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ABSTRACT

The adaptive T cell immune response requires cellular plasticity to generate distinct subsets with diverse
functional and migratory capacities. Studies of CAR T cells have primarily focused on a limited number of
phenotypic markers in blood, representing an incomplete view of CAR T cell complexity. Here, we adapted
mass cytometry to simultaneously analyze trafficking and functional proteins expression in CD19 CAR
T cells across patients’ tissues, including leukapheresis T cells, CAR product, CAR T cells in peripheral blood,
bone marrow, and cerebrospinal fluid post infusion and correlate them with phenotypes. This approach
revealed spatiotemporal plasticity of CAR T cells. Patients’ CAR product revealed upregulation in many
trafficking and activation molecules compared to leukapheresis T cells as baseline. Including statistically
significant upregulation in CD4 and CD8 integrin-f7, CD4 granzyme B, and CD11a as well as CD8 CD25
and CD95. Moreover, patients’ tissues showed spatiotemporal alteration in trafficking, activation, matura-
tion, and exhaustion features, with a distinct signature in the central nervous system niche. Compared to
peripheral blood samples, cerebrospinal fluid samples were statistically significant enriched in CD4 and
CDs8 trafficking and memory phenotype proteins integrin f7, CCR7, CXCR4, and CD8 CD69. Our data
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provide a potential framework to remodel CAR T cells and enhance immunotherapy efficacy.

Introduction

T cell adaptive immune response requires cellular plasticity to
generate distinct subsets with diverse functional and migratory
capacities. Following their ontogeny in the thymus, naive
T cells continually circulate in secondary lymphoid tissues,
aiming to recognize antigens presented by major histocompat-
ibility complex molecules expressed on the surface of antigen-
presenting cells by their T cell receptors. Once activated, naive
T cells expand and differentiate into short-lived, effector
T cells, which express unique trafficking receptors that enable
them to migrate to target sites. With antigen clearance, a small
subset of these primed T cells gives raise to diverse long-lived
memory sub-populations with distinct migratory ability."* By
expressing unique patterns of trafficking molecules, T cells
interact with tissue-specific vascular endothelia for preferential
recruitment to distinct tissues. These interactions between
trafficking molecules and their ligands allow T cells to migrate
from the circulation in a multistep cascade of tethering, rolling,
activation, and arrest. Initially, T cells tether and roll on the
endothelium by binding with endothelial cells via selectins and
some integrins. Later, integrins on T cells are activated by
chemoattractants on endothelial surfaces that bind to their
specific G protein-coupled receptors (GPCR). Finally, activated
integrins mediate T cell arrest followed by transmigration into
homing sites.” Moreover, the profile of trafficking molecules

expressed by T cells is determined by their state of activation
and differentiation, as well as their initial tissue site of antigen
priming.*

Chimeric antigen receptors (CARs) are synthetically engi-
neered receptors that redirect the specificity, effector function,
and metabolism of transduced T cells.”™® In contrast to endo-
genous T cell, CAR T cell therapy differs in several aspects.
Firstly, in order to generate CAR T cells, polyclonal T cells in
leukapheresis products are activated and stimulated using anti-
CD3/CD28 beads, followed by transduction with a lentiviral
vector that encodes CAR, and continues expansion by cyto-
kines via the common gamma chain.” Secondly, patients are
preconditioned with lymphodepletion chemotherapy which
creates a favorable immune environment for adoptively trans-
ferred CAR T cells, improve their in vivo expansion, subse-
quent persistence, and clinical activity.'® Finally, once infused,
CAR T cells migrate, proliferate, and exert antitumor activity,
in medullary and extra medullary sites, independently of the
major histocompatibility complex.®” Given these unique prop-
erties, better understanding of CAR T cells integrative biology
could further enhance immunotherapy efficacy.

To address this need, we used cytometry by time of flight
(CyTOF) which enables high dimensional, in-depth, proteomic
analysis of immune cells at the single-cell level.'"'* We
designed an integrative panel with antibodies specific for
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CAR, cell lineage, activation, maturation, trafficking, and
exhaustion markers to investigate the spatiotemporal land-
scape of CD19 CAR T cells, across time, location, and surface
as well as intracellular proteins. This analysis revealed spatio-
temporal plasticity of CAR T cells. CAR T cell product showed
increased expression of trafficking and activation molecules,
and patients’ CAR T cells from peripheral blood, bone marrow
(BM), and cerebrospinal fluid (CSF) showed spatiotemporal
alteration in trafficking, activation, maturation, and exhaustion
proteins, with distinct signature in the CSF niche. To our
knowledge, our study is the first to provide a spatiotemporal
landscape of CAR T cell therapy in patients.

Results

Mass cytometry permits in-depth single-cell analysis of
migration, activation, maturation, and exhaustion in
human T cell subsets

T cells function requires coordinated interplay between activa-
tion, maturation, and migration. Therefore, we sought to ana-
lyze key molecules in these processes (Figure S1A and Table
S1). Since cryopreservation may affect expression of cellular
adhesion molecules' such as CD62L due to protein
shedding,14 we obtained fresh human whole blood from three
healthy donors, depleted non-T cells, and identified six cano-
nical T cell subsets: naive, stem-cell memory, central memory,
effector, effector memory, and effector memory CD45RA+
(Table S2). Next, we interrogated the proteomic landscape
inter- and intra-subsets and plotted their expression patterns
(Figures 1(a, b)). Our analysis recapitulated known biology but
also provided new insights into the relative expression and
distribution of these molecules. For example, bimodal distribu-
tion was observed in CXCR3, CD49d central memory CD8
cells and in CD27 effector and effector memory T cells
(Figure 1(a)), and sub-analysis revealed positive relationship
between CXCR3 and CD49d expression and inverse relation-
ship between CD27 and Granzyme B expression, respectively
(Figure S2). Indicating that central memory and effector mem-
ory T cells, based on the well-accepted phenotypical definition,
are heterogeneous and represent different functional sub-
groups. Furthermore, an inverse relative expression and dis-
tribution of CD127 were captured in CD4 (high) and CD8
(low) effector memory cells (Figure 1(a)).

Given the robustness of CyTOF to perform high-
dimensional protein analysis on the single-cell level, we then
sought to identify T cells not captured by canonical manual
gating. By dimensionality reduction and visualization of the
healthy donor samples using optSNE,'® several populations of
cells that were not well defined by the canonical definitions
were discovered (Figure 1(c), black). Automated clustering
based on the phenotyping markers (Table S2) was performed
with FlowSOM,'® and revealed these undefined populations as
six distinct clusters (clusters 4, 6, 7, and 11-13) (Figure 1(d)).
Then, clusters were overlaid with the manually gated popula-
tions to confirm that these six clusters account for the unde-
fined populations (Figure 1(e)). Clustering revealed four
subpopulations of CD3 positive double negative (CD4 and
CD8) T cells (clusters 6, and 11-13), with variable phenotypic

expression, one subpopulation of double positive T cells (clus-
ter 7), and one subpopulation of CD4 + T cells (cluster 4)
which had unique phenotype (CD45RA-, CD45ROMS",
CD62L"8"  CCR7-, CD27-, CXCR3'"), supporting
a subgroup of central memory T cells, which has never been
defined before (Figure 1(e)). Overall, these demonstrate the
suitability and robustness of our methodology to study the
relationship between trafficking, activation, and maturation
proteins, and our data provide a more detailed landscape for
interrogating T cell subsets.

CAR T cells exhibit temporal plasticity in vitro

We extended our approach and investigated the temporal
relationships between CAR T cell trafficking, activation,
maturation, effector function, and exhaustion in vitro. We
generated CD19 CAR T cells with PMBCs collected from
three healthy donors, following CD3/CD28 activation and
lentiviral transduction. To assess CD19 CAR T cells function-
ality we analyzed for degranulation ability upon co-culture
with CD19+ or CD19- targets. We found significantly elevated
levels of CD107a+ cells in CD19 CAR T cells upon CD19
+ tumor stimulation (Figure S3A). Maximum degranulation
remained the same as indicated by the degranulation ability
after stimulation with LCL OKT3, which engages the entire
T cell receptor (TCR), suggesting that the tumor-specific and
intrinsic capacity of effector function was not affected by acti-
vation and stimulation using anti-CD3/CD28 beads and con-
tinues expansion by cytokines via the common gamma chain
(Figure S3B). Then, the resultant CD19 CAR T cells were
activated again with anti-CD19 microbeads up to 7 days, and
longitudinally analyzed (Figures 2(a), S4A and S4B). This
approach has been previously used to study antigen mediated
CAR T cell signaling, expansion, metabolism, and
maturation.>” CAR T cells express truncated human epider-
mal growth factor protein as part of the transduced chimeric
antigen receptor construct (Figure S1A).'® The inclusion of
huEGFRt in the CAR construct allows for clear identification
and analysis of CAR T cells from non-CAR T cells using anti-
CD3 and anti-huEGFRt metal-tagged antibodies. Through
manual gating, we identified CAR T cells as CD3+/EGFR+
cells and non-CAR T cells as CD3+/EGEFR- cells (Figure S1B).
The longitudinal expression pattern revealed statistically sig-
nificant upregulation in many proteins in CAR T cell products
compared to PMBCs. Including, CD4 and CD8 activation and
maturation markers CD95, granzyme B, and CD4 CD25, as
well as and in CD4 and CD8 trafficking molecules integrin-p7,
CD49d, and CXCR3, along with CD4 CD69, and CD8 CD11a.
Yet, downregulation in homeostatic cytokine receptor CD127
(IL-7Ra) in both CD4 and CD8 lineages. The statistically sig-
nificant elevation persisted on days 1 and 7 post CD19 beads
stimulation in CD4 and CD8 CD95, CD11a, CXCR3, in addi-
tion to CD4 CD49d and CD8 integrin-p7 (Figures 2(b, c)).
Notably, CD69 expression, a marker of early activation and
tissue-resident memory T cells,"® developed bimodal distribu-
tion on day 7 post CD19 beads stimulation (Figure 2(b)).

To further explore the temporal changes and identify distinct
cell clusters and their combinatorial expression patterns, we used
FlowSOM, which identified 16 distinct clusters (Figure 2(d)).
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Figure 1. Multiplexed single cell profile of activation, maturation, trafficking, and immune checkpoint of human T cells. (A) Normalized (99.9th percentile) violin plots of
all assessed proteins across T cells subsets. Black dots indicate population means. Bimodality indicated by arrows. *p < .05, **p < .01, ***p < .001 and ****p < .0005
indicate significant difference. (B) Normalized (99.9th percentile) median expression of all assessed proteins across T cell subsets. (C) Overlay of manually gated T cell
subsets on optSNE embedding. Each color designates a subset ID. (D) Overlay of unsupervised clustering by FlowSOM of T cells on optSNE embedding. Each color
designates a cluster ID. (E) Normalized (99.9th percentile) median expression of all assessed proteins across T cells for manually undefined clusters. TN = naive T cells;
TSCM = stem cell memory T cells; TCM = central memory T cells; TEFF = effector T cells; TEM = effector memory T cells; TEMRA = effector memory CD45RA+ T cells. Data

are representative of three independent experiments.

Cluster abundance was dynamic over time (Figures 2(e, f)). For
example, PBMC T cells were dominated by 6 clusters (clusters 8,
and 12-16) and CAR product samples were comprised of 8
distinct clusters (clusters 1, 3-6, and 9-11); CAR T cells on day
7 post stimulation have a unique cluster (cluster 2) compared to
earlier timepoints. Next, we applied a standard scaled expression
matrix to demonstrate the molecular identity of these clusters
(Figure 2(g)). For example, the PMBC samples’ dominant

clusters 12, 13, 15, and 16 were marked by low expression of
activation and trafficking molecules, CD25, CD69, integrin {7,
CXCR3, CD62L and elevated expression of CD127. While the
CAR T product dominant clusters 3,4, 10, and 11 were marked
by high expression in majority of trafficking and activation
molecules (Figure 2(g)). Together, these data demonstrated
CART cells’ temporal plasticity, and provided insights regarding
CAR T cell plasticity following CD19 antigen encounter.
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Figure 2. CAR T cells exhibit longitudinal plasticity in vitro. (A) Experimental workflow (n = 3 healthy donors). (B) Normalized (99.9th percentile) violin plots of all
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Patients’ CAR T cells show remarkable spatiotemporal
plasticity

In addition to temporal-related changes, T cells are also influenced
by the tissue microenvironment in which they reside. To further
investigate the spatiotemporal dynamics of CAR T cells in vivo we
analyzed clinical samples from three patients treated with CD19
CAR T cells for B cell hematological malignancies (Table 1).
Clinical samples were analyzed ex vivo utilizing our CAR T cell
detection method which enables the direct detection of CAR
T cells amongst the background of the broader immune system
of patients, with no need for ex vivo manipulation. For each
patient, we sampled the leukapheresis T cells, CAR product,
PMBCs on days 7 and 28, BM on day 28 and cerebrospinal fluid
on day 7 (one patient) or 28 (two patients) post CAR T cell
infusion (Figure S1C). Analysis of patients’ peripheral blood fol-
lowing CAR T infusion showed that CAR T cells reached peak
counts on day 7 and declined thereafter (Figure S5A), while B cell
aplasia was achieved by day 14 and persisted at day 28 (Figures
S5B and S5C). Consistent with our in vitro model, patients’ CAR
product revealed upregulation in many trafficking and activation
molecules compared to leukapheresis T cells as baseline. Including
statistically significant upregulation in CD4 and CD8 integrin-7,
CD4 granzyme B and CDl11a as well as CD8 CD25 and CD95.
Remarkably, the human tissue samples showed diverse spatiotem-
poral landscapes. For example, compared to peripheral blood
samples, CSF samples were statistically significant enriched in
CD4 and CD8 trafficking and memory proteins integrin {7,
CCR7, CXCR4 and CD8 CD69 (Figures 3(a, b)). Notably, day
28 BM samples showed bimodal distribution of CXCR4, integrin
B7, CD62L, CCR7 and PD-1, suggesting the existence of two
distinct CAR T cell subpopulations in the BM niche with (possi-
bly) distinct phenotypic features (Figure 3(c)). Next, we investi-
gated whether we could establish a relationship between patients’
different tissue samples. We applied Spearman correlation analy-
sis to the mean protein expression level of each marker in our
panel on the CD4 and CD8 CAR T cells in each timepoint
(Figure 3(d)). This demonstrated significant positive correlation
between CAR T product and the post-infusion timepoints, espe-
cially with CSF and day 28 BM samples. Furthermore, CSF and
BM CAR T cells exhibited strong correlation, suggesting that
tissue microenvironment can shape CAR T cells; consistent with
our preclinical studies which showed that CSF shifts CAR T cells
to memory function.”

We next examined the differences between CAR T cells and
non-CAR T cells sharing identical microenvironment longitudin-
ally, by comparing the two subgroups in the product, and periph-
eral blood on days 7 and 28 post-infusion (Figure S6). In the
product, similar findings were found for most proteins, besides
CD4 and CD8 CD25, a marker of activation, as well as CD8
integrin-p7, CD45RO, and CD4 granzyme B which were

Table 1. Patients’ demographic and clinical characteristics.
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significantly elevated in the CAR+ group. Day 7 peripheral
blood CD4 and CD8 CAR+ cells, showed significantly elevated
expression of trafficking proteins integrin-p7, CXCR3 and
immune  checkpoint  proteins TIM-3 and PD-L.
Interestingly, day 28 peripheral blood CAR- cells showed signifi-
cantly elevated expression of trafficking proteins CD4 integrin-p7,
CCR7, CD62L, and CXCR4, while CD4 and CD8 CAR+ cells
maintained significantly elevated expression of PD-1. These data
indicate that in products, successfully transduced CAR T cells
have a higher activation state and that following infusion, during
the expansion phase, CAR+ cells have higher trafficking mole-
cules, compared to CAR-, which might facilitate better trafficking
to medullary and extra medullary disease sites. Altogether, our
data shed light on the intrinsic properties of CAR T cells along
production and post infusion.

To further explore the spatiotemporal dynamics, we employed
FlowSOM which identified 21 distinct clusters (Figure 4(a)).
Quantitation of clusters frequency and protein expression
revealed significant heterogeneity, individual clusters showed dif-
ferent patterns of expansion and contraction by time and place
(Figures 4(b-d)). For example, leukapheresis T cells were solely
enriched in clusters 1-2 marked by CD45RA CD27, and CCR7
expression, while CAR product was enriched in clusters 9,11, and
13 marked by CXCR3, integrin B7 trafficking molecules and
granzyme B expression. Furthermore, day 7 peripheral blood
samples were solely enriched in clusters 19-20 marked by the
expression of the activation markers HLA-DR, CD25, and gran-
zyme B, in addition to the trafficking proteins CD49d, CD62L,
and CXCR3. Notably, cluster 12 which had low abundance in the
leukapheresis T cells and was depleted in the CAR product,
dominated day 7 peripheral blood samples, and persisted to
a lesser degree in all tissue samples. Moreover, clusters 3 and 4
that were enriched in the CSF expressed high CXCR3, CXCR4,
CCRY7, integrin B7, CD62L, and CD49b, which may attribute to
their migration between blood and CSF.

To provide more quantitative measures of the spatiotemporal
CAR T cell diversity and evenness, we applied metrics used in
population ecology to the clinical samples CAR T cell clusters.
We calculated both Shannon’s diversity index, which measures
cluster diversity by factoring both the number of total clusters
and cluster distribution, and the Gini-Simpson index which
measures inequality of a given sample so that the higher the
Gini-Simpson index, the more unequal the distribution of indi-
vidual clusters in the sample. Based on the 21 clusters identified
by FlowSOM, we observed that (i) CAR product had the lowest
diversity and highest degree of unevenness. (ii) blood samples
had longitudinal increase in diversity and evenness. (iii) CSF
and day 28 tissue samples showed similar diversity and evenness
as leukapheresed cells (Figure 4(e)). Overall, our findings show
cluster enrichment in CAR product and increasing diversities in
CAR T cell clusters in the first 28 days after adoptive transfer.

Disease evaluation prior to CAR T cell infusion

Disease evaluation on day 28 post infusion

Patient  Age upon CART cell infusion  Gender  Diagnosis BM CNS BM CNS

1 54 years Male B-ALL Positive Negative CRi, MRD negative Negative

2 36 years Female B-ALL Positive Negative CRi, MRD negative Negative

3 48 years Female NHL, DLBCL Negative Positive CRi, MRD negative Stable disease

ALL = acute lymphocytic leukemia; NHL = non-Hodgkin lymphoma; DLBCL = diffuse large B-cell lymphoma; CSF = cerebrospinal fluid; CRi = complete remission with

incomplete hematologic recovery; MRD = minimal residual disease
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Figure 3. Patients CAR T cells reveal spatiotemporal plasticity. (A) Normalized (99.9th percentile) violin plots of all assessed proteins across CAR T cells spatiotemporally.
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samples spatiotemporally. The lower and upper hinges of the boxes correspond to the 25th and 75th percentiles and the whiskers represent the 1.5 X inter-quartile
range extending from the hinges. Anon-CAR T cells. LPh = leukapheresed T cells; PB = peripheral blood; BM = bone marrow; CSF = cerebrospinal fluid

CART cells in the cerebrospinal fluid niche have

distinct properties patients’ heterogeneity, sampling time, type of B cell malig-

nancy and central nervous system (CNS) disease status
As mentioned above, CSF samples showed unique character-  (Figure 5(a)). Sub-analysis of CD4:CDS8 ratio, protein expres-
istics, and therefore we further interrogated CAR T cells in the ~ sion and cluster distribution patterns did not differ between
CSF niche. We asked whether our analysis is influenced by patients (Figures 5(b-e)). All patients’ CSF samples were
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Figure 5. CART cells in the CSF niche have distinct properties regardless of patient and sample heterogeneity. (A) Patient and sample characteristics (n = 3 patients). (B)
CSF CD4 to CD8 CART cell ratio by sample. (C) Pie charts of mean cluster abundance across CSF samples. Each color designates a cluster ID. Clusters correspond to the
protein expression shown in Figure 4c. (D) Normalized (99.9th percentile) violin plots of all assessed proteins by CAR T cells across CSF samples. Black dots indicate
population means. (E) Normalized (99.9th percentile) median expression of all assessed proteins of CAR T cells across CSF samples. (F) OptSNE plots showing the

expression patterns of all assessed proteins by CAR T cells across CSF samples.

enriched in memory phenotype proteins, activation markers,
and displayed a distinct trafficking signature; CD25, CD27,
granzyme B, integrin p7, CD1la, CD49d, CD62L, CD69,
CCR7, CXCR3, CXCR4 were upregulated while PD-1 was
diminished (Figures 5(d) and 5(e)), and showed similar clus-
ters abundance across different patients, with clusters 3-4
dominating (Figure 5(c)). Furthermore, clusters 3-4 showed
significant abundance in comparison to other tissue samples,
highlighting phenotypic dominance in the CSF (Figure 4(d)).
Next, we performed optSNE analysis that captured the

dominance and co-expression of the memory, activation, and
trafficking proteins mentioned above. Interestingly, it revealed
a subset of CAR T cells with effector markers marked by
elevated granzyme B and low memory markers CD27, CCR?7,
CD62L, 45RA, suggesting that the CSF niche contains both
memory and effector functions (figure 5(f)). Collectively, these
findings demonstrate that CAR T cells in the CSF niche have
distinct properties independent of clinical or sampling hetero-
geneity. Of note, our findings reveal CAR T cells migration to
the CSF as early as day 7 post infusion.
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Figure 6. Healthy donor T Cell subsets correlate with patient CAR T cells. Correlograms showing Spearman correlation matrix among CAR T cells in tissue samples and
healthy donor T cell subsets. Positive correlations are shown in red. The size of the circles is proportional to the correlation value.LPh = leukapheresed T cells cells;
PB = peripheral blood; BM = bone marrow; CSF = cerebrospinal fluid; TN = naive T cells; TSCM = stem cell memory T cells; TCM = central memory T cells; TEFF = effector
T cells; TEM = effector memory T cells; TEMRA = effector memory CD45RA+ T cells.

Healthy donor T cell subsets correlate with patients
CART cells

Since CAR T cells are genetically modified T cells with distinct
properties, we next asked to evaluate the phenotypic similari-
ties between patients’ tissue CAR T cells (Figures 3(a) and 4(c))
and T cell subsets in healthy donor PBMCs, as captured by the
first part of our study (Figure 1(a)). Spearman correlation
analysis (Figure 6) demonstrated positive correlation between
leukapheresed T cells and all subsets. Whereas peripheral
blood samples correlated the most with effector and effector
memory phenotype, notably on day 28 post infusion.
Furthermore, CSF samples were most similar to central/stem
cell memory phenotype, mirroring our findings of enriched
memory markers in the CSF niche, and BM CAR T cells,
correlated with both effector and memory phenotypes, high-
lighting the role of the BM as a T cell memory niche.*!
Altogether, these findings revealed remarkable diversification
within patients CAR T cells and their spatiotemporal relation-
ship to T cells specialization within the human immune
system.

Discussion

In summary, mass cytometry enabled us for the first time, to
our knowledge, to provide insights into the spatiotemporal
plasticity of CAR T cell therapy. We identified diverse func-
tional and tissue-specific CAR T cell expression profiles and
provide a potential framework to remodel CAR T cells to
enhance immunotherapy efficacy.

We show that CAR T products, regardless of their origin
(healthy donors or patients), had upregulated trafficking and
activation molecules. CAR T cell production includes ex vivo
activation and stimulation using anti-CD3/CD28 beads and
continues expansion by IL-2/IL-15 via the common gamma
chain. Activated T cells upregulate many integrins and adhe-
sion molecules, enabling their rolling and adhesion to vessel
walls, although the relationship between T cell stimulation via
chemokine receptors or TCR activation and migration is well
studied,”*** little is known about CAR T cells activation and

trafficking. Agreeing with our data, a recent study using single
cell RNA sequencing of successfully transduced CAR T cells vs
un-transduced T cells of the same product, reported CAR
T cells to be enriched in pathways related to T cell migration
and activation; including integrin, actin cytoskeleton, and
RhoA signaling that is elicited when TCR is engaged during
T cell activation.”> Furthermore, RNA sequencing combined
with CITE-sequencing revealed that leukapheresed cells from
patients with long-term CAR T-cell persistence were enriched
in lymphocyte activation and migration pathways.”® These
findings provide insights into the close relationship, and poten-
tial role, of activation and trafficking molecules in CAR T cell
production and clinical function.

T cells migration into the CNS is limited by protective
barriers and requires specific molecular keys.*” In the absence
of neuroinflammation, the majority of both CD4+ and
CD8 + T-cells in the CSF are of a memory phenotype com-
pared to peripheral blood, and predominantly express CD27,
CCR7, CD62L, PSGL-1, CD11la, CXCR3.>*** Furthermore,
T cell activation facilitates migration of effector and memory
T cells across the blood-brain barrier.*>* In line with these
findings, our study shows that CAR T cells in the CSF are
enriched in activation markers, memory phenotype proteins
and have a distinct trafficking/homing signature, including
statistically significant upregulation of integrin 7, CCR?7,
CD69, and CXCR3, regardless of patient and sample hetero-
geneity. Moreover, spearman correlation analysis revealed
strong positive correlation between the expression profile of
CAR T cells in the CSF and healthy donors central/stem cell
memory T cells. Consistently, we previously showed in mice,
that CAR T cells conditioned by exposure to CSF in the
intracerebroventricular environment had superior anti-tumor
activity and memory phenotype compared with intravenous
delivered CAR T cells, through metabolic reprogramming,*
The superior trait of CAR T cells in CSF prompted us to further
explore the mechanism behind it and would provide the
insights how to make “CSF CAR T cells” for enhanced efficacy.
The chemokine receptors and memory markers CCR7 and
CXCR3 are suggested to be involved in T cells adhesion to
blood-brain barrier vascular endothelium and CNS migration
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during immune surveillance and neuroinflammation.*”**

Therefore, it remains to be elucidated, whether memory phe-
notype holds the molecular key for CAR T cell CNS migration,
or migrated cells are being reprogrammed to a memory phe-
notype in the CNS niche.

Efficient CAR T cell trafficking is essential for effective
adoptive cell therapy.”® One strategy to improve CAR-T cell
trafficking involves overexpression of adhesion molecules on
CAR-T cells that respond to tumor-derived chemokines or the
tumor microenvironment. For example, several pre-clinical
studies demonstrated that CAR T cells overexpressing
CXCRL* CXCR2,”7** CXCR4,” CCR2b,***' and CCR4,"
enhanced trafficking and improved antitumor efficacy.
Furthermore, two phase one clinical trials with modified CAR
T cells are currently ongoing. Anti-epidermal growth factor
receptor CAR T cells modified by CXCR5 in patients with
advanced adult non-small cell lung cancer (ClinicalTrials.gov
#NCT04153799), and CXCR4 modified B-cell maturation anti-
gen CAR T cells in patients with refractory/relapsed multiple
myeloma (ClinicalTrials.gov #NCT04727008). Another
approach to improve CAR T cells trafficking includes infecting
tumor cells with oncolytic viruses that overexpress chemokines
for which CAR T cells express chemokine receptors and are
responsive to. For example, the combined use of CCL5-
expressing oncolytic adenovirus with GD2 CAR T cells pro-
moted CAR T cells trafficking and tumor clearance in
a preclinical neuroblastoma model.*> While the field is already
acknowledging the importance of CAR T cell trafficking and
activation, our work, sheds light on the endogenous spatiotem-
poral trafficking and function of CAR T cells and may provide
additional strategies to enhance trafficking and improve anti-
tumor eflicacy of CAR T cell therapy, especially for CNS
disease.

This work was not without limitations. Patients’ clinical
samples, especially CSF and BM samples which require inva-
sive procedures, are rare and precious, limiting our study to
three patients. Therefore, the results cannot exclude the possi-
bility of patient-specific features contributing to the proteomic
profiles. Nevertheless, our single-cell data consisted with over
60,000 CAR T cells across six timepoints and tissues delineated
the spatiotemporal landscape and identified CAR T cell plasti-
city in patients.

Methods
Generation of CD19 CAR T lentivirus

The lentivirus CAR construct was modified from the pre-
viously described CDI19-specific scFvFc:{  chimeric
immunorecep‘[or44 to create a second-generation vector. The
CD19CAR containing a CD28z costimulatory domain carries
mutation at two sites (L235E; N297Q) within the CH2 region
on the IgG4-Fc spacers to ensure enhanced potency and per-
sistence after adoptive transfer.*” The lentiviral vector also
expresses a truncated human epidermal growth factor receptor
(huEGFRt), which includes a cetuximab (Erbitux) binding
domain but excludes the EGF-ligand binding and cytoplasmic
signaling domains. A T2A ribosome skip sequence links the
codon-optimized CD19R:CD28:{ sequence to the huEGFRt

sequence, resulting in coordinate expression of both CD19R:
CD28:{ and EGFRt from a single transcript.'® The
CD19CARCD28EGFRt DNA sequence (optimized by
GeneArt) was then cloned into a self-inactivating (SIN) lenti-
viral vector, pHIV7 (gift from Jiing-Kuan Yee, Beckman
Research Institute of City of Hope, Duarte, CA).

Patients samples and CAR T cell therapy

De-identified clinical samples were collected from a subset of
adult patients with relapsed and refractory B-cell ALL or NHL,
who received CD19-specific CAR-T cells in a phase 1 clinical
trial (clinicaltrials.gov #NCT01815749). The study was con-
ducted in accordance with the principles of the Declaration
of Helsinki and with the approval of the City of Hope Internal
Review Board (IRBs 13447 and 13351). Briefly, autologous
CD19R(EQ)28L/EGFRt+ Ty/mem — enriched T Cells product
was administered by intravenous infusion in a single dose on
Day 0 following a 1-5-day lymphodepleting regimen. T cells
were isolated from patient leukapheresis product after Ficoll
separation. Peripheral blood mononuclear cell (PBMC) pre-
parations then underwent immunomagnetic selection to derive
Tamewm enriched T cell preparations. The resulting cell pre-
paration, highly enriched for CD62L" Ty mem, Was activated
with anti-CD3/CD28 beads. Activated Ty/mem underwent
a lentiviral transduction to express the CDI9R(EQ)28¢/
EGFRt+ CAR (description of the lentiviral vector is provided
below), expanded in vitro to achieve cell numbers sufficient for
the research participant’s planned clinical cell dose and all
related product release testing, and then harvested, washed,
and formulated for cryopreservation.

Healthy donor samples

De-identified peripheral blood samples from healthy human
blood donors were obtained, and experimental procedures
were carried out in accordance with the guidelines of City of
Hope Institutional Review Board. Fresh whole-human blood in
leukoreduction system chamber contents (Terumo BCT) were
obtained from the City of Hope Blood Center. PBMCs were
isolated via Ficoll (GE Healthcare) density gradient centrifuga-
tion. For T cell subsets studies, T cells were enriched through
negative selection using magnetic beads (EasySep Human
T Cell Isolation Kit, STEMCELL Technologies).

Generation and in vitro stimulation of CD19 CAR T cells

PBMC from three healthy donors were activated with CD3/
CD28 Dynabeads (Invitrogen) at 1:3 (cells:beads ratio). CD19
CAR T cells were generated by transducing activated PBMCs
the next day with a lentivirus encoding CDI9R (EQ):CD28:{/
EGFRt at an MOI of 3 and expanded in the presence of 50 U/
mL rhIL-2 (CellGenix) and 0.5 ng/ml rhIL-15 (CellGenix) as
previously described (PMID: 23090078, PMID: 28331616).
Cultures were then supplemented with 50 U/mL rhIL-2 and
0.5 ng/mL IL-15 every 48 h up to day 14. CD19 antigen stimula-
tion of CD19CAR T cells was carried out by Dynabeads M-270
Epoxy beads (ThermoFisher Scientific) coated with recombinant
human CD19 protein (Abcam). 100 pg CD19 protein was used



to coat 2.6x10/8 beads. Beads were washed following the cou-
pling protocol from ThermoFisher Scientific (14311D). CD19
protein was added to the beads and incubated overnight (16-
24 hours) at 37°C with constant mixing. Coupled beads were
further washed and separated using DynaMag following wash
protocol. 10x1076 coupled beads were washed once with 3 ml
1% human serum albumin (HAS in PBS) and 3 ml RPMI media
supplemented with 10% FBS. 10x1026 CD19-coupled beads
were introduced to CD19CAR T cells on day 14 at a 1:1 ratio
and was supplemented with 50 U/mL rhIL-2 and 0.5 ng/mL IL-
15 every 48 h for 7 more days (up to day 21).

Mass cytometry antibody panel, staining procedures, and
data acquisition

Single-cell mass cytometry analysis was performed using 1x1076
cells per sample, in clinical samples with lower number of cells
(e.g. CSF) healthy donor T cells (EGFR-) were spiked in to
maintain the same cell-antibody ratio in all samples (1x1076
cells/100 pl final antibody volume). All mass cytometry antibo-
dies used for analysis can be found in Table S1. Cells were stained
according to the Cell-ID Cisplatin and Maxpar Cytoplasmic/
Secreted Antigen Staining with Fresh Fix protocols (Fluidigm).
Briefly, cells were thawed and resuspended in 50 pl pre-warmed
serum-free medium into 15 ml polystyrene tubes for each sample
and stained for viability according to the Cell-ID Cisplatin pro-
tocol (Fluidigm). Cells were then resuspended in 50 ul of Maxpar
Cell Staining Buffer in 5 mL polypropylene tubes for each sample
to be stained. 50 ul of the surface marker antibody cocktail was
added to each tube (final volume 100 pl). Samples were mixed
and incubated for 30 min at room temperature. After incubation,
the samples were washed twice with Maxpar Cell Staining Buffer
and centrifuged for 5 min at 800 x g. Cells were then fixed by
adding 1 ml of 1X Maxpar Fix I BuffeR to each tube and incu-
bated for 30 min. After incubation, cells were washed twice with
Maxpar Perm-S Buffer and centrifuged for 5 min at 800 x g. Cells
were then suspended in 50 pl of Maxpar Perm-S Buffer and
incubated as described above with 50 pl of the cytoplasmic/
secreted antibody cocktail (final volume 100 pl). After incubation,
the samples were washed twice with Maxpar Cell Staining Buffer
and centrifuged for 5min at 800 x g. Cells were then fixed by
adding 1 ml of 1.6% formaldehyde solution to each tube and
incubated for 10 min. After the incubation, cells were washed
twice with Maxpar Cell Staining Buffer, centrifuged for 5 min at
800 x g and incubated with Cell-ID Intercalator-Ir solution at the
final concentration of 125 nM into Maxpar Fix and Perm Buffer
at 4 C overnight. Before acquisition, samples were washed once
with Maxpar Cell Staining Buffer and twice in Maxpar Cell
Acquisition Solution and filtered through a cell strainer
(Falcon). Cells were then resuspended at 1 x 1076 cells per ml
in a 1:10 dilution of EQ Four Element Calibration Beads
(Fluidigm) in Maxpar Cell Acquisition Solution and acquired
on a Helios mass cytometer (Fluidigm).

Data cleanup & pre-processing

After acquisition, the CyTOF data were bead normalized per
manufacturer’s recommendations via CyTOF (Fluidigm) soft-
ware version 7.0.8493 using Normalization Passport EQ-
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P13H2302_ver2. Normalized files were uploaded to OMIQ
data analysis software (Omigq, Inc., Santa Clara, CA) for manual
data cleanup using the Gaussian parameter cleanup method.*°

Manual analysis

All manual gating was performed in OMIQ data analysis soft-
ware. Manual gating was performed to classify six canonically
described CD4+ and CD8 + T cell subsets in the healthy donor
data (Table S2) and to classify CD4+ CAR+ and CD8+ CAR+
T cells in the in vitro and in vivo data.

Dimension reduction

Prior to dimensionality reduction, down sampling was per-
formed in OMIQ to equalize cell counts on a per file basis for
each dataset (500,000 T cells for the healthy donor samples, 2,500
CAR T cells for the in vitro samples, and 5,000 CAR T cells for
the in vivo samples. Note, 5 samples of the in vivo data had less
than 5,000 CAR T cells (Table 2). Following down sampling, the
data was virtually concatenated in OMIQ and opt-SNE" was
performed for each down-sampled dataset (Perplexity = 30, Max
Iterations = 1000, Theta = 0.5, Verbosity = 25), all markers in the
CyTOF panel were selected as features.

Unsupervised clustering

Data clusters were classified by performing FlowSOM'® on the
down-sampled data as implemented in OMIQ, with 100 clus-
ters using Manhattan distance as the distance metric, and all
markers in the panel were used as features for clustering, with
the exception of the healthy donor analysis.

Statistical analysis

Manually gated and clustered population abundances, popula-
tion protein median metal intensities (MMI), and single-cell
protein MMI were exported from OMIQ (Omiq) and imported
to R. The population protein MMIs were 99th percentile nor-
malized using the scales package in R. Spatiotemporal

Table 2. Number of CAR T cells analyzed per sample.
Number of CAR T cells

Patient Sample analyzed
1 CART cell product 5000
Peripheral blood day 7 post infusion 1687
Peripheral blood day 28 post infusion 3803
Bone marrow day 28 post infusion 322
Cerebrospinal fluid day 28 post 4179
infusion
2 CAR T cell product 5000
Peripheral blood day 7 post infusion 5000
Peripheral blood day 28 post infusion 5000
Bone marrow day 28 post infusion 5000
Cerebrospinal fluid day 28 post 5000
infusion
3 CART cell product 5000
Peripheral blood day 7 post infusion 5000
Peripheral blood day 28 post infusion 563
Bone marrow day 28 post infusion 5000
Cerebrospinal fluid day 7 post 5000

infusion
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differences in population protein MMIs were calculated using
multiple t-tests with using the standard FDR p-value adjustment
for multiple comparisons with the rstatix R packages. Violin
plots and boxplots were created in R using the ggplot2 package.
Heatmaps were created in R using the pheatmap package.
Spearman correlation matrices were created using the Hmisc
and ggcorrplot R packages. Diversity indices were performed
using the diversity result function from the BiodiversityR-
package and plotted using the ggplot2 package in R.
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