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Abstract:

Multiple myeloma is characterized by frequent clinical relapses following conventional therapy.
Recently, chimeric antigen receptor T (CAR-T) cells targeting B-cell maturation antigen (BCMA) has
been established as a treatment option for patients with relapsed or refractory disease. However,
while >70% of patients initially respond to this treatment, clinical relapse and disease
progression occur in most cases. Recent studies showed persistent expression of BCMA at the time of
relapse, indicating that immune intrinsic mechanisms may contribute to this resistance. While there
were no pre-existing T cell features associated with clinical outcomes, we found that patients with
a durable response to CAR-T cell treatment had greater persistence of their CAR-T cells compared to
patients with transient clinical responses. They also possessed a significantly higher proportion
of CD8+ T effector memory cells. In contrast, patients with short-lived responses to treatment have
increased frequencies of cytotoxic CD4+ CAR-T cells. These cells expand in vivo early after
infusion but express exhaustion markers (HAVCR2 and TIGIT) and remain polyclonal. Finally, we
demonstrate that non-classical monocytes are enriched in the myeloma niche and may induce CAR-T
cell dysfunction through mechanisms that include TGFB. These findings shed new light on the role of
cytotoxic CD4+ T cells in disease progression after CAR-T cell therapy.
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Key Points

Despite the high initial rates of response to anti-BCMA CAR-T cell therapy in myeloma, those

responses are frequently short-lived.

Exhausted CD4+ CAR-T cells, identified by single cell assays in the patients’ blood and marrow, is

linked to early relapse.

Myeloid cells in the myeloma niche blunt CD4+ CAR-T killing via TGFp.

Abstract

Multiple myeloma is characterized by frequent clinical relapses following conventional therapy.
Recently, chimeric antigen receptor T (CAR-T) cells targeting B-cell maturation antigen (BCMA) has
been established as a treatment option for patients with relapsed or refractory disease. However, while
>70% of patients initially respond to this treatment, clinical relapse and disease progression occur in
most cases. Recent studies showed persistent expression of BCMA at the time of relapse, indicating
that immune intrinsic mechanisms may contribute to this resistance. While there were no pre-existing T
cell features associated with clinical outcomes, we found that patients with a durable response to CAR-
T cell treatment had greater persistence of their CAR-T cells compared to patients with transient clinical
responses. They also possessed a significantly higher proportion of CD8+ T effector memory cells. In
contrast, patients with short-lived responses to treatment have increased frequencies of cytotoxic CD4+
CAR-T cells. These cells expand in vivo early after infusion but express exhaustion markers (HAVCR2
and TIGIT) and remain polyclonal. Finally, we demonstrate that non-classical monocytes are enriched
in the myeloma niche and may induce CAR-T cell dysfunction through mechanisms that include TGF[3.
These findings shed new light on the role of cytotoxic CD4+ T cells in disease progression after CAR-T

cell therapy.
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Introduction

Multiple myeloma (MM), a plasma cell neoplasm, accounts for 10% of hematological malignancies in
developed countries®. Despite considerable advances in the last , it remains largely incurable, and relapse is
considered an inevitable part of the disease course?®. B cell maturation antigen (BCMA) has emerged as a
promising therapeutic target in myeloma in the relapse/refractory (RRMM) setting®. BCMA is expressed
preferentially by mature B lymphocytes and plasma cells®. Due to its specificity, BCMA has been an attractive
candidate to be targeted by chimeric antigen receptor T (CAR-T) cells®®. These genetically modified T cells
express anti-BCMA single chain variable fragment (scFv) linked to co-stimulatory and signaling domains, and
upon binding to cell surface BCMA, activation followed by effector function leads to lysis of myeloma cells™.
Despite the promising results achieved by anti-BCMA CAR-T in RRMM in terms of response rates, the
absence of durable remissions is common'!. Possible reasons for this phenomenon include CAR-T cell
intrinsic qualities such as expansion capacity and T cell exhaustion/dysfunction cell state, in addition to CAR-T
cell-extrinsic factors like antigen escape and immune suppression by the hostile bone-marrow
microenvironment'**3. However, previous studies have demonstrated that the immune microenvironment might
dictate the response to bispecific T cell engager antibodies, but not to CAR-T cells**. To gain insight into the
factors involved in long term response to anti-BCMA CAR-T in RRMM and functional high-risk MM, we
performed single cell sequencing of 690,939 T cells, coupled with T cell receptor (TCR) clonality assessment,
and additional 227,420 non-B non-T immune cells from the myeloma niche, in a longitudinal fashion from n=15
patients (78 samples, mean 5 samples per patient), who had received anti-BCMA CAR-T cell therapy; and 5
age-matched control subjects. We developed a computational method to identify anti-BCMA CAR-T cells in
silico and by targeted sequencing, and show that in patients with an early relapse, CD4+ CAR-T cells in vivo

express cytotoxicity and exhaustion markers and have a polyclonal TCR profile.

Methods
Human patients and subjects
This study was approved by the UCSF IRB, according to the principles in the declaration of Helsinki. All

subjects were provided written informed consent (IRB#10-00545). The patients were enrolled in 4 clinical trials
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of lentiviral-transduced 4-1BB anti-BCMA CAR-T (NCT02658929, NCT03274219, NCT03430011 and
NCT03361748), and the summary of their characteristics is presented in Table 1. Table 2 provides detailed

characteristics by patient.

Processing of human bone marrow and peripheral blood samples

Bone marrow (BM) aspirates were diluted 1:1 in FACS buffer (PBS with 0.1% BSA and 2 mM EDTA).
Peripheral blood (PB) samples were diluted 1:2 in FACS buffer. Mononuclear cell separation was performed by
density centrifugation (Ficollpauge, GE) with diluted BM cells (centrifugation for 25 min, 500g). Cells were
manually aspirated and washed with FACS buffer (5 min at 450g). Red blood cells were lysed using RBC lysis
buffer (Invitrogen) for 5 min at 4°C. BM cells were washed (5 min, 3009g), resuspended in FACS buffer, and

kept on ice.

Cell sorting

Within 1 hour after processing, cells were stained with Total-Seq C antibodies (BioLegend) and flow cytometry
antibodies, including biotinylated BCMA protein (Acro Biosystems) followed by streptavidin. Cells were sorted
(Aria Fusion, BD) based on FSC, SSC, CD45+ CD19- CD3+ (T cells) and CD45+ CD19- CD3- (nonB nonT

cells) (Figure S1).

Single-cell library preparation
Sorted cells were washed, counted and loaded onto Chromium platform (10x Genomics) with the Single Cell 5'

v1 kit with up to 50,000 cells per well. Libraries were sequenced using Illumina NovaSeq 6000.

Single-cell transcriptional analyses

Raw single cell data was processed by Cell Ranger (version 5, GRCh38). Doublet detection was performed on
the filtered gene expression matrices using DoubletDetection'® with default parameters, and then analyzed by
Scanpy pipeline’®, as previously described*’. Principle component analysis (PCA) was performed with top 50
principal components, followed by sample-wise batch correction Combat™® and Harmony*®, Leiden clustering®

5
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and UMAP plotting®*. Annotation of each unbiased population was performed by manual inspection of the top-
ranked genes of each cluster. Analysis of cell density was carried out by Scanpy. ANOVA with Tukey’s HSD
test was performed followed by Benjamini-Hochberg (BH) adjustment.

For nonB nonT cells, to decrease batch effects, we performed “in silico sorting” for CD14. The expression of
CD14 was measured by both frequency distribution density plot and two-axis plot of CD14 versus CD16. Then
a threshold of 0.6 was set to retain only CD14+ cells. Raw expression matrix of CD14+ cells was extracted and

processed in the same manner followed by Leiden clustering.

Single-cell TCR analysis

scRNA-seq reads were processed by Cell Ranger VDJ. For each cell barcode, the TRA or TRB clonotype with
most abundant UMIs was selected. Clones with either a chain or 8 chain or paired a:p chains by amino acid
sequences were kept for downstream analysis. Expanded clones were defined as >1 cell with the same
clonotype. Gini coefficient was calculated using ineq in R%. Only cells with matched cell barcodes from scRNA-
seq reads were used. Comparison of Gini coefficients were carried out by Wilcoxon rank sum test followed by
BH adjustment. When assessing clones longitudinally, only paired patients that have both pre- and post-

treated samples were included.

Differential gene expression analysis

Differential gene expression (DGE) analysis was performed using DESeq2 in R?®. For each gene, the raw
counts in CD4 CAR-T cells (from CD4 Tnaive and CD4 Tem clusters) with low CD8 expression, from each
sample were aggregated as one value to represent this sample. The matrix of gene by sample was used for
comparison between durable responders (DR) and transient responders (TR). The same was done for CD8
CAR-T cells (CD8 GZMB+ Tem, CD8 GZMK+ Trm, CD8 GZMB+ Teff, GNLY+ T, and CD8 Tnaive clusters).
Significant genes were selected as p-value<0.05 and fold-change >1.5.

DGE analysis was also performed using MAST?, a generalized linear model tailored for scRNA-seq data,

while the number of genes detected per cell was controlled as a covariate. Multiple test adjustment was
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performed using p.adjust function in R by controlling false discovery rate. Significant genes were selected as

adjusted p-value<0.05 and fold-change >1.5.

Targeted amplification of cDNA libraries for CAR-T detection

To annotate CAR-T cells, targeted amplification was employed on cDNA libraries generated from 10x scRNA-
seq platform. Lentiviral specific transcripts expressed from bulk RNAseq data were identified. Reverse primer
(5’°GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTGTTTCTTTCCCCCTGGCCTTAAC) that is
compatible with the 10x Genomics 5’ V1 kit was designed to selectively amplify CAR-specific transcript from
cDNA libraries, while preserving UMI and cell barcodes. Twenty ng of cDNA libraries were linearly amplified
using reverse primer only, followed by purification using SPRI-select beads at 1.5X (Beckman Coulter),
followed by 35 cycles of PCR using target-specific reverse primer and universal forward primer (10x
Genomics). We performed sample indexing and attachment of flow cell binding sequences using SI PCR
primer and 17 index primers. The NGS libraries were pooled and sequenced on MINIseq with 300-cycle kit

(llumina).

CAR-T cells annotation from targeted sequencing data

CAR-T cells were identified from targeted amplification sequencing data of the lentiviral GAG gene. The
sequence CGAATTTTTTCCCATTTATCTAATTCTCCCCCGCTTAATACCGACGCTCTCGCACCCTAC was
found on Read 2 (R2), followed by extraction of cell barcodes (1-16nt), and UMI sequence (17-26nt) and
calculating the UMI count in each unique cell barcode. UMI count per cell for GAG- cells was performed in the
same manner. Then the UMl/cell distribution was plotted and examined for GAG+ and GAG- cells (Fig S2).

The threshold UMI/cell > 2 was selected to define CAR-T cells.

CAR-T cell annotation of fully humanized CAR-T with modified lentiviral genes
For in silico CAR-T cell identification, we flow-sorted a humanized CAR-T cell sample and created full-length
cDNA libraries using SMART-Seq®. We then created a de novo transcriptome assembly using Trinity?® v.2.9.1.

From the resulting transcriptome, we identified one CAR transcript based on it containing a 3’ viral UTR

7

20z Ae Lz uo 3senb Aq ypd 91 ¥Z10€20Z SEOUBAPEPOO|G/Z.S0222/9) ¥Z ) 0ECOT SEOUBAPEPOO|d/Z8 ] |0 L/10p/)pd-Bjolle/Sa0UBAPEPOO|GARU"SUOHEDIgNdYsE//:d)lY WOl papeojumoq



sequence “TGGAAGGGCTAATTCACTCCCAAAGAAGACAAGAT”. We used Kallisto®’ v.0.46.0 to align each
scRNA-seq read to the de novo transcriptome generated by Trinity. We identified CAR-T cells as cells with

more than zero (>0) counts of the associated CAR transcript.

CAR-T cell scores
Activation score was calculated by Scanpy function ‘scanpy.tl.score_genes’ with this gene signature: PDCD1,
CTLA4, HAVCR2, LAG3, ENTPD1, TOX, LAYN, CD160, CD244, TIGIT, while cytotoxicity score was

calculated in the same way by this gene signature: NKG7, PRF1, GZMB, GZMK, TNF, IFNG.

Cell interaction analysis

To explore cell-cell communications between non-classical monocyte population and early stage (day 14 and
day 30) CD4+ and CD8+ CAR-T cells, CellphoneDB?® v2 was performed by the function ‘statistical_analysis’
with default parameters. Only significant gene pairs by default threshold from the output

‘significant_means.csv’ were visualized by heatmap with Python package Seaborn®.

Enrichment scores for IFNy and TGFg pathways

Pathway enrichment analysis on differentially expressed (DE) genes was performed using GSEA®* 4.2.3. The
DE genes of CD4+ CAR-T cells between DR and TR groups were ranked by “-log(p value) fold change” and
analyzed using “GSEA PreRanked” tool. Analysis was performed using MsigDB with 1000 permutations. FDR

< 0.25 was selected as cutoff for statistical significance.

Co-culture with re-stimulation

We generated anti-BCMA CAR-T cells as previously described*!, with BCMA-50 scFv sequence®, CD8 hinge
and transmembrane domain, 4-1BB co-stimulatory domain, CD3{, T2A and EGFP. Lentivirus containing the
construct was produced, concentrated, and titrated as previously described®'. CD4+ T cells were isolated from
apheresis collections of 2 healthy donors using CD4 negative selection kits (STEMCELL Technologies) and

were viably frozen in media containing 10% DMSO. CD4+ T cells were thawed and stimulated for 24 hours
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using anti-CD3/CD28 Dynabeads (Thermo Fisher) before lentiviral transduction. 72 hours after transduction,
CAR-T cells were sorted based on EGFP levels. On Day 7, CD4+ CAR-T cells were co-cultured with the target
myeloma cell line, MM1.S expressing RFP, at effector:itarget (E:T) ratio of 1:4 with or without 10ng/ml
recombinant human TGFB (R&D Systems). Fresh media were re-supplanted every 3 days. During the co-
culture, cells were counted and E:T ratio was assessed by comparing the GFP+ and RFP+ population every 3
days, fresh target cells were fed when E:T ratio was higher than 1:1. After 3-week co-culture, CD4+ CAR-T
cells were isolated and the purity of CAR T cells were evaluated by fluorescence microscopy before

subsequent assays.

In vitro Kkilling assay

MM1.S and OCI-AML3 cancer cell lines were used as target cells and negative control, respectively. Target
and negative control cells were first stained with Calcein AM Viability Dye (Thermo Fisher). Then, 15,000 target
or negative control cells were seeded with or without 2,500 CD4+ CAR-T cells (E:T ratio = 1:6) at a final
volume of 200uL in a 96-well U-bottom plate. After 24-hour incubation, Aurora Full Spectrum Flow Cytometry
(Cytek Biosciences) was used to determine the number of calcein+ cells (live target or negative control cells)
and EGFP+ cells (CD4+ CAR-T cells). Cancer cell kiling by CD4+ CAR-T cells was calculated using the
following formula, where a is the mean of calcein+ cell counts from wells containing cancer cells only (no CAR-
T), while g and y represent the number of calcein+ and EGFP+ cells from each sample well, respectively:

—a-p
14

% normalized cancer cell killed = ( ) X 100%

3 technical replicates were performed for each condition, and for each donor.

This study was approved by the University of California, San Francisco Institutional Review Board, according
to the principles in the declaration of Helsinki. All patients and healthy donors undergoing hip replacement
surgery were provided written informed consent for genomic sequencing and review of electronic medical
records (IRB#10-00545). The patients were enrolled in 3 clinical trials of lentiviral-transduced anti-BCMA CAR-
T containing a 4-1BB co-stimulatory domain. Patients were enrolled in clinical trials NCT02658929,

NCT03274219 and NCT03430011
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Results

Myeloma bone marrow niche is enriched with GZMB CD8+ T effector cells

To understand the cell state of T cell states in myeloma patients, we collected bone marrow (BM) and
peripheral blood (PB) samples at baseline (prior to lymphodepletion), and longitudinally following infusion (78
samples from 15 patients, median 3 additional time points). Additionally, T cells from 5 subjects undergoing hip
replacement surgery due to isolated osteoarthritis, were collected in the operating room. We performed fresh
sorting (within 4 hours from sample collection) of CD45+ CD19- CD3+ lymphocytes (methods, Fig. S1). Freshly
sorted cells were subjected to 10x Genomics microfluidic platform for single cell gene expression, coupled with
TCR and oligo-labeled surface marker antibodies®***® (CITEseq, methods). Following removal of doublets and
filtering, 690,939 T-cells were clustered. Cell state annotation was performed according to canonical markers,
and revealed 14 different T cell states®® (Fig. 1A). Representative genes of the different cell states include
granzymes (cytotoxicity), CCR7 (naive), FOXP3 (regulatory T cells) and MKI67 and TOP2A (proliferation or
cycling) (Fig. 1B). To compare the patients to the hip replacement subjects, we generated density
dimensionality reduction map (Fig. 1C) and compared the cell fractions of each group within every cluster®
(Fig. 1D). MM patients were enriched in the GZMB CD8+ T effector cell cluster, while hip replacement subjects
were enriched in CD4 naive cluster. Heatmap of selected genes shows a preferential expression of exhaustion

markers (CD70, CD38, HAVCR2, LAG3, IL2RA) in T cells derived from MM patients (Fig. 1E).

CAR-T cells annotation, cell states and clonality

To understand the specific cell states of CAR-T cells, we identified them using a combination of two methods
(methods, Fig. 2A): In silico generation of a de novo transcriptome from full-length RNA-seq reads (for CAR-T
containing modified lentiviral genes), and a targeted amplification of integrated lentiviral genes (for CAR-T
containing unmodified lentiviral genes). 100,157 CAR-T cells were identified from all 15 patients across
different time points (Fig. 2B). Single cell CAR-T annotation correlated with flow cytometry staining for the
CAR-T cells (Fig. S1). The fraction of CD8+ CAR-T cells predominated up to 30 days post-infusion, regardless
of product used (Fig. 2C). CD4+ CAR-T naive cells were enriched in hip replacement subjects (p < 0.027,
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0.00084), while CAR-T cells and non-CAR-T cells from myeloma patients were enriched for GZMB CD8+
effector T (p = 0.027, 0.015). There was no statistically significant difference in the distribution of CD8+ effector
CAR-T and CD4+ CAR-T cells (naive or effector memory) for patients dosed with different CAR-T cell products
(Fig. S1F). Surprisingly, the Gini index (correlated with TCR clonality), was lower for both CD4+ and CD8+
CAR-T cells when compared to non-CAR-T cells®"*® (p = 0.0064 and p < 0.001, respectively) (Fig. 2E, Fig.
S2). Comparing expanded clones (=2 cells with the same TCR sequence) in CAR-T cells reveals that CD8+

CAR-T are more clonally expanded compared with CD4+ CAR-T cells (p < 0.001) (Fig 2F).

Longitudinal analysis of CAR-T cells in vivo according to clinical outcome

To probe into the differences and similarities between patients with an early relapse compared to those with
durable remissions following CAR-T infusion, we divided the patients into 2 groups: Transient responders (TR)
and durable responders (DR). Response was assessed by IMWG criteria. To classify patients into DR group,
the 6 months mark was used, for which the patient has maintained at least a partial response, without rising
involved light chains or conversion to minimal residual disease (MRD) positivity. Patients were generally
heavily pre-treated, with a median 6 lines of prior anti-myeloma therapies (Table 1). Involved serum free light
chain levels were increased in patients in the TR group at day 180 (p = 0.0113) (Fig. 3A). Overall, CAR-T cells
were heterogenous, with a representation in all the T cell clusters (Fig. 3B and 3D). In the TR group, CAR-T
cells were decreased on days 90 and 180 more than 100-fold, while DR group decreased by less than 1-fold
on day 90 and more than 100-fold on day 180 (Fig. 3C). CAR-T cells in DR group were enriched for CD8+
effector memory cell states (p = 0.030) (Fig 3D). We compared the differential gene expression between DR
and TR groups in both CD4+ and CD8+ CAR-T cell compartments® (methods). While in the CD8+
compartment only HAVCR2 gene (encoding for TIM3) was significantly elevated in the TR group ( p = 0.00011,
Log,FC = 1.1) , in the CD4+ compartment both HAVCR2 and TIGIT were significantly increased (p < 0.001,
log,FC = 1.8 and p < 0.001 , log,FC = 1.6, respectively), along with cytotoxicity markers NKG7 and PRF1 (p =

0.0013 and p < 0.001, respectively) in the TR group (Fig. 3E, 1F).

Exhausted cytotoxic CD4+ CAR-T cells are associated with transient, short-lived clinical response
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To elucidate the nature of cytotoxic and exhaustion genes of the CAR-T cells, we calculated the cytotoxicity
score and exhaustion score for every annotated CAR-T cell (methods). Plotting single CAR-T cell scores in
density maps for the two groups of patients reveals that in TR patients early post-infusion (14-30 days), there
was an enrichment of CD4+ cytotoxic exhausted cells compared to DR patients (Wilcoxon rank-sum test, p =
0.0303), unlike the CD8+ compartment (Wilcoxon rank-sum test, p = 0.196) (Fig. 4A and 4B). There was no
difference in the exhaustion or cytotoxicity profile of non-CAR resident CD4+ (p = 0.392) or CD8+ T cells (p =

0.26) (Fig. S2).

CAR-T regulatory cells (CAR-Tregs) in the infusion products were recently reported to be associated with
relapse of large B-cell lymphoma after anti-CD19 CAR-T cell therapy®*“°. Since CAR-Tregs are CD4+, we
wondered if the association between CD4+ CAR-T cells and early relapse in our myeloma cohort could be
attributed to CAR-T regs. We found that CAR-Tregs proportion was not increased in the TR group (Fig. 4C).
We further identified the exhausted cytotoxic CD4+ CAR-T cells as either naive or effector-memory cells,
enriched in IFNG signature (normalized enrichment score -1.33, p < 0.001, FDR = 0.082) (Fig. 4D). Differential
gene expression analysis confirmed the enrichment of specific IFNG pathway genes (IFNGR1, IFNGR2, JAK1,

STATL, IRF1) in the TR group (Fig. 4E).

TGFp contributes to CD4+ CAR-T cell exhaustion

To understand if other immune cells in the myeloma niche affect CAR-T cell state or their ability to kill myeloma
cells, we performed fresh sorting of CD45+ CD19- CD3- cells from the BM of both hip replacement subjects
and myeloma patients undergoing CAR-T cell therapy. We performed in silico sorting of CD14+ cells (Fig. S2)
and clustered the cells following filtering and batch correction (methods). CD14+ cells in the BM were
comprised of 11 clusters, including classical and plasmacytoid dendritic cells, CD163+ macrophages, 5
different monocyte subtypes expressing VCAN, FCN1 and S100A8 along with CD68+ CD16+ non-classical
monocytes (Fig. 5A and 5B). Non-classical monocytes were enriched in myeloma patients receiving CAR-T
cell therapy compared to hip replacement subjects (p = 0.0052 for DR, p = 0.0041 for TR) (Fig. 5C). There was
no difference in the frequency of CD14+ cell clusters between the TR and DR groups of patients. As non-
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classical monocytes were preferentially present in BM samples of myeloma patients, we simulated their
interaction with annotated CAR-Ts?® (methods). Interaction maps of the CD4+ CAR-T cells with non-classical
monocytes in TR and DR groups reveals a possible role for TGF axis, with interaction of TGFB1 in MM-
associated non-classical monocytes with TGFBR3 in CD4+ CAR-T cells (Fig. S2). We then computed the
enrichment score of TGFB pathway in CD4+CAR-T cells and found that the CD4+ CAR-T cells from TR group
were enriched for TGFf related genes (normalized enrichment score = -1.39, p = 0.01, FDR = 0.055) (Fig. 5D).
Additionally, TGFBR2 and TGFBR3 were preferentially expressed at the single cell level in CD4+ CAR-T cells
in the TR group (Fig. 5E). To assess the role of TGF in tumor cell killing of CD4+ CAR-T cells, we performed
a killing assay with home grown anti-BCMA CAR-T (4-1BB CD3() from 2 healthy donors, after CD4 selection
(methods). We used a repetitive stimulation assay with a myeloma cell line to induce CAR-T cell exhaustion in
vitro (Fig. 5F, methods). We found a significantly decreased cytotoxicity of the CD4+ CAR-T cells compared to
control after 3-week co-culture (mean decrease in killing capacity for Donor 1 and Donor 2, 54% and 39%,
respectively, p < 0.001, student’s t-test) (Fig. 5G). TGFB-treated CAR-T cells expressed multiple exhaustion
markers (PD1, TIM3 and CD39) compared to control at the end of the re-stimulation (mean fraction of cells
36.3% vs. 4.7%, p = 0.016, student’s t-test) (Fig. 5H). The CAR T cells expressing exahustion markers were
functionally exhausted, with hampered secretion of key cytokines IFNy and TNFa (Fig. S2J). In addition, we
find that TGFp significantly reduces proliferation (assessed by Ki-67 flow cytometry staining) at 1 week of co-

culture and persists at 3 weeks post co-culture (Fig. S2K).

Discussion

This study is the largest (to our knowledge) single-cell analysis of anti-BCMA CAR-T cells in vivo, with more
than 1.1 million single cells analyzed from 15 patients and 5 healthy donors. Rather than focusing on the
infusion products, we assayed the CAR-T cells and their microenvironment in the myeloma niche. Our results
suggest that specific subtypes of CAR-T cell states early post-infusion contribute to the variability in response
to anti-BCMA CAR-T cell therapy in patients with relapsed refractory and functional high-risk MM. Unlike

previous studies focusing on single-cell analysis of CD8+ CAR-T cells**?

, this extensive database of freshly
sorted CAR-T cells and immune niche cells sheds light on the role of cytotoxic-like CD4+ CAR-T cells.
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Cytotoxic CD4+ TILs have been described in the setting of solid tumors, interacting with other
microenvironment cells*. In the setting of CAR-T cells, increased CD4:CDS8 ratio in the infusion product is
associated with better expansion and clinical outcomes’. Surprisingly, we have found that across three
different products, CD4+ CAR-T cells expressing cytotoxic and activation markers were associated with a
worse clinical outcome and early relapse. Unlike previous cases described for anti-CD19 CAR-T in patients
with chronic lymphocytic leukemia, our single cell TCR analysis of early post-infusion suggests that anti-BCMA
CD4+ CAR-T cells are polyclonal®. In vivo tracking of CAR-T cells reveals that at days 90 and beyond post-
infusion there is no persistence in the patients who have had transient response, compared to those with
durable responses. The association between early expansion of exhausted cytotoxic and polyclonal CD4+
CAR-T and transient response or early relapse, requires prospective validation. However, our study introduces
the importance of cell states in vivo as possible predictors of outcome after CAR-T cell therapy, which
constitutes a clinical unmet need. In this context, the relevant exhaustion co-expressed markers are TIM3 and
TIGIT (rather than other canonical markers of exhaustion like PD-1 or CTLA-4), which might inform future

combination therapeutic approaches.

Our analysis of immune cells in the BM uncovers non-classical monocytes, which are preferentially present in
the myeloma niche compared to age-matched controls. Single-cell interaction analysis points to a possible role
of the TGFp axis in the interaction of CD4+ CAR-T cells with these non-classical monocytes. In vitro modeling
of CAR-T cell exhaustion also demonstrates that TGFf represents a T cell extrinsic mechanism contributing to
T cell exhaustion beyond repetitive antigen stimulation. This finding further corroborates the negative impact of
TGFB on immunotherapy in the tumor microenvironment and makes the case for future research of TGF[3-

negating armoring strategies*>°.

Strengths of this study include 1) large data set comprising of 1.1 million single cells from patients transfused
with anti-BCMA CAR-T cells containing 4-1BB co-stimulatory domain; 2) fresh tissue sampling with immediate
processing and sorting to minimize stress-induced activation, in conjunction with clonal assessment and cell
surface marker analysis. A limitation in our study is the inability to analyze the cell states of the infusion product
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and compare those to the ones found in vivo. However, as patient-to-patient variability can affect the
expansion of CAR-T cells and their cell states, the in vivo analysis early post-infusion might be a predictor of

long-term outcomes.
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Table 1: Patient’s characteristics

Total
Characteristic (n=15)
Age, median (range), years 66 (34-74)
Male, n (%) 6 (40)
ECOG PS 0, n (%) 9 (60)
High risk cytogenetics®, n (%) 8 (53)
BM PC >= 50%" 9 (69)
extramedullary disease, n (%)° 5 (55)
Prior anti-myeloma regimens, median
(range) 6(1-12)
Penta-refractory®, n (%) 14 (93)
Prior ASCT, n (%) 14 (93)
Bridging therapy, n (%) 8 (53)

@ dell7p, t(4:14), t(14:16), 1g abnormalities

P94 of 13 patients with adequate BM sample for evaluation
© % of 9 patients with PET-CT scans at baseline

d

exposure or refractoriness to lenalidomide, pomalidomide, bortezomib, carfilzomib and daratumumab or

isatuximab
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Figure Legends

Figure 1: T cell states in myeloma and healthy age-matched controls. (A) Uniform manifold approximation
and projection (UMAP) of total 690,939 T cells with annotated cell states. (B) Violin plot of normalized
expression of selected representative genes for each cell state. (C) Density map of T cells from healthy
controls (HC) and multiple myeloma (MM) patients. (D) Bar plot showing proportions of each cell state in HC
and MM. Significance level was determined using Wilcoxon rank-sum test (p < 0.001). (E) Heatmap of

normalized expression of selected differentially expressed genes between HC and MM.

Figure 2: Annotated CAR-T cells from 15 myeloma patients, their cell states, and TCR clonality. (A)
Scheme showing annotation of CAR-T cells by de novo transcriptome assembly and targeted amplification. (B)
Uniform manifold approximation and projection (UMAP) of 690,939 T cells with projection of annotated CAR-T
cells (n = 100,157). (C) Fraction of CD4+ and CD8+ CAR-T over time (mean + SE). (D) Bar plot showing
proportions of annotated CAR-T cell states. Significance level was determined using Wilcoxon rank-sum test (p
< 0.001). (E) Gini coefficients (mean + SE) for nonCAR-T and CAR-T cells, by CD4+ and CD8+, over time.
Baseline = prior to CAR-T infusion, early = day 14 and day 30 post — infusion, late = day = 90 post — infusion.

(F) Pie charts of expanded CAR-T clonotypes (same TCR clonotype in >1 cell), by CD4+ and CD8+.

Figure 3: Annotated CAR-T cells from 15 myeloma patients, their cell states, and TCR clonality. Involved
serum free light chain (FLC) levels of myeloma patients over time after CAR-T cell therapy (day 0 = CAR-T
infusion), by group. TR = transient responders, DR = durable responders. Statistical significance is marked by
asterix, and determined by Wilcoxon rank-sum test with p = 0.0113. (B) Uniform manifold approximation and
projection (UMAP) of T cells, with projection of annotated CAR-T cells from TR and DR groups at different time
points (days) after infusion. (C) Bar plot showing the sum of CAR-T cells from n = 15 patients, by group, at
different time points (days) post-infusion. (D) Bar plots showing CAR-T cells (mean + SE) at different cell
states, by group. Statistical significance is marked by asterix, and determined by Wilcoxon rank-sum test (p =
0.030) (E) Volcano plots showing differentially expressed genes between patient groups (DR vs. TR) in CD4+

CAR-T cells and CD8+ CAR-T cells. Annotated genes in red have a statistically significant (p < 0.05) fold
22
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change (FC) >1.5. (F) Dot plots showing normalized expression of cytotoxicity and exhaustion genes in CD4+

and CD8+ CAR-T cells, by group. Dot size is proportional to fraction of cells.

Figure 4. Cytotoxic and exhausted CD4+ CAR-T cells harboring interferon gamma signature are
identified preferentially in patients with transient response to therapy. (A) Density map of cytotoxicity and
exhaustion gene signature scores for CD4+ and CD8+ CAR-T, by group. Cell fractions (%) are annotated in
each quadrant. HC = healthy controls, TR = transient responders, DR = durable responders. (B) Bar plot
showing CD4+ CAR-T cell fraction (mean % + SE) of “double positive” cytotoxic and exhausted cells derived
from the top right quadrant in panel B, by group. Statistical significance is marked by asterix, and determined
by Wilcoxon rank-sum test (p = 0.03) (C) Box plot showing regulatory CAR-T cells (CAR-Treg) fraction (median
% + 1.5 IQR), by group. (D) Enrichment score (see methods) for interferon y (IFNG) pathway of CD4+ CAR-T
cells from DR group vs TR group. (E) Dot plots showing normalized expression of genes related to interferon y

(IFNG) pathway in CD4+ CAR-T cells, by group. Dot size is proportional to fraction of cells.

Figure 5: TGFg is linked to interaction of non-classical monocytes in the myeloma niche might interact
with CD4+ CAR-T via blunting their Killing capacity of malignant plasma cells. (A) Uniform manifold
approximation and projection (UMAP) of CD14+ myeloid cells with annotated cell states. (B) Violin plots
showing normalized expression of selected genes for each cell state. (C) Box plot showing the proportions of
CD14+ myeloid cells (median % + IQR) of each cell state, by group. Statistical significance is marked by
asterix, and determined by Wilcoxon rank-sum test (p < 0.001). HC = healthy controls, TR = transient
responders, DR = durable responders. (D) Enrichment score (see methods) for TGF3 pathway of CD4+ CAR-
T cells from DR group vs. TR group. (E) Dot plots showing normalized expression of genes related to TGF(3
pathway in CD4+ CAR-T cells, by group. Dot size is proportional to fraction of cells. (F) Scheme depicting
experimental design of CD4+ CAR-T cells in vitro killing assay performed by co-culture with myeloma cell line
MM1.S, with and without TGF. (G) Bar plot showing killing efficacy of CD4+ CAR-T cells (number of cancer

cells killed per CD4+ CAR-T cell) after 3 weeks of co-culture with myeloma cell line MM1.S, with or without

TGFB. (H) Frequency of CD4+ CAR T cells expressing 3 exhaustion markers (PD-1, TIM3, CD39) after
23
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repetitive stimulation. (I) Flow cytometry histogram of PD-1 mean fluorescence intensity (MFI) of CD4+ CAR-T

cells from 2 donors after 3 weeks of co-culture with myeloma cell line MML1.S, with or without TGF.
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