up with the Qiagen MinElute PCR Purification Kit (Qiagen 28006).

ATAC libraries were PCR amplified with New England Biosystems’ 1X PCR Master Mix (NEB, M0541L) and custom Nextera PCR

primers at 1.25 mM each for 11 or 12 total cycles. Amplified libraries were purified with AMPure XP beads (Beckman Coulter

A63880), and the KAPA library quantification kit (Kapa Biosystems, KK4854) was used to quantify library concentrations. Libraries

were pooled with equimolar concentrations and sequenced by Novogene on a Novaseq S4 with 2x150bp paired-end reads.

Primary monocyte assays
Healthy donor monocytes were isolated from healthy donor apheresis by counterflow elutriation and acquired from the NIH Clinical

Center Department of Transfusion Medicine and cryopreserved. Monocytes were thawed and treated with varying concentrations of

recombinant human IFN a or IFN g and cultured at 37�C/5%CO2 for 24 hours. CXCR3 expression was analyzed by flow cytometry

gated on single, live, CD45+ CD33+ cells.

Cell lines
THP-1monocyte cells were acquired from ATCC and cultured in ATCC-formulated RPMI-1640mediumwith 10%FBS, 100 units/mL

penicillin-streptomycin, and 0.05 mM 2-mercaptoethanol. A CXCR3-overexpressing THP-1 cell line (CXCR3 THP-1) was generated

by lentiviral transduction. Briefly, a plasmid containing human CXCR3-A (GenBank: NM_001504.2) was synthesized (Twist Biosci-

ences) and lentivirus was produced as previously described.21 THP1 cells were centrifuged in the presence of lentivirus and

8 mg/mL polybrene at 931 xg for 2 hours at 30C. Lentivirus was washed off the following day and CXCR3 expression was confirmed

by flow cytometry (Figure S6E). 143B osteosarcoma tumor cells were acquired from ATCC and cultured in RPMI-1640 medium with

10%FBS, 100 units/mL penicillin-streptomycin. GD2-CAR T cells from healthy donors weremanufactured as previously described22
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by the Biopharmaceutical Development Program, Frederick National Laboratory. GD2-CAR T cells were thawed and cultured over-

night in T cell expansionmedia (TCEM; AIM-Vmedia supplemented with 5%FBS, 2mMGlutaMAX, 14mMHEPES) with 100 units/mL

human recombinant IL-2.

Co-culture assays
Parental untransduced THP-1 (UTD THP-1), CXCR3 THP-1, 143B, and GD2CAR- T cells were harvested and resuspended in TCEM.

Cell were cultured at indicated ratios for approximately 24 hours, at which point supernatant was collected and the cells were stained

for flow cytometry. Human interferon gamma was analyzed by ELISA (R&D Systems).

Disease burden assessments
Disease burden score

There is no standard assessment method to describe the overall tumor burden of patients with relapsed or refractory disease. The

tumor burden of patients enrolled on this trial ranged widely between newly relapsed patients with relatively small tumors and those

with advanced, multiply relapsed, and refractory disease.With the goal of better characterizing this heterogeneous group of patients,

we developed a preliminary radiographical disease burden score that considers the size of the largest tumor lesion, the number of

metastatic lesions greater than or equal to one centimeter in size, and the number of sites involved. Our scoring system is included in

Table 2. For the sake of comparison, patients who were assigned a total score less than or equal to 2 were classified as having small

disease burden. In contrast, patients with a score of 3 or above were classified as having large disease burden.

Assay for quantification of metabolically active tumor burden

Standardized Uptake Values (SUVs) were calculated as the ratio of measured activity to injected dose per body weight (kilogram). All

lesions identified by nuclear medicine physicians during standard read-out and reviewed per protocol analysis were considered for

quantitative analysis. Semi-automated analysis was performed using commercial software (MIM, Cleveland, OH, USA). Briefly, a re-

gion-growing technique available within MIM software was utilized starting from seed point using bookmarks provided from clinical

imaging reports. Briefly, region-growing iteratively adds image voxels to the contour if they meet a uniformity criterion and values

derived from existing voxels contained within the contour.28 This algorithm was optimized based on anatomical region by varying

the minimum uptake bound for which contour stops searching (range 1-2 SUV). In any cases of algorithm failure, threshold-based

segmentation from minimum 2 SUV is accepted. For all lesions, SUV metrics were extracted, including: SUVmax, SUVmean, Total

Lesion Glycolysis (TLG), and lesion volume. Additionally, metrics from all lesions were aggregated for patient-level analysis,

including: SUVmax, defined as maximum uptake value of all lesion SUVmax values, TLG, defined as sum of all lesion TLG values,

and volume, defined as the sum of all lesion volumes.

QUANTIFICATION AND STATISTICAL ANALYSIS

CyTOF analysis
For the T cell Phenotype Panel, after CyTOF acquisition, the data collected were normalized using the Nolan Lab normalizer (https://

github.com/nolanlab/bead-normalization/releases). Samples from the T cell Phenotype Panel were deconvoluted with the Zunder

Lab Single Cell Debarcoder (https://github.com/zunderlab/single-cell-debarcoder).

For the Myeloid Panel, during data acquisition, a CD45-barcoding method was used to add healthy PBMCs as a technical control

to the samples. After bead-based normalization using the Normalizer,64 only live and singlet cells were included in the analysis. Data

were batch corrected with a quantile function constructed for the pooled distribution of each batch (a pair of sample and spike-in

control) using the cydar package.65

Analyses of the T cell Phenotype Panel data and theMyeloid Panel data followed the same pipeline. Data were arcsinh transformed

(cofactor=5) and TheCATALYST package66 was used to apply the FlowSOMmethod67 to cluster the cells and project the cells on the

UMAP. Cell types were identified using lineage markers (Tables S6 and S7). Most clusters were present in each patient. The Gener-

alized Linear Mixed Model (GLMM), through the lme4 package,68 was used to identify significant differential cell population abun-

dances. Correlations between cell type frequencies and peakGD2CAR-T expansion (GD2CAR copy numbers per 100ng of detected

DNA) and tumor volumewere performed using Spearman rank correlation tests. For themyeloid analysis, diffusionmap pseudo-time

was performed for trajectory analysis using the destiny package.69 We conducted two separate trajectory analyses to differentiate

between good and poor CAR-T expanders.

In the analyses of both CyTOF panel datasets, a machine learning (ML) strategy was implemented to discover the genes that can

effectively discriminate between different conditions. To accomplish this goal, the importance scores of the genes were determined

by training a random forest (RF) model using the normalized gene expression from the same number of randomly selected cells from

each condition using the Caret and Random Forest R packages.70,71 This procedure was repeated for 30 iterations and the impor-

tance scores of the genes in each iteration were scaled to the 0-100 range for a better comparison. When classifying the groups, a

higher score is regarded as having more classification power.

RNA-seq analysis
Paired-end transcriptome reads were processed with a standardized RNA-seq Immune Analysis pipeline called RIMA (https://liulab-

dfci.github.io/RIMA). RIMA is an automated Snakemake pipeline to streamline the processing of RNA-seq data. Read alignments
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were performed with STAR72 against the hg38 reference genome from the NCI Genomic Data Commons (GDC). RNA-seq quality

control was performed on the aligned BAM files using RSeQC.73 With the uniquely mapped reads, transcriptome per million

(TPM) metrics were quantified using SALMON74 on the BAM files. Differentially expressed genes were identified using DESeq2.75

Gene set enrichment was performed using ClusterProfile76 against Hallmark and ImmuneSigDB gene sets from theMolecular Signa-

ture Database (MsigDB).77 Immune infiltration analysis was performed using CIBERSORT absolute78 from the Immunedeconv79 R

package. Gene expression was first normalized by subtracting the average expression across samples, and the gene signature score

was then calculated as the average normalized expression of gene sets. Wilcoxon rank-sum test was then applied to the gene signa-

ture scores.

The Exhaustion Score was derived by analyzing data from a previously described CAR-T model of exhaustion.29 Differential anal-

ysis was performed on RNA-seq data from HA and CD19 CAR T cells cultured at the latest timepoint, when activation markers

normalize (Day 14). Overlapping genes were selected that were differentially expressed (False Discovery Rate (FDR) p-value < 0.05).

These genes defined the Exhaustion Score, comprising 553 genes. The Exhaustion Score was derived as a z-score of the geometric

mean of expression values from this gene signature. The Activation Score was derived as a z-score of the geometric mean of expres-

sion values from the gene signature of T cell activation from the Panther Pathways dataset (Gene Ontology: GO_0042110).

Expression analysis on publicly available datasets
The results published here are in part based upon data generated by the Therapeutically Applicable Research to Generate Effective

Treatments (TARGET) initiative, phs000218, managed by the NCI. The data used for this analysis are available at dbGaP accession

phs000468.v21.p8. Information about TARGET can be found at http://ocg.cancer.gov/programs/target. Survival data and mRNA

expression levels for CXCR3 and its ligandswere downloaded from the TARGETOsteosarcoma cohort on theUCSCXena browser.52

High, middle, and low CXCR3 level groups were divided into similar-sized groups, and the proportional hazards ratio assumption

required for Kaplan-Meier analyses was met and representative of the correct p-value assessment. Kaplan-Meier curves for high,

medium, and low transcript levels were generated for analysis of overall survival of 85 patients for whom data were available. Sta-

tistical analysis on group survival differences was performed utilizing the log-rank test, and log-log plot confirmed that proportional

hazards assumption was met (Figure S6C). Further, Cox proportional hazards model analysis demonstrated that low-level CXCR3

has an HR coefficient of 1.4755 compared to high-level CXCR3 (p=0.011) (Figure S6D).

ATAC-seq analysis
Raw fastq data from Novogene were processed with the pepATAC pipeline with standard parameters.81 Quality control (QC) metrics

such as Transcription Start Site (TSS) scores were calculated based on transcription start sites of protein-coding genes as indicated

in hg38 gencode. Peaks were called using MACS2 with the following parameters on Tn5 insertion sites: –shift, -75, –extsize, 150,

–nomodel, –call-summits, –nolambda’’, -p, 0.01. Downstream analysis with the ChrAccR R package was carried out on the dedupli-

cated bam files and MACS2 peak-called bed files output from pepATAC. The consensus peakset across technical and biological

replicates was calculated using the getPeakSet.snakeATAC function in the ChrAccR R package where peaks had to be consistently

absent or present with a cutoff of 0.75 (75%) across replicates to be retained. The count matrix was calculated as insertion counts

across samples at consensus peakset regions using the ChrAccR region Aggregation function (Figure S4). DESeq275 was used to

calculate differentially accessible peaks and independent hypothesis weighting82 was used to correct for multiple testing. The ggma-

plot package was used to visualize the MA plot. Differentially accessible peaks for samples classified as good or poor expanders

were used to calculate motif enrichment using the getMotifEnrichment function in the ChrAccR R package based on the CIS-BP

TF motif database (from chromVARmotifs package).83 Adjusted p values (q values) were converted to -log(q value) and top enriched

motifs were plotted by -log(q value) and odds ratio.

ADDITIONAL RESOURCES

Clinical trial information: https://clinicaltrials.gov/study/NCT02107963.
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