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Mesenchymal stem cell infusion o

for enhancing hematopoietic recovery
and addressing cytopenias in CAR-T cell therapy
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Abstract

Background Chimeric antigen receptor (CAR)-T therapy has emerged as a promising treatment for hematologic
malignancies. However, cytopenia remains one of the most frequent and challenging adverse effects of this therapy.

Methods We conducted a retrospective analysis of 26 patients with relapsed/refractory aggressive B-cell lymphoma
who received CAR-T therapy at our center. Subsequently, to investigate measures to address cytopenias follow-

ing CAR-T therapy, we isolated and generated murine CAR-T cells and bone marrow-derived mesenchymal stem cells
(MSCs), establishing a murine syngeneic CAR-T therapy model. We assessed the impact of MSC infusion on hemat-
opoietic recovery post-CAR-T therapy by evaluating complete blood count, bone marrow hematopoietic stem cells
and their subpopulations, bone marrow histomorphology, and hematopoiesis-related genes.

Results All patients experienced cytopenias to varying degrees, with complete lineage involvement in half

of the patients. Grade > 3 cytopenias were observed in 88.46% of the patients. CAR-T therapy was associated

with a higher incidence of biphasic, late-onset, or prolonged cytopenias. Survival analysis indicated that neutropenia
and lymphopenia tended to be associated with better prognosis, whereas thrombocytopenia tended to be related
to poorer outcomes. Through animal experiments, we discovered that MSCs infusion boosted HSCs and their long-
term subpopulations, enhancing hematopoietic recovery, particularly in the megakaryocyte lineage, and mitigating
bone marrow damage. Importantly, both in vitro and in vivo experiments demonstrated that MSCs did not compro-
mise the activity or antitumor efficacy of CAR-T cells.

Conclusions Our findings propose MSCs infusion as a promising strategy to address cytopenias, particularly throm-
bocytopenia, after CAR-T therapy. This approach could help overcome certain limitations of cellular immunotherapy
by enhancing hematopoietic recovery without compromising the efficacy of CAR-T cells.

Highlights

1 Cytopenia is a frequently observed adverse effect following CAR-T therapy, and it is often characterized by bipha-
sic and prolonged patterns.

2 MSCs play a critical role in promoting hematopoietic recovery and mitigating bone marrow damage in a murine
model of CAR-T therapy
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Clinical features of
post-CAR-T cytopenias

Generation and validation of murine CAR-T and MSCs

3 The activity and antitumor efficacy of CAR-T cells were not impaired by MSCs.
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Effects of MSCs on hematopoietic reconstitution
and injury following CAR-T therapy in mice
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Introduction

T cells genetically engineered to express chimeric antigen
receptor (CAR) comprising of antigen recognition region
and T cell signaling domains, known as CAR-T cells,
could identify and eliminate tumor cells expressing
specific antigens [1]. The efficacy of CAR-T therapy in
hematological malignancies, especially in B-cell and
plasma-cell malignancies, has been validated in a great
number of clinical trials and real-world practices in
recent years [2, 3]. Cytopenia is one of the most frequent
adverse effects after CAR-T therapy. According to our
previous clinical studies, cytopenias were observed
in 100% and 82.4% of patients in anti-CD19 [4] and
anti-BCMA [5] CAR-T therapies, respectively. In our
subsequent systematic analysis involving 68 studies
(n=2950) of anti-CD19 CAR-T therapies, the overall
incidence of anemia, thrombocytopenia, neutropenia,
and lymphopenia and were 65%, 55%, 78%, and 70%,
respectively [6]. Post-CAR-T cytopenias, compared
to those caused by conventional therapies such as
chemotherapy and radiotherapy, present with a longer
duration and a biphasic pattern, characterized by the
reappearance of cytopenias after an initial recovery
[7, 8]. The mechanism of cytopenias following
CAR-T therapy has not been fully elucidated. Prior

therapy such as chemotherapy, immunotherapy, and
hematopoietic stem cell transplantation (HSCT), along
with lymphodepletion chemotherapy, could impair the
bone marrow microenvironment, especially in heavily
pre-treated patients [9]. Moreover, the robust immune
response triggered by CAR-T cell infusion, involving
the activation of monocytes, macrophages, and CAR-T
cells themselves, may further disrupt bone marrow
homeostasis [8, 10, 11]. Nevertheless, the incidence
and pattern of post-CAR-T cytopenias vary across
studies [12—15], warranting further research for a better
understanding of this phenomenon.

Despite the wuse of blood transfusion and
hematopoietic growth factors or agonists, which
can provide some relief for cytopenia and promote
hematopoiesis to some extent, post-CAR-T cytopenia
remains an intractable issue globally, significantly
affecting patients’ quality of life [16], indicating a need
for effective therapeutic interventions. Mesenchymal
stem cells (MSC), a population of pluripotent stem
cells with multilineage differentiation capacity, possess
remarkable qualities such as immunomodulatory and
regenerative properties, low immunogenicity, extensive
sources, and simple preparation [17]. Notably, MSCs
play a pivotal role in the formation of bone marrow
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(BM) microenvironment through their capacity to
differentiate into non-hematopoietic components
and exert extensive immunoregulatory effects [18].
Studies have demonstrated that MSCs contribute to
the maintenance and expansion of hematopoietic stem
cells (HSCs) within the BM microenvironment [19, 20].
Moreover, MSCs have shown efficacy in facilitating
HSCs engraftment and promoting hematopoietic
recovery in HSCT, as well as alleviating BM injury and
graft-versus-host disease (GvHD) [21, 22]. Given the
potential detrimental effects of CAR-T therapy on the
hematopoietic niche, we hypothesize that MSCs could
serve as a promising therapeutic strategy to ameliorate
BM impairment and enhance hematopoietic recovery
following CAR-T therapy.

Hence, this study aims to to analyze single-center
data to depict the characteristics of post-CAR-T
cytopenias and identify the factors that influence their
occurrence, thereby enabling a better understanding
and management of CAR-T therapy-related cytopenia.
Additionally, we intend to investigate the potential
effects of MSC on ameliorating bone marrow injury
and facilitating hematopoietic reconstruction in a
murine CAR-T therapy model. This investigation holds
the potential to deepen our comprehension of post-
CAR-T cytopenias and offer valuable insights for the
development of novel therapeutic interventions.

Materials and methods

Study population and criteria for cytopenia grading

A total of 26 patients with relapsed/refractory (R/R)
aggressive B-cell lymphoma who received CAR-T
therapy at the First Affiliated Hospital of Nanjing
Medical University from April 2017 to May 2023 were
retrospectively enrolled. All patients were followed
up until June 2024, with a median follow-up time
of 41 months (range, 1-67 months). This study was
conducted in accordance with the Declaration of
Helsinki and approved by the Institutional Review
Boards of the First Affiliated Hospital of Nanjing
Medical University Ethics Committee (No. 2019-
SR-335 and 2019-MD-512). Informed consents were
obtained before enrollment.

Cytopenias following CAR-T therapy was graded
according to the Common Terminology Criteria for
Adverse Events (CTCAE) Version 5.0 establish by
National Cancer Institute (NCI). Cytopenias that
persisted for >28 days were defined as prolonged
cytopenia, and those that emerged on or after day 28
after infusion were defined as late-onset cytopenia. The
reappearance of cytopenias subsequent to the recovery
from early cytopenias was defined as biphasic cytopenia.
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Animals

BALB/c mice, aged 6 weeks and weighing 19-21 g,
were obtained from Vital River Laboratory Animal
Technology (Zhejiang, China). All animal care and
experimental procedures complied with the standards
of Animal Welfare for the Care and Use of Laboratory
Animals of Nanjing Medical University, and were
approved by Institutional Animal Care and Use
Committee (IACUC) of Nanjing Medical University
(No. 2201014). The work has been reported in line
with the ARRIVE guidelines 2.0. The mice in this study
were anesthetized using an intravenous injection of
pentobarbital sodium. For specimen collection, mice
were euthanized by cervical dislocation following
intravenous injection of pentobarbital sodium
anesthesia. At the experimental endpoint, mice were
humanely euthanized using carbon dioxide inhalation.

Generation of anti-mouse CD19 CAR-T cells

The anti-mouse CD19 CAR vector was kindly provided
by Dr. Guang Hu from Iaso Biotherapeutics Co. Ltd.
(Nanjing, China). The CAR was composed of the
anti-mCD19 scFv linked to the murine CD8a hinge/
transmembrane region, along with intracellular murine
CD28 and CD3( signaling domains. The CAR construct
was cloned into the pMYs-GFP-retroviral vector
backbone. To generate the y-retrovirus, Platinum-E
cells (Cell Biolabs, Inc, CA, USA), serving as retroviral
packaging cell, were transient transfected with the
anti-mCD19 CAR vector using Lipofectamine 3000
(Invitrogen, CA, USA). The viral supernatants were
collected at 48 h after transfection.

Splenocytes from BALB/c mice were isolated
by passing through a 70 pm-pore strainer, and
mononuclear splenocytes were obtained by the density
gradient centrifugation over Mouse Lymphocyte
Separation Medium (Dakewe Biotech, Shenzhen,
China). CD3* T cells from mononuclear splenocytes
were purified using Mouse CD3e MicroBead Kit
(Miltenyi Biotec, Bergisch Gladbach, Germany)
according to the manufacturer’s instructions. T cells
were cultured in X-VIVO 15 medium (Lonza, MD,
USA) with 10% Fetal Bovine Serum (FBS) (Gibco,
NY, USA), 100 U/mL interleukin (IL)-2 (SL Pharm,
Beijing, China), 2 mM L-Glutamine (Gibco, NY, USA),
and subsequently activated by Dynabeads Mouse
T-Activator CD3/CD28 (Gibco, NY, USA). After 24 h
of activation, mouse T cells were transduced with
y-retrovirus. Transduction efficiency was analyzed by
green fluorescent protein (GFP) detection using flow
cytometry.
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Isolation, culture and identification of bone marrow MSCs
Mouse bone marrow MSCs were isolated and cultured
as previously described [23]. In brief, the femurs of
BALB/c mice were dissected by cutting at the joints
following disassociation of muscles and ligaments.
The bone marrow in the femur was flushed out using a
23-gauge needle attached to a syringe containing MEMa
(Gibco, NY, USA) and purified by a 70 um-pore strainer
(Corning, NY, USA). Bone marrow cells were seeded on
95 mm culture dishes at a density of 2.5x10° cells per
square centimeter with complete MEMa medium at
37°C in 5% CO,. Nonadherent cells were removed after
24 h, and when 70-90% confluence was reached, cells
were digested with trypsin and passaged at a ratio of
1:3. Phenotypic characteristics of MSCs were identified
by flow cytometry. For all following experiments, MSCs
were used at passage 4.

Flow cytometry

To detect the phenotypic characteristics of MSCs, cells
were labeled with the following antibodies: PE-conjugated
anti-mouse CD34 (clone: HM34), FITC-conjugated anti-
mouse CD45 (clone: 30-F11), PE/Cyanine7-conjugated
anti-mouse Sca-1 (clone: D7) and APC-conjugated
anti-mouse/human CD44 antibodies (clone: IM?7).
CAR expression was determined by the positive rate of
GFP. To detect the degranulation of CAR-T cells, cells
were labeled with PE/Cyanine7-conjugated anti-mouse
CD107a (clone: 1D4B). For the detection of HSCs, bone
marrow cells are labeled with the following antibodies:
FITC-conjugated anti-mouse CD3e (clone: 145-2C11),
FITC-conjugated anti-mouse/human B220 (clone:
RA3-6B2), FITC-conjugated anti-mouse/human CD11b
(clone: M1/70), FITC-conjugated anti-mouse Gr-1 (clone:
RB6-8C5), FITC-conjugated anti-mouse TER-119 (clone:
TER-119), PE/Cyanine7-conjugated anti-mouse Sca-1
(clone: D7), Brilliant Violet 421-conjugated anti-mouse
c-Kit (clone: 2B8), PE-conjugated anti-mouse CD150
(clone: TC15-12F12.2), APC-conjugated anti-mouse
CD48 (clone: HM48-1). All antibodies were obtained
from Biolegend (CA, USA) and used according to the
manufacturer’s instructions. To assess the proliferation
of CAR-T cells, cells are prelabeled with CellTrace Violet
Dye (Invitrogen, CA, USA).

Data were collected using MACS Quant Analyzer 10
(Miltenyi Biotec, Bergisch Gladbach, Germany), and
were analyzed with the FlowJo Software (Version 10.0)
(TreeStar).

Degranulation and proliferation assay
MSCs were seeded into 96-well plates, and the
degranulation assay was performed once the cell
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confluence reached 80-90%. Subsequently, 1x10°
CAR-T cells+1x10° A20 cells (Cobioer Biosciences,
Nanjing, China) were seeded in the wells with or without
MSCs. The cells were co-incubated in the presence
of 1:50 anti-mouse CD107a antibody and Monensin
(Biolegend, CA, USA) for 6 h, and the expression of
CD107a was detected by flow cytometry.

MSCs were seeded into 6-well plates, and proliferation
assays were performed when 60-70% confluence was
reached. CAR-T cells were labeled with 5 mM CellTrace
Violet Dye, followed by the incubation with X-VIVO
15 medium (containing 5% FBS) to remove free dye
remaining in the solution. Pelleted cells were resuspend
in complete X-VIVO 15 medium. 1x10° CAR-T cells
were co-cultured with 1x10° A20 cells in the presence
or absence of MSCs. The CellTrace Violet fluorescence
intensity of CAR-T cells was detected by flow cytometry
with 405 nm excitation.

Cytolysis assay

CAR-T cells were co-cultured with adherent MSC until
the MSCs reached 60-70% confluence. After 72 h, the
co-cultured cells were harvested. Subsequently, 1x10*
luciferase-expressing A20 cells (A20-Luc) (referred to
as target cell, T for short) were plated in triplicate in
U-bottom 96-well plates and co-incubated with CAR-T
cells (referred to as effector cell, E for short) at different
effector: target cell (E: T) ratios for 12 h. The luciferase
assay was performed using the VivoGlo Luciferase
Assay system (Promega, Madison, WI, USA) as per the
manufacturer’s instructions.

Syngeneic mouse model of CAR-T therapy and MSCs
infusion

BALB/c mice were subjected to 3 Gy total body
irradiation followed by the engraftment of 2x10° A20
cells at left flank via subcutaneously injection in a volume
of 200 pL. CAR-T therapy was performed when tumor
size reached approximately 300-350 mm?. The mice were
randomly grouped and received daily intraperitoneal
injections of 100 mg/kg cyclophosphamide and 30 mg/
m? fludarabine for 3 consecutive days (day —4 to day
—2). One day after chemotherapy, 5x10° CAR-T cells
were administered intravenously by tail vein injection
(day 0). At the same time, an equal volume of PBS was
injected into mice to serve as preconditioning control
(Pre-Control). On day 1 post CAR-T infusion, 2x10°
MSCs were intravenously injected via the tail vein
(CAR-T+MSC), while an equal volume of PBS was
injected to mice to serve a control (CAR-T). Normal
health mice without any treatment served as normal
control (NC).
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Analysis of complete blood count and bone marrow HSCs
in mice

On day 10 (D10) and day 20 (D20) following CAR-T
therapy, peripheral blood samples were collected from to
perform a complete blood count test. At the same time,
the left femur was isolated, and all bone marrow cells in
it were flushed out as described above. Subsequently, the
number of nucleated cells in the bone marrow of a single
femur was analyzed under a microscope. The remaining
bone marrow cells were incubated with red blood
cell lysis buffer (Solarbio, Beijing, China), followed by
precise antibody staining against specific lineage markers
(CD3e, B220, CD11b, Gr-1 and TER-119) and progenitor
markers (Sca-1, c-Kit, CD150 and CD48). HSCs and their
subpopulations were detected by flow cytometry [24].

10 H&E staining of bone marrow

On days 10 and 20 after CAR-T therapy, the right femur
of mice was isolated and fixed with a formaldehyde
solution.  Subsequently, the samples underwent
decalcification using an ethylene diamine tetraacetic
acid (EDTA) solution and were then dehydrated, paraffin
embedded and sectioned at a thickness of 3 pm. After
that, the tissue slides were dewaxed, rehydrated, and
stained with hematoxylin and eosin. The histological and
morphological changes were evaluated using an optical
microscope.

11 quantitative real-time polymerase chain reaction (PCR)
Total RNA was extracted from BM cells with Trizol
(Invitrogen, CA, USA) and cDNA was synthesized
with HiScript III RT SuperMix reverse transcription
kit (Vazyme, Nanjing, China). ChamQ SYBR qPCR
Master Mix kit (Vazyme, Nanjing, China) was used
for quantitative PCR to detect the expression of target
genes, which was performed on StepOne Real-Time PCR
System (Applied Biosystems, CA, USA). The specificity
of the PCR product was verified by analyzing the melting
curve. B-actin was used as an internal control, and the
relative mRNA expression of target genes was analyzed
using the 2724 method. Primers for target genes were
listed in Supplementary Table 1.

12 statistical analysis

Variables that conformed to normal distribution were
analyzed by Student’s ¢ test or ANOVA, and Mann-
Whitney U or Kruskal-Wallis tests were used for
analyzing variables that did not comply with normal
distribution. Progression-free survival (PFS) and overall
survival (OS) were plotted as Kaplan-Meier curves
and were compared using the log-rank test. The factors
influencing the occurrence of various types of cytopenias
were analyzed using a logistic regression model.
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Statistical analysis was performed by SPSS (Version 23.0)
or GraphPad Prism (Version 8.0). All tests were two-
sided, and P<0.05 was considered statistically different.

Results

Clinical characteristics of patients underwent CAR-T
therapy

A total of 26 patients, including 17 male and 9 female,
with a median age of 52.5 years (range: 22-71), were
enrolled in this study. All patients were diagnosed
with aggressive B-cell lymphoma, with 20 cases
of diffuse large B-cell lymphoma (DLBCL), 1 case
of high-grade B-cell lymphoma, 1 case of primary
mediastinal large B-cell lymphoma (PMLBL), and 4
cases of Richter transformation (3 cases were previously
follicular lymphoma, and 2 cases were previously
small lymphocytic lymphoma). Five cases (19.2%) were
classified as stage III according to the Lugano staging
system, while 17 cases (65.4%) were stage IV. Six patients
(23.1%) presented with B symptoms. The median
International Prognostic Index (IPI) was 2 (range:
0-5), and the median Eastern Cooperative Oncology
Group (ECOGQG) performance status was 0 (range: 0—4).
Bone marrow involvement was observed in 8 cases
(30.8%), and the median Ki-67 index was 72.5 (range:
30-90). Patients had received a median of 3 prior lines
of treatment (range: 1-8). Six patients (23.1%) had
undergone autologous stem cell transplantation (ASCT),
while 12 patients (46.2%) received bridging therapy. The
pre-conditioning regimens consisted of 21 cases (80.8%)
using the FC regimen and 5 cases (19.2%) using the
BEAM regimen.

Eighteen patients (69.2%) received anti-CD19 CAR-T
therapy, while eight patients (30.8%) received anti-CD20
CAR-T therapy. The median time from disease diagnosis
to CAR-T therapy was 12.5 months (range: 3-104).
Twenty patients experienced cytokine release syndrome
(CRS), with a median CRS grade of 1 (range: 0-2), and
there were no cases with grade>3 CRS. One patient
(3.8%) developed immune effector cell-associated
neurotoxicity syndrome (ICANS). After treatment,
16 patients (61.5%) achieved a best response of partial
response (PR) or better, while 8 patients (30.8%) achieved
a best response of complete response (CR) or better. The
median PFS was 3.5 months and the median OS was13.5
months.

Features of cytopenias following CAR-T therapy

The incidence of all grades of anemia, thrombocytope-
nia, neutropenia, and lymphopenia after CAR-T infu-
sion were 92.3%, 69.2%, 76.9%, and 100%, respectively,
and the corresponding incidence of grade >3 cytopenia
was 26.9%, 34.6%, 65.4%, and 69.2% (Fig. 1A). All patients
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Fig. 1 Clinical characteristics of cytopenias in patients with aggressive B-cell lymphoma underwent CAR-T therapy. (A) Occurrence of cytopenias
in different lineages. (B) Number of lineages affected by cytopenias. (C) Incidence of different patterns of cytopenias. (D) Comparison of cytopenias

in different lineages among three patterns of cytopenia

experienced cytopenias to different extent, with complete
lineage involvement in half of the patients. Grade>3
cytopenias were observed in 88.46% of the patients, with
most cases exhibiting cytopenias involving only two or
fewer lineages (Fig. 1B).

Three distinct patterns of cytopenias, including
prolonged cytopenia, late-onset cytopenia and biphasic
cytopenia, were evaluated to gain a more detailed
understanding of post-CAR-T cytopenias (Fig. 1C, D).
The incidence rates of grade>3 prolonged cytopenia,
late-onset cytopenia, and biphasic cytopenia were 42.3%,
53.8%, and 26.9%, respectively. Anemia is most frequent
in all grades of prolonged cytopenia, whereas the most
common type of grade>3 prolonged cytopenia was
neutropenia. Late-onset neutropenia had the highest
incidence rate at 73.1%, with 50% of cases reaching
grade>3 severity. In contrast, late-onset cytopenias
in the erythroid lineage, megakaryocytic lineage, and
lymphoid lineage had relatively lower and similar
incidence rates. Similarly, neutropenia was also the most
common type of late-onset cytopenia, with incidence
rates of 42.3% for all grades and 23.1% for grade>3.
However, no cases of biphasic anemia were observed in
any of the patients.

Survival analysis

To further elucidate the impact of cytopenias on patient
prognosis following CAR-T therapy, and considering the
high occurrence rate of all grade cytopenias, we analyzed
the prognostic significance of grade>3 cytopenias fol-
lowing CAR-T infusion. Survival analysis revealed that
post-CAR-T therapy anemia had minimal impact on

overall survival. However, it appears that thrombocyto-
penia tends to indicate a poorer prognosis. Interestingly,
in contrast, neutropenia and lymphopenia following
CAR-T therapy appeared to be associated with a favora-
ble prognosis (Fig. 2A).

Analysis of factors influencing the occurrence

of post-CAR-T cytopenia

To further analyze the clinical parameters influencing the
occurrence of cytopenias after CAR-T therapy, logistic
regression models were utilized to identify the significant
factors. It was revealed that pre-infusion cytopenias,
grade>2 CRS, bridging therapy, higher ECOG
performance status, and B symptoms were statistically
significant risk factors for post-CAR-T cytopenias.
Conversely, separate infusions, male gender, higher IPI,
higher staging, and higher Ki67 index were identified
as statistically significant protective factors (Fig. 2B,
Supplementary Table 2).

Identification of murine anti-mCD19 CAR-T cells

and murine bone marrow MSCs

Murine anti-mCD19 CAR-T (mCAR-T) cells were
generated by y-retroviral transduction and the trans-
duction efficiency was verified to be 18.6% by flow
cytometry (Fig. 3A, left). Degranulation assay was sub-
sequently performed and it was validated that mCAR-
T cells were specifically activated by CD19" A20 cells
for degranulation (Fig. 3A, right). Murine MSCs were
isolated from bone marrow, and a number of spindle-
shaped and colony-like adherent cell were observed
on day 3 of culture, while cells were heterogeneous
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analysis

in shape. The number and size of colonies increased
gradually and the adherent cells were passaged. By
Passage 4, the cells exhibited a uniform spindle-shaped
morphology (Fig. 3B), and flow cytometry analysis
revealed that MSC-specific antigen including Sca-1
(96%) and CD44 (93.9%) were highly expressed on

these cells, whereas hematopoietic marker including
CD45 (0.41%) were CD34 (1.19%) were not expressed
(Fig. 3C).
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Function and proliferation of mCAR-T cells were
not impaired by MSCs in vitro
Given that MSCs are significant immune regulatory cells,
the function and proliferation of mCAR-T cells were
detected in the presence of MSC to determine whether
the activity of CAR-T cells would be influenced by MSCs.
Cytolysis assay of CAR-T cells was based the
quantification of luminescence generated by the reporter
genes Luciferase in tumor cells, and the analysis of the
cytolysis assay showed that MSCs did not affect the
in vitro killing function of mCAR-T cells (Fig. 3D).
Consistently, degranulation assays performed by
detecting CD107a expression indicated that MSCs did
not impact the degranulation of CAR-T cells (Fig. 3E).
In addition, the proliferation of CAR-T cells was not
influenced by the presence of MSCs (Fig. 3F).

Mouse model of CAR-T therapy and MSCs infusion

Immunocompetent syngeneic murine models were
established on BALB/c mice by infusing tumor cells (A20
cells), CAR-T cells and MSCs with common BALB/c
backgrounds. Prior irradiation was conducted to induce

the bone marrow injury, in addition to allowing a higher
tumorigenesis rate. A flowchart of the mouse model was
presented in Fig. 4A. CAR-T therapy elicited reduced
activity, general presentation of malaise, and weight
loss in mice, which gradually alleviate 7 to 10 days after
CAR-T infusion. However, the introduction of MSCs had
no impact on the activity or weight of the mice (Fig. 4B)
or on the in vivo antitumor effects of the CAR-T cells
(Fig. 4C).

Elevated platelet count and hemoglobin post MSC infusion
Complete blood count tests were performed on D10 and
D20 following CAR-T infusion. The pre-conditioning,
including irradiation and lymphodepletion, resulted in
pancytopenias on D10, which were further exacerbated
by CAR-T infusion. The addition of MSCs infusion to
CAR-T therapy gave rise to a significantly higher platelet
count (P<0.05) and a slightly elevated hemoglobin level
(P=0.058) on D10, while no differences were observed
on D20. However, the addition of MSC had no effect on
the total white blood cell (WBC) count or the counts and
proportions of WBC subgroups on both D10 and D20
(Fig. 4D, E).
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Alleviated bone marrow injury after MSCs infusion

In order to evaluate the pathologic changes of bone mar-
row after CAR-T therapy, H&E staining of bone marrow
was performed following CAR-T infusion (Fig. 5A). On
D10, the CAR-T group showed hemorrhagic bone mar-
row with more cavity and fewer nucleated cells, as well
as reduced and morphologically abnormal megakaryo-
cytes. Hemorrhage and cavity were also observed in the
CAR-T + MSC group on D10, whereas present with a less
severe injury. By D20, the number of bone marrow cells
appeared to be increased in all the intervention groups.
The impairment was alleviative on D20 in the CAR-T
group compared with D10, while the hematopoietic tis-
sues were loose and less recognized. The number of
nucleated cells in the CAR-T +MSC group was signifi-
cantly greater than that in the CAR-T group on D20.

3.10 MSC infusion augmented the HSC and long-
term HSC subpopulation.

The number of bone marrow nucleated cells (BMNC)
were analyzed by counting nucleated cells in the unilateral
femur and the HSCs were detected by flow cytometry
using the gating strategy presented in Fig. 5B. We found
that CAR-T infusion did not affect the BMNC count, yet
boosted the number and proportion of LSK (Lin~ Sca-1"
c-Kit™), which is the HSCs in mice (Fig. 5C). Following
analysis of LSK subpopulations were performed by flow
cytometry to identify long-term HSC (LT-HSC) (CD150*
CD48- LSK), short-term HSC (ST-HSC) (CD150-
CD48- LSK) and multipotent progenitor cells (MPP)
(CD150— CD48% LSK) as described in previous study

[24]. It was shown that CAR-T infusion contribute to
the elevation of the long-term HSC subpopulation on
both D10 and D20 (Fig. 5D-E). Taken together, these
data demonstrated that MSCs induce the boost of HSCs
and the long-term subpopulation therein directly and
effectively.

11 effect of MSCs on mRNA expression

of hematopoiesis-related genes

Considering the molecular regulation of hematopoiesis
by the growth factors and transcription factors [25],
relative mRNA expression of hematopoiesis-relevant
genes including IL-6, CXCL12, G-CSE, M-CSE, NF-E2,
PU.1, and GATA1 of bone marrow cells were determined
by quantitative real-time PCR. As seen in Fig. 5F, mRNA
level of CXCL12 and NF-E2 in bone marrow cells were
significantly increased after MSC treatment (P<0.05)
on D10 post-CAR-T infusion. By D20 after CAR-T
infusion, the expression of CXCL12 was still higher in the
MSC+ CAR-T group than that in the CAR-T group.

Discussion

Cytopenia is one of the most common adverse events
in CAR-T therapy [26]. In this retrospective study
on CAR-T therapy for aggressive B-cell lymphoma,
all patients experienced cytopenia following CAR-T
infusion, with 80.5% developing grade>3 cytopenia.
The most frequently observed grade>3 cytopenias
were lymphopenia and neutropenia, accounting for
approximately two-thirds of cases. Notably, these
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cytopenias predominantly exhibited recovery over
time, suggesting that lymphopenia and neutropenia
may be primarily associated with the conditioning
chemotherapy regimen. It is interesting to note that post-
CAR-T neutropenia and lymphopenia tend to indicate
a better prognosis, aligning with previous studies that a
more effective lymphodepletion regimen predicts better
CAR-T engraftment and stronger anti-tumor effects
[27]. Fortunately, neutropenia following CAR-T therapy
can be effectively managed with G-CSF, GM-CSE,
and other interventions, thereby reducing the risk of
complications such as infections. However, sustained
immune suppression caused by lymphopenia and its
potential consequences, especially under more potent
lymphodepletion regimens, require close attention.
Anemia is common following CAR-T infusion, but it
is mostly mild (Hb>90 g/L), and tends to recover over
time. Thrombocytopenia, particularly grade >3 throm-
bocytopenia, occurs less frequently compared to neu-
tropenia and lymphopenia. However, late-onset and

prolonged thrombocytopenia have higher incidence
rates, with some patients experiencing long durations
of thrombocytopenia, significantly increasing the risk
of bleeding and impacting their quality of life. Previous
studies have shown that 44% of patients still had throm-
bocytopenia 42 days after CAR-T therapy [8]. Another
long-term follow-up study on anti-CD19 CAR-T ther-
apy revealed that on the 360th day post-CAR-T infu-
sion, 67.7% of patients still exhibited varying degrees
of cytopenia, with a thrombocytopenia incidence of
38.7% [28]. In our study, patients with thrombocyto-
penia tended to have a poorer overall survival. Larger
studies have confirmed that patients with prolonged
thrombocytopenia following CAR-T infusion have
worse outcomes [7, 29]. Hence, the extended duration
of thrombocytopenia and its impact on patient prog-
nosis pose urgent challenges that need to be addressed
following CAR-T therapy.

Logistic regression analysis identified pre-infusion
cytopenias, grade>2 CRS, higher ECOG performance
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status, and B symptoms as significant risk factors for
post-CAR-T cytopenias. Furthermore, our previous
systematic analysis indicated that young age, extensive
prior treatments, and the use of CAR-T products with the
CD28 costimulatory domain or dual-targeting were risk
factors for post-CAR-T cytopenia [6]. This highlights the
significant challenge of cytopenia in patients undergoing
CAR-T therapy, particularly for those with high-risk
factors such as female gender, pre-existing cytopenias,
poor physical condition, multiple lines of therapy, and the
presence of CRS. Therefore, effective strategies to address
cytopenia following CAR-T therapy are crucial.

Given the critical role of MSC in the constitution
and reconstruction of BM microenvironment [18, 30],
we explored whether MSCs infusion could ameliorate
hematopoietic injury following CAR-T therapy. We were
excited to find that MSC infusion could accelerate the
reconstruction of platelet and hemoglobin, ameliorate
bone marrow injury, and boost HSCs and their long-
term subpopulations. The long-term HSCs represent
a population with a higher capacity for self-renewal,
proliferation, and differentiation, suggesting a positive
contribution of MSC to hematopoiesis.

As a significant immunomodulatory component [17],
the concern that MSC infusion might impair CAR-T
cell activity and efficacy needs to be addressed. Our
findings indicate that MSCs do not impair the function
and proliferation of CAR-T cells in vitro and do not
compromise the anti-tumor efficacy of CAR-T cells in
mice. Significantly, considering the observed correlation
between post-CAR-T neutropenia and lymphopenia and
favorable patient outcomes in our study, we conducted
subsequent analyses on animal experiment data. It was
revealed that MSC infusion primarily facilitated the
reconstitution of the erythroid and megakaryocytic
lineages in CAR-T treated mice, without affecting the
recovery of neutrophil and lymphocyte. In light of these
properties, MSCs infusion is unlikely to affect the efficacy
of CAR-T therapy, demonstrating the feasibility of MSCs
application in CAR-T therapy.

Hematopoiesis is a long and intricate journey regulated
by various factors [25]. In an effort to identify the
mechanisms by which MSCs facilitate the hematopoiesis
after CAR-T therapy, we analyzed the expression
of hematopoiesis-related genes and found elevated
expression of CXCL12 and NF-E2 after MSC treatment.
C-X-C motif chemokine ligand 12 (CXCL12), also
known as stromal cell-derived factor 1 (SDF-1), is mainly
secreted by bone marrow stromal cells and mediates the
homing of HSCs to the BM via the CXCL12/CXCR4
axis, maintenaning HSCs in the BM microenvironment
[31, 32]. Nuclear factor erythroid derived 2 (NF-E2) is
a transcription factor regulating megakaryopoiesis and
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erythropoiesis [33, 34], and mice lacking NF-E2 exhibit
profound thrombocytopenia and anemia [35]. It is thus
speculated that MSCs may promote hematopoietic
reconstitution after CAR-T therapy by upregulating
CXCL12 and NF-E2. Continued efforts are warranted
to verify this hypothesis through innovative techniques
such as single-cell sequencing, thus paving the way for
better understanding and clinical practice of MSCs in
CAR-T therapy.

Currently, clinical management of post-CAR-T
cytopenias includes transfusions for anemia, G-CSF
and GM-CSF for neutropenia, and TPO and TPO
receptor agonists for thrombocytopenia. While
MSCs have certain limitations compared to existing
therapies, they also offer distinct advantages. Firstly,
although MSCs can be derived from various tissues,
their finite replicative capacity and lack of immortality
require reliance on human tissue sources, restricting
large-scale, standardized industrial production
and introducing heterogeneity due to tissue source
differences and processing methods. However, recent
research indicates limited heterogeneity among MSCs
from different sources by single-cell transcriptomic
analysis [36], and as manufacturing processes mature,
scalable and standardized production issue may be
resolved in the future. Secondly, compared to the
current clinical methods for addressing cytopenias,
MSCs pose challenges of complex procedures and
higher costs but possess advantages that current
treatments lack. Existing growth factors or agonists
sometimes only provide short-term promotion of
hematopoiesis, and discontinuation of these therapies
results in recurrent cytopenia. As stem cells, MSCs can
promote hematopoietic reconstruction and immune
regulation, potentially offering a curative approach for
post-CAR-T cytopenias, reducing the inconvenience,
high cost, and uncertainty of long-term drug use.
Thirdly, although there are concerns about the safety
of MSC applications in terms of immunogenicity, such
as potential foreign-body responses triggered by the
host immune system [37] and the risks of mutations
or abnormal changes during in vitro expansion and
culture, large-scale data do not currently indicate clear
tumorigenicity. Moreover, extensive clinical research
has validated the safety of MSCs in many clinical
studies [38, 39]. Existing therapies, in fact, carry their
own risks, including the potential for undetermined
pathogen transmission through blood transfusions and
adverse effects such as thrombosis, organ dysfunction,
and pain associated with the use of growth factors or
stimulants. Therefore, to comprehensively evaluate the
safety of MSCs in comparison to existing treatments,
further large-scale clinical studies are warranted.
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Finally, it is important to acknowledge that there is still
a considerable gap between the findings obtained from
animal experiments and their translation into clinical
practice. Fortunately, there is a wealth of clinical
research on the application of MSCs in GVHD, which
provides valuable references for the preparation of bone
marrow-derived MSCs and the administration of MSC
infusions in patients with hematological malignancies.

Conclusion

To conclude, while CAR-T therapy has emerged as a novel
and effective treatment for hematologic malignancies,
its adverse effects remain unavoidable. Cytopenia is the
most common adverse event following CAR-T therapy,
with thrombocytopenia being particularly significant due
to its prolonged duration, increased bleeding risk, and
association with poor prognosis. Our research shows that
MSC infusion could enhance hematopoietic recovery,
particularly in the megakaryocyte lineage, mitigate
bone marrow damage, and does not impair the activity
or antitumor efficacy of CAR-T cells. This provides a
potentially new and effective solution to ameliorate
cytopenia following CAR-T therapy, thereby maximizing
the advantages of cellular immunotherapy.
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