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Single-Cell Transcriptomic Analysis Reveals
BCMA CAR-T Cell Dynamics in a Patient
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Chimeric antigen receptor T cell (CAR-T) therapy has revolu-
tionized the clinical treatment of hematological malignancies
due to the prominent anti-tumor effects. B cell maturation
antigen (BCMA) CAR-T cells have demonstrated promising
effects in patients with relapsed/refractory multiple myeloma.
However, the dynamics of CAR-T cell proliferation and cyto-
toxicity in clinical patients remains unexplored. Here, we longi-
tudinally profiled the transcriptomes of 55,488 T cells
including CAR-T products, CAR-T cells, and endogenous
T cells at the peak and remission phases in a plasma cell leuke-
mia (PCL) patient treated with BCMA CAR-T cells by single-
cell transcriptomic analysis. Our results showed distinct
CAR-T and endogenous T cell subsets indicating stage-specific
expression in proliferation, cytotoxicity, and intercellular
signaling pathways. Furthermore, we found that CAR-T cells
at peak phase gradually convert to a highly cytotoxic state
from a highly proliferative state along a development trajec-
tory. Moreover, re-analysis of a single cell study from CD8"*
CD19 CAR-T confirmed our findings. These commonalities
suggest conserved mechanisms for CAR-T treatment across he-
matological malignancies. Taken together, our current study
provides insight into CAR-T cell dynamics during CAR-T ther-
apy and proves that both BCMA CAR-T and CD19 CAR-T have
similar transcriptional characteristics, especially at the CAR-T
peak phase.

INTRODUCTION

Chimeric antigen receptor T (CAR-T) cells targeting CD19 or CD22
have emerged as a reliable treatment strategy for relapsed/refractory
acute lymphoblastic leukemia (R/R ALL) and lymphoma over the

last few years that have been published previously by our group
and others.' ™ Recently, B cell maturation antigen (BCMA) CAR-T
cells have produced similarly impressive effects in patients with R/R

multiple myeloma (MM).” Clinical studies found that expansion
and persistence of BCMA CAR-T cells was positively associated
with favorable prognosis,® but the underlying mechanisms remain
unclear. In most MM patients, peripheral blood contains low
numbers of malignant cells because most malignant cells are seques-
tered in the bone marrow.” This makes the examination of the dy-
namic activity of BCMA CAR-T cells difficult because they act at
the bone marrow and thus cannot be recovered from peripheral blood
draws. Plasma cell leukemia (PCL), the most aggressive of the plasma
cell dyscrasias, is a form of MM characterized by the presence of more
than 20% and/or more than 2x 10°/L of circulating plasma cells in the
peripheral blood.® Thus, PCL provides an accessible model for study-
ing the dynamic activity of BCMA CAR-T cells in patient peripheral
blood. Examination of these cells in their therapeutic environment is
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crucial for understanding the mechanisms of anti-tumor effects and
interaction with plasma cells.

Single-cell RNA sequencing (scRNA-seq) technologies can systemat-
ically characterize all transplanted and endogenous cells in a patient.
Recent scRNA-seq applications in CAR-T cells include analysis of
cytokine profiles in CD19 CAR-T cells and a microfluidics-based
analysis of CD19 CAR-T upon antigen stimulation.”'’ Both studies
were performed ex vivo and concluded that CAR-T cells are polyfunc-
tional and produce a highly diverse landscape of cytokines. A recent
study of in vivo isolated CD19 CAR-T cells from ALL, chronic lym-
phocytic leukemia (CLL) and non-Hodgkin’s lymphoma (NHL) pa-
tients at different phases after infusion showed clonal diversity of
CAR-T cells and distinct patterns of proliferation for individual
clones.'" Further, clusters of cells with high proliferation and cytotox-
icity signatures at the infusion stage could successfully expand in
patients."" Whether these clusters of cells persist at the peak and
remission phases and how they dynamically changed is unknown.
Additionally, what transcriptional signatures dictate each cluster’s
function and what is the crosstalk between CAR-T and non-CAR-T
cells remain a mystery. The differences and commonalities between
the driving mechanisms of BCMA versus CD19 CAR-T therapy at
the single-cell level have also not been investigated.

Here, we detail the anti-tumor activity of BCMA CAR-T cells in a pa-
tient with refractory primary PCL (pPCL). Using scRNA-seq analysis,
we depicted a trajectory of CAR-T cells during their journey from
ex vivo infusion products to the in vivo peak phase and finally to
the remission phase. Further, we defined highly proliferative and
cytotoxic subsets within the peak phase and identified unique meta-
bolic features at each phase with different subsets. Our findings
appear to be consistent in both BCMA and CD19 CAR-T cells,
implying conserved CAR-T cell dynamics across different targeting
antigens in distinct hematological cancers.

RESULTS

BCMA CAR-T Cell Therapy Achieved CR in a Patient with
Refractory pPCL

A 66-year-old Chinese male patient was first admitted to our hospital
in February 2018. His blood count showed leukocytosis of 169.5 x 10°/
L with 91% circulating plasma cells, hemoglobin 112 g/L, and a platelet
count 201 x 10°/L. Bone marrow biopsy revealed 81% infiltration of
lambda clonal plasma cells confirmed by flow cytometry. The concen-
tration of lambda free light chain (FLC) was 2,348 mg/L with a patho-
logical FLC ratio of 2134. Fluorescence in situ hybridization (FISH)
analysis revealed rearrangements of chromosome 1q21, loss of
D13S319 and RBI. The diagnosis of pPCL was established based on
these results. The patient received DCEP (dexamethasone, cyclophos-
phamide, etoposide, and cisplatin) combined with bortezomib chemo-
therapy and PRD (bortezomib, lenalidomide, and dexamethasone)
combined with ibrutinib. No treatment response was observed, which
led to the diagnosis of refractory pPCL. The patient was enrolled in a
clinical trial of BCMA CAR-T treatment (ChiCTR1800017404).
After FC (fludarabine 30mg/m2x 3d (D-4 to-2)+ cyclophosphamide
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500mg/m2x3d(D-3 to -2)) lymphocyte-depleting chemotherapy, the
patient received an infusion of BCMA CAR-T cells at a dose of
4.3 x 10° per kilogram. The patient developed fever (Figure 1A)
with marked elevation of serum interleukin-6 (IL-6), IL-10, inter-
feron-y (IFN-v), C reactive protein (CRP), and ferritin 2 days after
the infusion (Figure S1A). CAR-T cells had engrafted and expanded
in peripheral blood (Figures 1B, 1C, and S1B). Grade 3 cytokine release
syndrome (CRS) was diagnosed, and high tumor lysis was indicated by
an increase in lactate dehydrogenase (LDH) and uric acid content (Fig-
ure S1C). At a follow-up 15 days after CAR-T cell infusion, the patient
showed complete remission (CR).

Distinct CAR-T and Endogenous T Cell Subsets Were Identified
via scRNA-Seq

To better understand the dynamic features of CAR-T cells, we per-
formed scRNA-seq on CAR-T cells (CD3*CAR") and endogenous
T cells (CD3"CAR") isolated from fresh peripheral blood at three
phases: CAR-T products, CAR-T at the peak phase on day 8, and at
remission phase on day 15 (Figure 2A). After removing low-quality
cells, a total of 28,516 CAR-T cell and 26,972 endogenous T cell tran-
scriptomes were profiled. Twenty-four clusters were identified and
visualized by uniform manifold approximation and projection
(UMAP; Figure 2B). The expression of marker genes indicated
clusters of regulatory T cells (CD4"CD25" cluster 4 and CD4"CD25"
FOXP3™ cluster 15), memory T cells (CD62L"CD44"CCR7" clusters
3,5,9, 10, 21, and 23), CD4" exhausted T cells (TIM3*PD1*"LAG3"
TIGIT" cluster 19), CD8" exhausted T cells (TIM3*PD1*LAG3*
TIGIT" clusters 8 and 14), CD8"CD160" T cells (cluster 11), natural
killer-like T cells (CD69"ZNF683* cluster 20), CD69*IFIT1 IFIT3"
cells (cluster 22), CD8" JUN*CD69" T cells (cluster 0), and CD8"
GZMB" cytotoxic T cells (cluster 1, 2, 6, 7, 12, 13, 16, 18; Figures
2B, 2C, S2A, and S2B). The clustering result showed that CAR-T
and endogenous T cells were distributed across several distinct clus-
ters (Figures 2B, S2C, and S2D), and the proportion of each subset
changed dynamically after infusion. CAR-T product was composed
of 64.1% CD4™ T cells and 35.9% CD8" T cells (Figure 2D), but at
the peak phase, CD8"GZMB™ T cells were dominant in both
CAR-T (98.1%) and endogenous T (89.1%) samples (Figure 2D).
At the remission, when levels of leukemia cells were undetectable,
CD8" CAR-T cells transitioned to a more homogeneous cluster 0
(CD8'JUN'CD69*) memory-like cell state. CD4" CAR-T cells were
almost completely diminished at remission. Flow cytometry analyses
of the three phases confirmed a higher fraction of CD8" CAR-T after
infusion (Figure 1C). Together, these results demonstrate a transition
of CAR-T cells from mixed subsets before infusion to predominantly
cytotoxic CD8" T cells at the peak phase and finally to JUN" memory-
like T cells at remission.

CAR-T Cells at the Peak Phase Transitioned from Proliferative to
Cytotoxic Intermediate States along a Development Trajectory
Interestingly, at the peak phase, CAR-T cells showed dispersed clus-
tering, although all of them were activated cytotoxic CD8*GZMB™
T cells. In addition, we identified the top 10 specific genes of each clus-
ter and found that during the peak phase, some adjacent clusters
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Figure 1. The Proportion of CAR-T and Plasma Cells after CAR-T Infusion

(A) Graphs showing the daily highest temperature of the patient after CAR-T cell infusion. (B) Proportion of CAR-T cells and plasma cells in peripheral blood. (C) Flow cy-
tometry plots showing the immune phenotype of CD4" CAR-T and CD8* CAR-T in PBMCs at three phases: CAR-T products before infusion, CAR-T cells on day 8 after

infusion, and CAR-T cells on day 15 after infusion.

(clusters 16, 7, 13) only differ in their expression levels (Figure S3A).
Therefore, a more elaborate subpopulation analysis was necessary to
define what cellular states this cluster dispersion represented. Previ-
ous studies with UMAP have shown robust developmental trajectory
production,'” so we constructed a CAR-T developmental trajectory
by combining cluster labels and UMAP results (Figure 3A).

First, to characterize the proliferative status through the CAR-T cell
trajectory, we computed a proliferation score by calculating the
mean expression level of cell cycle genes in each cell (Figure 3A)."
Interestingly, the proliferation score of CD8'GZMB" cytotoxic

CAR-T cells gradually decreased along the development trajectory
(Wilcoxon rank-sum test: p < le—10; Figure 3A). CD8" CAR-T cells
obtained a higher proliferative score than CD4" CAR-T cells (Fig-
ure S3B), which was consistent with the CD8" T cell predomination
over CD4" T cells at the peak phase (Figure 2D). At the same point,
the proliferation score of endogenous T cells was lower than that of
CAR-T cells (Figure S3B), suggesting that CAR-T cells were prolifer-
ating in response to stimulation by tumor antigens.

Next, we examined the cytotoxicity status of the CAR-T cell clusters.
Elevated expression of granzyme B (GZMB) and perforin (PRFI)
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Figure 2. A Single-Cell Atlas of CAR-T and Endogenous T Cells during CAR-T Therapy

(A) Overall study design of single-cell RNA-seq. Single-cell RNA-seq is applied to CAR-T (CD3*CAR™) cells and endogenous T (CD3"CAR™) cells derived from PBMCs. (B)
The UMAP visualization of 55,488 cells from CAR-T and endogenous T cell samples at three phases. 24 clusters are indicated by different colors. Sample origins are
distinguished by colors as shown at top-left corner. (C) Expression patterns of CD4, CD8A, CD25, and GZMB are exhibited on UMAP plot. Color intensity represents
expression level. (D) Proportions of CD4* T cells and CD8" T cells within each sequenced sample. Only cells expressing CD4 or CD8 are taken into account.

was observed in cytotoxic endogenous T cells and CAR-T cells.'*"”

To quantify the cytotoxicity of CAR-T cells, we defined a cytotox-
icity score for each cell based on the mean expression of a series
of GZMB and PRFI co-expressed genes defined in our dataset.'’
Following this analysis, 20 total genes correlated with GZMB and
PRF1 were considered as cytotoxicity signature genes, including
FGFBP2, NKG7, and CCL3, among others (Figure 3B). In contrast
to the proliferation score, the cytotoxicity score of all CAR-T clus-
ters at the peak phase gradually increased along the developmental
trajectory (Wilcoxon rank-sum test, p < le—10; Figure 3C).
Together, these results provided evidence that CAR-T cells at the
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peak phase shifted from a highly proliferative state to a highly cyto-
toxic state.

To gain deeper insight into the immunomodulatory effects of BCMA
CAR-T cells, we measured 16 cytokines that had been defined as asso-
ciated with different CAR-T cell states in a previous study'® in our
single-cell data. Indeed, BCMA CAR-T cells and endogenous
T cells exhibited a polyfunctional characteristic, which means that
they produced > 5 cytokines, including PRFI, CCL4, IFNG,
GZMB, CCL3, and CCL5 at the peak phase (Figures 3D and 3E)."
While examining the cytokines across our pseudotemporal mapping,
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(A) Heatmap depicting expression levels of the 20 cytotoxicity signature genes expressed in each CAR-T state in individual cells (CD4* CAR-T products, highly proliferative,
highly cytotoxic, and memory-like). (B) Dot plot depicting significant KEGG enrichment results for each CAR-T state. KEGG enrichment for the top 120 specific marker genes
expressed in each of the four CAR-T states. Bubble size represents the proportion of corresponding pathway-specific genes in 120 specific genes. The color intensity of the

bubble represents the adjusted p value.

we found that those CAR-T clusters with higher proliferation score
early in the developmental trajectory (clusters 4, 16, 7, 13) expressed
relatively low levels of effector cytokines and higher levels of regula-
tory cytokines.'” CAR-T cells from the remission phase did not ex-
press effector cytokines (Figure 3E). Together, by combining the pro-
liferation/cytotoxicity scores and the cytokine analysis, we discovered
two intermediate states of CAR-T cells at the peak phase: the highly
proliferative (clusters 16, 7, 13) and highly cytotoxic (clusters 6, 18,
12, 1) states (Figure 3E), suggesting CAR-T cells in vivo first prolifer-
ate, followed by assuming higher cytotoxic activity during the peak
phase.

CAR-T Cells in the Remission Phase Had Elevated Signatures of
Ribosomal Protein Genes

To obtain a broad understanding of enriched gene signatures in
CAR-T cell products, highly proliferative CAR-T cells, highly cyto-
toxic CAR-T cells, and memory-like CAR-T cells, we performed
KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment

analysis (Figures 4A and 4B). The CAR-T product cluster 4 was a sub-
group of CD4" CAR-T cells that specifically express TNFRSF4, CD25
(IL2RA), and LTB (Figures 4A and S4). Previous work has proven that
TNFRSF4 expression in activated T cells promotes cell division and
survival.” Pathway analyses of the top 120 specific genes in this clus-
ter revealed a significant association with glycolysis/gluconeogenesis,
which is consistent with previous findings demonstrating that T cell
activation induced aerobic glycolysis to support rapid proliferation.'”
In the highly proliferative state, there was a significant enrichment of
genes associated with the cell cycle and DNA replication, such as
TUBAIB, TUBB, RRM2, and TOP2A (Figures 4A and S4). Similar
to the CAR-T product, the highly expressed genes in this state were
involved in glycolysis and anabolic metabolism, such as biosynthesis
of amino acid and carbon metabolism pathways. Furthermore,
CAR-T cells in the highly cytotoxic state had increased expression
of genes related to the immune response and chemokine signaling
pathways like CCL3, CCL4, CCL5, GNLY, PRF1, and GZMB (Figures
4A and S4).

116

Figure 3. Highly Proliferative and Highly Cytotoxic States at the Peak Phase

(A Proliferation score of total CAR-T cells at three phases. Bottom, boxplots of the proliferation score of CAR-T cells in each cluster. Pie chart for each cluster depicting the
percentage of samples. The gray- and yellow-colored background indicates the clusters mainly from the peak phase. Two-sided unpaired Wilcoxon test is used to compare
adjacent clusters; “p < 1e—10. (B) Bar graph showing the cytotoxicity signature genes that are most correlated with GZMB and PRF1 across all CAR-T cells. The x axis
represents the Pearson correlation coefficient. (C) Cytotoxic score of all CAR-T cells at three phases. Bottom, boxplots of cytotoxicity score of CAR-T clusters, in the same
format as (A). (D) Density distribution of the count of cytokine types expressed in each cell at different phases. (E) Heatmap of average expression of 16 cytokines for each of
the CAR-T clusters: effector (IFNG, GZMB, PRF1, CCL3, TNF, LTA), chemoattractive (CCL5, CCL4), stimulatory (CXCLS, IL-5), regulatory (TGFB1, TNFRSF9, IL-22, IL-13,

IL-4, CD40LG). Pie chart for each cluster depicting the percentage of samples.
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Memory-like CAR-T cells were noted by high expression of IL7R,
FOS, JUN, JUNB, CD69, and various ribosomal protein (RP) genes,
such as RPL23, RPL6, and RPS27 (Figures 4A and S4). FOS and
JUN form the AP-1 transcription factor complex, which is pivotal
in the control of cell proliferation, differentiation, and T cell activa-
tion.'® Furthermore, overexpression of JUN reduces CAR-T cell
exhaustion.'” Although the major function of RP is translation, recent
studies have indicated that many RPs signal in immune-related
pathways controlling stress sensing, anti-apoptotic, and other func-
tions.”” ** We speculate that CAR-T cells at the remission phase
were in a “resting primed” memory-like state with minimal energy
and biosynthetic material consumption and are primed for further
activation.

CAR-T State Dynamics Is Conserved in CD19 CAR-T Cells for
CLL and NHL Treatment

To validate our findings, we re-analyzed a recent CD19-targeting
CAR-T scRNA-seq dataset from two CLL and two NHL patients at
four time points: CAR-T products, early, late, and very late CAR-T
treatment.'" A total of twelve distinct clusters were detected in the
combined datasets. Based on the sampling time and UMAP, the
CD8" CAR-T cell developmental trajectories of four patients were
constructed (Figure 5A). The CAR-T product was mainly composed
of clusters 2, 4, 7, and cluster 9; clusters 0, 5, and 11 were enriched in
early CAR-T (7-14 days after infusion); clusters 1, 6, and 8 were en-
riched in late CAR-T (26-30 days after infusion); and cluster 3 and
cluster 10 represented very late CAR-T cells (83-112 days after infu-
sion). For the comparison with our own dataset, we examined the
expression levels of the same 16 CAR-T-related cytokines'’ in each
cluster (Figure 5B). Consistent with our results, IL-5, CD40LG, IL-4,
IL-13, TNF, and IL-22 were highly expressed in the CD8" CAR-T
product, and a significantly higher expression of effector cytokines,
such as GZMB, PRF1, CCL3, and CCL4, was observed in the early
and late time points, which corresponds to our peak phase, whereas
for the very late time point, expression of most of these cytokines
was significantly lowered.

KEGG enrichment further confirmed our BCMA analysis with the
CD19 CD8" CAR-T product having strong signatures of glycolysis,
biosynthesis of amino acids, and carbon metabolism (Figure 5C).
Additionally, our highly proliferative BCMA CAR-T cells matched
the cell cycle signatures seen in clusters 9, 7, and 5 from the CD19
CAR-T product and early time points. Some clusters showed a blend
of signatures from two discrete cell states, such as cluster 8, which has
both cytotoxicity and ribosome signatures, which alludes to a transi-
tion from the cytotoxic state to the “resting primed” memory-like
state. The late and very late CD19 CAR-T cells were also significantly
enriched in RP genes, identified in the “resting primed” memory-like
BCMA CAR-T cells such as RPL23, RPL6, and RPL34 (Figure 5D).
Notably, RPL23 and RPL34 are thought to confer apoptotic resistance
in metastatic tumor cells,?>**
and the p53 signaling pathway.” In addition, the same gene sets of
proliferation and cytotoxicity were used to score each CD19 CAR-T
cell. The results showed that the CD19 CAR-T cells with relatively

and RPL6 is involved in ribosomal stress

high proliferation scores were enriched in CAR-T products and early
CAR-T samples, while those with extremely high cytotoxicity were
enriched in late CAR-T samples (Figure S5A). Together, these data
showed consistent dynamics for BCMA CAR-T in the PCL patients
and CD19 CAR-T in CLL/NHL patients.

Crosstalk between CAR-T Subsets and Endogenous T Cells
Regulated Cytotoxicity and Proliferation

To understand the complex T cell interactions, we predicted ligand-re-
ceptor (L-R) pairs among all T cell clusters. We discovered that in addi-
tion to the strong interaction between highly proliferative and highly
cytotoxic CAR-T cells, three endogenous T cell clusters (clusters 8,
11, 19) also have strong predicted interactions with these CAR-T sub-
sets (Figure S6).”° It was speculated that there may be a regulatory rela-
tionship between transplanted CAR-T cells and endogenous T cells. To
further characterize these potential interactions, we found a total of 111
L-R pairs between highly proliferative CAR-T, highly cytotoxic CAR-
T, CD8" endogenous T cells (cluster 8 and cluster 11), and CD4"
endogenous T cells (cluster 19). We divided these L-R pairs into two
groups, with one containing interactions between highly proliferative
and highly cytotoxic CAR-T cells (Figure 6A, left), and the other con-
taining interactions between endogenous T cells and CAR-T cells (Fig-
ure 6A, right). Further, gene ontology (GO) enrichment analysis was
performed on these two groups of L-R pairs. The results showed that
the first group of pairs was mainly involved in the immune response,
T cell activation, and cell-cell adhesion, while the second group of genes
was enriched in tumor necrosis factor (TNF)-related pathways and the
nuclear factor kB (NF-kB) signaling pathway (Figure 6A, bottom).

Several L-R pairs were associated with T cell activation, such as
CCR5-CCL5, CCL3-CCR5, CD70-CD27, and ICAM1-SPN/ITGAL.
CCL5/CCR5 showed highly significant interaction between highly
cytotoxic CAR-T cells and endogenous T cells. We speculate that
CAR-T cells may be able to recruit endogenous T cells to establish
a new immune system. Moreover, previous studies have shown that
CD70/CD27 co-stimulatory factors could promote the proliferation
and activation of T cells expressing CD27.” CD70, a ligand for
CD27, was strongly expressed in the highly proliferative CAR-T cells,
but higher CD27 expression was observed in the cytotoxic CAR-T
cells (Figure 6B). ICAM1, which is the ligand of both ITGAL and
SPN, was relatively increased in the highly proliferative CAR-T cells.
Interestingly, a previous report showed that the ICAM1/ITGAL
interaction contributes to T cell cytotoxicity.”® Thus, these findings
indicated that the highly proliferative subset of CAR-T cells might
promote the activation and cytotoxicity of all CAR-T cells by
signaling via the CD70-CD27 and ICAM1-SPN/ITGAL interactions.
Interestingly, a portion of endogenous CD4 and CD8 T cells (cluster
19 and cluster 8) contained the above signatures, indicating that they
might have also been activated by highly proliferative CAR-T cells.
Several other L-R interaction pairs were observed. TNFESF12-
TNFRSF25 between endogenous T clusters 19 and 8 and CAR-T
along with CD160-TNFRSF14 between endogenous T cluster 11
and CAR-T were noted in particular because these interactions could
induce clonal T cell expansion (Figures 6A, right, and 6B).29
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Figure 5. Validation of CAR-T Cell States from Other Blood Cancer Types

(A) The UMAP visualization of 62,167 cells from CD8* CAR-T samples at four time points: CAR-T products, early, late, and very late. Different colors indicate annotation by
time points (left) and cell clusters (right). (B) Heatmap of average expression of 16 cytokines/chemokines for each of the CD8* CAR-T clusters as in Figure 3E. Pie chart for
each cluster depicting the percentage of samples. (C) Dot plot depicting significant KEGG enrichment results for each CD8* CAR-T clusters, same as Figure 4B. (D) Venn
diagram showing overlapping RP genes between the BCMA CAR-T cells of our dataset and CD19 CAR-T cells of a previously published dataset.

Suppressive L-R pairs revealed by our analysis were also carefully
examined, as they could play a key role in balancing efficacy and
safety. IL-10 is an anti-inflammatory cytokine that can induce im-
mune tolerance by binding to IL-10 receptor (IL-10R) on the surface
of T cells.”™’" Previous research on CAR-T combination therapy has
attempted to restore CAR-T cell activity by blocking the IL-10
signaling.”® In our dataset, L-R analysis showed that there was an
IL-10-IL-OR pair formed between clusters 19 and 8 of the endogenous
T cells and highly proliferative CAR-T cells (Figures 6A, right, and
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6B). In combination, these analyses imply that the highly cytotoxic
CAR-T cells might be activated by highly proliferative CAR-T cells
via the CD70/CD27 co-stimulatory interaction, and endogenous
T cells might regulate the activation of CAR-T cells by secreting IL-10.

DISCUSSION

pPCL is a rare and aggressive plasma cell disorder with high tumor
burden and poor outcomes. The use of conventional therapies ex-
hibited low response rates and a median overall survival (OS) ranging
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Figure 6. Cell-Cell Interactions between CAR-T Subsets and Endogenous T Cells

(A) Heatmap showing the L-R pairs between CAR-T (highly proliferative and highly cytotoxic state) and endogenous T cells (clusters 8, 11, and 19). Rows represent the L-R
pairs. Columns represent cell subset-cell subset pairs. The color gradient from purple to yellow indicates low to high mean values of the L-R pairs calculated by the
CellPhoneDB tool. Only significant L-R pairs (p < 0.05) are colored. The colored names of L-R pairs correspond to the genes presented in (B). Bottom, L-R genes involved in
GO terms. (B) Boxplot showing the selected ligand/receptor expression of in different clusters. (C) The schematic diagram indicates the relationship between CAR-T subsets
and endogenous T cells at the peak phase.

from 2-7 months.” Despite the development of new chemotherapy  the condition, most pPCL patients are excluded from clinical trials.
drugs and regimens, a considerable number of patients still progress ~ To our knowledge, this was the first study to describe the potent
to refractory or relapsed disease. Due to the rare and unique nature of  anti-tumor activity of BCMA CAR-T therapy without increased risks
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Figure 7. Schematic Model of the BCMA CAR-T Dynamic Changes
Schematic model of the dynamic changes in the proliferation, cytotoxicity, glycolytic
properties, and RP transcription characteristics of CAR-T cells.

of treatment-related toxicities in a heavily treated refractory pPCL
patient.

To further understand the transcriptional program of CAR-T and
endogenous T cells in this patient, we used the scRNA-seq technology
to examine these cells throughout the course of CAR-T treatment.
Our results from BCMA CAR-T cells in pPCL were largely consistent
with the transcriptomes of CD19 CAR-T cells from NHL/CLL pa-
tients. Overall, our results showed a model of the dynamic changes
of CAR-T cells in the proliferation, cytotoxicity, glycolysis, and RP
gene expression characteristics (Figure 7). First, the infusion product
cells were highly metabolically active, with high glycolysis and biosyn-
thetic gene expression. Second, CAR-T cells at the peak phase ex-
hibited two continuous intermediate states: the highly proliferative
and the highly cytotoxic state. At the late remission or very late
contraction stage in the CD19 CAR-T single-cell study, CAR-T cells
were not proliferative but maintained their cytotoxic capacity.
Notably, they assumed a signature of the chemokine-signaling
pathway. Finally, the remission phase and the very late stage CAR-
T cells had declined proliferation and cytotoxicity signatures but
assumed a strong induction of RP genes in both CD19 and BCMA
CAR-T cells, which we name as a “resting primed” memory-like state.
Even though we demonstrated several conserved dynamic transitions
and mechanisms of action between CD19 and BCMA CAR-T results,
key differences were noted. Expression of JUN, FOS, and CD69 was
observed in the CD19 CAR-T product, while these genes mainly ex-
pressed at the remission phase for BCMA CAR-T cells (Figure S5B).

T cell activation and proliferation is tightly linked to the underlying
metabolic program.’ In the CAR-T products, high glycolysis level
might result from the cell’s high glucose media in culture before infu-
sion. After infusion at the peak phase, high glycolysis is accompanied
with high proliferation, and this signature disappears at remission
phase, with a remarkable concurrent elevation in RP gene expression
in the “resting primed” memory-like cells of both CD19 and BCMA
CAR-T. We speculate that even though these cells have low prolifer-
ative and cytotoxic activity, they may have high translational activity
to be prepared for stress responses or strong resistance to apoptosis,
thus priming them for further activation.
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In addition, we searched for hallmarks of T cell dysfunction by charac-
terizing the CAR-T expression of PDCDI (PDI), TIGIT, HAVCR2
(TIM3), CTLA4, and LAG3.” The lack of expression of these signature
genes indicated that the CAR-T cells did not exhibit dysfunctional
characteristics during remission phase or the very late stages in both
studies (Figure S5). Memory signatures were also investigated through
SELL (CD62L) and IL-7R expression. Overexpression of SELL (CD62L)
or IL-7R was seen at remission in our data, but this was not observed
not in the CD19 data for the late or very late time points (Figure S5B).

A previous in vitro study pointed out that CD4" CD19 CAR-T cells
could kill target leukemia cells via cytotoxic mechanisms;’ another
study found a large amount of CD4" T cells in the mouse models after
CAR-T infusion.”® This supports the notion that CD4" CAR-T cells
play a more central role than previously expected. However, our study
showed that CD4" BCMA CAR-T cells significantly reduced in num-
ber post-infusion and comparatively lacked strong cytotoxic activity.

There are some limitations of the current study. First, we only
collected scRNA-seq data from one pPCL patient. To combat this
bias and to examine the effects of different CAR-T targets, we
extended our analysis to a recently published scRNA-seq dataset of
CD19 CAR-T cells from CLL/NHL patients. Second, only T cells
were analyzed, yet previous studies have illustrated that other types
of immune cells influence CAR-T cell dynamics by secreting IL-1
and IL-6 and causing CRS.’® The crosstalk between the entire im-
mune microenvironment and CAR-T cells remains largely unknown
and requires further investigation.

MATERIALS AND METHODS

Clinical Sample Collection

The protocol number of clinical trial on BCMA CAR-T treatment is
ChiCTR1800017404. Informed consent from the patient has been
received. The research and publication of data has been approved
by the Data and Safety Monitoring Board. One refractory pPCL pa-
tient was enrolled in this study. The patient received an infusion of
BCMA CAR-T cells with a dose of 4.3 x 10° CAR-T cells per kg.
BCMA CAR-T cells were generated as previously reported.”” Periph-
eral blood mononuclear cells (PBMCs) were isolated using the
FicollDpaque PLUS (TBD Science) solution according to the standard
protocol. In brief, fresh peripheral blood was collected in an EDTA
anticoagulant tube and subsequently layered onto FicollDpaque
PLUS. After centrifugation, lymphocytes remaining above the
FicollDpaque PLUS interface were transferred to a new tube and
washed twice with 1x PBS. PBMCs were re-suspended with sorting
buffer (PBS supplemented with 1% fetal bovine serum [FBS]) (Gibco).

Flow Cytometry

Detection of CAR-T and leukemia cells was conducted with a nine-
parameter DxFLEX flow cytometer (Beckman Coulter). To determine
CAR protein expression, cells were first incubated with anti-mouse
immunoglobulin G (IgG) biotin (Jackson). After washing, cells
were stained by fluorescein isothiocyanate (FITC) streptavidin
(BioLegend). Other monoclonal antibodies and their isotype control
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antibodies were purchased from BioLegend, including APC-CD45
(clone 2D1, mouse IgGl1, k), PE-Cy7-CD3 (clone UCHT1, mouse
IgGl, k), PerCP-Cy5.5-CD4 (clone OKT4, mouse IgG2b, k), PE-
CD8 (clone HIT8a, mouse IgGl, k), FITC-CD138 (clone MI15,
mouse IgGl, k), PE-BCMA (clone 19F2, mouse IgG2a, k). FlowJo
software was used to evaluate all the surface markers.

scRNA-Seq

scRNA-seq samples were collected at three phases: CAR-T products
before infusion, CAR-T on day 8 after infusion, and CAR-T on day
15 after infusion. After obtaining the PBMCs for each phase, CD3*
CAR" (CAR-T) and CD3"CAR™ (endogenous T) cells were collected
by fluorescence-activated cell sorting (FACS; BD FACS Aria II) with
anti-mouse IgG Biotin (Jackson), FITC streptavidin (BioLegend), and
anti-human CD3 APC (clone UCHT1, BioLegend). Single-cell sus-
pensions of all samples were resuspended in DPBS (Dulbecco’s phos-
phate-buffered saline) -0.04% BSA at 1e6 cells/mL. Then scRNA-seq
libraries were generated from the 10x chromium single cell 3’ reagent
kits v2 (PN-120237) according to the manufacturer’s protocol (10x
Genomics). Libraries were sequenced on the Illumina Hiseq X10 plat-
form according to the manufacturer’s instructions (Illumina). Read 1
and read 2 (paired end) were 150 bp, and the index primer was 8 bp.
All samples were sequenced to an average depth of 236 million
paired-end reads per sample, with 150 bp on read 1 and read 2.

Raw Data Processing and Analysis

Each scRNA-seq sample data was separately demultiplexed, aligned
to the human genome (version GRCh38), and calculated unique mo-
lecular identifier (UMI) were estimated using the Cellranger toolkit
(version 3.0.0; 10X Genomics), with default parameters. Cells with
fewer than 200 detected genes, greater than 20,000 detected tran-
scripts, or total mitochondrial gene expression exceeding 5% were
excluded from the analysis. Genes expressed in less than 3 cells
were also removed. Then, five UMI matrices from three phases
were considered as three batches, and data integration was performed
using the Seurat (version 3.0.0)*® R package. The data was
then normalized using the NormalizeData function in Seurat
(LogNormalize method with a scale factor of 10,000). Anchors were
identified using FindIntegrationAnchors with 1-60 dimensions and
5,000 anchor features. An expression matrix of 55,488 cells with
average 1,469 genes per cell were obtained for further analysis.
Downstream analysis after integration included data feature scaling
(ScaleData), principal-component analysis (PCA; RunPCA), and
SNN (shared nearest neighbor) graph building (FindNeighbors).
The first 60 dimensions were used for UMAP reduction by the Run-
UMAP function. Cells were clustered using the FindClusters function
in Seurat with resolution = 1. A total of 24 clusters were defined by
common markers, with marker genes identified using the Find-
Markers function. Cluster 17 is a subgroup with high expression of
mitochondrial gene, which was excluded from subsequent analysis.

Proliferation and Cytotoxic Score
To clarify the characteristics of single cells in proliferation and cyto-
toxic states, we selected two lists of signature genes to represent the

corresponding states and defined the score of the corresponding
signature for each single cell by averaging the expression level of
the genes in the set. For the gene set of the proliferation state, we
used a previously defined set of 94 cell cycle genes.” For the gene
set of the cytotoxic state, we calculated the Pearson correlation coef-
ficients of every gene with GZMB and PRF1. The genes with a corre-
lation coefficient with GZMB or PRF1 greater than 0.4, a total of 20
genes, were used as cytotoxicity signature genes (Figure 3B).

Identification of Differentially Expressed Genes and Pathway
Enrichment Analysis

Differential expressed genes between two subgroups or multiple
subgroups were calculated using the FindMarkers function from
the Seurat package. The significance of the difference was deter-
mined using
correction. The specific genes were selected based on the statistical
threshold (absolute log fold-change > 0.25, Wilcoxon rank-sum test
p < 0.01, and adjusted p value [Bonferroni method] < 0.05). Func-
tional enrichment analysis for each gene set was conducted by the
R/Bioconductor package clusterProfiler (version 3.14.3)."° The
threshold to determine the significance of the KEGG enrichment
was set to an adjusted p value <0.05.

a Wilcoxon rank-sum test with Bonferroni

Reanalysis of CD8* CAR-T Single-Cell Dataset

Filtered and processed CD8" CAR-T scRNA-seq data from a previ-
ously published study was obtained from the Gene Expression
Omnibus (GEO) with accession number GEO: GSE125881. The count
matrix was processed using the Seurat R package (v 3.6.1). In brief, the
quality control, normalization, scaling, and PCA used the same param-
eters as the original study. The FindNeighbors function was then run
using the top 15 principal components (PCs). Using the FindClusters
function with default parameters except for “resolution” = 0.4, we
divided the 621,67 cells into 12 clusters. Dimensionality reduction
using UMAP was performed based on the top 15 PCs. Differentially
expressed markers were identified for every cluster by the FindAll-
Markers function with only.pos = TRUE, min.pct = 0.25, logfc.thres-
hold = 0.25. Significant markers with an adjusted p value <0.01 in every
cluster were used for KEGG enrichment analysis using the compar-
eCluster function from the clusterProfiler package.

Cellular Interaction Analysis

The CellphoneDB tool (version 2.0) was used to predict cellular
interaction with default parameters across total T cell populations.*®
Significant L-R pairs were filtered with p value <0.05. These L-R pairs
only between highly proliferative _highly cytotoxic, cluster-19_highly
proliferative, cluster-19_highly cytotoxic, cluster-8_ highly prolifera-
tive, cluster-8_highly cytotoxic, cluster-11_highly proliferative, and
cluster-11_highly cytotoxic cells were retained. KEGG pathway anal-
ysis was performed on the list of L-R genes using clusterProfiler.

Data Availability
scRNA-seq sequencing reads have been submitted to GEO under
GEO: GSE151310.
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