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® UC-MSC intravenous transplantation was well tolerated in
subacute ischemic stroke patients

® No serious adverse events occurred

® Possible treatment-related adverse events like epilepsy were
reported

® Patients showed functional improvement during follow-up
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SUMMARY

Umbilical cord-derived mesenchymal stem cells (UC-MSCs) hold promise as a potential therapy for
ischemic stroke, but the optimal transplantation strategy remains to be explored. This open-label, sin-
gle-arm, phase 1 study enrolls 18 patients with subacute ischemic stroke and National Institutes of Health
Stroke Scale (NIHSS) scores of 6-20 (median, 9; interquartile range, 8-12). The patients receive a single
intravenous transplantation of 50, 100, or 200 million UC-MSCs (n = 6 for each dose) and are followed for
24 weeks. The primary outcome is safety and tolerability, with secondary assessment of preliminary effi-
cacy and exploratory analyses of immunological changes. Possible treatment-related adverse events
include dizziness, nausea, sweating, fatigue, and epilepsy. No serious adverse event occurs. A reduction
in NIHSS score by 1-5 points is observed in 14 patients during follow-up. In conclusion, intravenous admin-
istration of UC-MSCs is well-tolerated in subacute ischemic stroke. The trial is registered on ClinicalTrials.

gov (NCT05697718).

INTRODUCTION

Stroke is one of the leading causes of death and a major cause of
disabilities in the world. Ischemic stroke accounted for 62.4% of
all global stroke cases in 2019, and its global age-standardized
incidence rate is estimated to increase to 89.32 per 100,000 in
2030.? Effective treatments for ischemic stroke are currently
limited. The therapeutic time window of reperfusion therapies
(intravenous thrombolysis and mechanical thrombectomy) in
the acute stage is relatively narrow, leaving many patients un-
treated, while rehabilitation is the only established treatment op-
tion during the recovery period.® Therefore, there is an urgent
need for new effective therapeutic strategies to mitigate the pa-
tients’ neurological deficits after ischemic stroke and enable
them to return to their premorbid societal role.

Cell-based therapies are one of the most promising innovative
strategies for the treatment of ischemic stroke. Positive effects of

)

Gheck for
Updates

cell transplantation after stroke, including mesenchymal stem
cells (MSCs), have been shown in numerous animal studies.**
Potentially underlying therapeutic mechanisms of cell therapy
comprise immune modulation, neuroprotection, promotion of
angiogenesis as well as (limited) neurogenesis, and restoration
of neural circuits in the injured brain via paracrine or cell-to-cell
contact mechanisms.*®” However, results from current clinical
studies are less conclusive, although preliminary evidence of ef-
ficacy was seen in some studies.”®'® Therefore, the appropriate
cell transplantation strategy for stroke patients remains to be
determined.

MSCs are the most used cell type with significant clinical po-
tential due to their ease of isolation; lack of significant immuno-
genicity, which allows allogeneic transplantation without immu-
nosuppression; and less ethical restriction.” MSCs can be
isolated from multiple sources such as bone marrow, umbilical
cord, and adipose tissue. MSCs from perinatal tissues or infants
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are considered to exert stronger immunosuppressive effects
and proliferative abilities than bone marrow- or adipose tissue-
derived MSCs from adults, probably due to aging of the
cells."®?° Moreover, the isolation of MSCs from perinatal tissues
such as umbilical cords is easier compared to isolation from
bone marrow or adipose tissue and comes with fewer ethical
concerns due to the lack of invasiveness of the sampling.
Nevertheless, most clinical studies used MSCs from bone
marrow® %1718 or adipose tissue,'"?" while umbilical cord-
derived MSCs (UC-MSCs) have been rarely reported.®?

Most clinical trials investigating cell therapies for ischemic
stroke focus on either the acute (e.g., within 48 h)''~'* or the
chronic stage (>6 months)®'°'%'8; only few studies tested the
safety and efficacy of MSCs during the subacute stage of
ischemic stroke.®'® Moreover, the underlying immunological
changes after MSC treatment for stroke patients are rarely re-
ported.'? An interesting time window for cell therapies to explore
would be the late subacute period (around 3-6 months after the
initial event), during which the functional recovery of the patients
often reaches a plateau despite intensive rehabilitation. MSCs
may further promote the patients’ recovery through their pro-
posed mechanisms, and cell transplantation would be less chal-
lenging at that time because the patients are usually clinically
stable and may be more willing to accept cell therapy as an addi-
tional treatment strategy.

Another undetermined aspect of MSC therapy for ischemic
stroke is the optimal delivery route. MSCs have been administered
via different routes such as intra-arterial, intravenous, and intrale-
sional delivery in preclinical and clinical trials.” Intralesional trans-
plantation can bypass the systemic distribution of the cells, but
the invasive procedure limits its application. Intra-arterial delivery
can increase the homing of infused cells to the brain, but it also
carries the risk for secondary vessel occlusion caused by the
infused cells and the procedure is also relatively invasive.”>*
Intrathecal cell delivery has been rarely used in stroke patients.
Intravenous cell delivery is the most frequently used both in animal
experiments and in clinical trials due to its minimal invasiveness,
simplicity of the procedure, and an excellent safety profile. Prelim-
inary evidence for modest efficacy of intravenous MSC transplan-
tation in stroke patients has also been reported.® """

We conducted this prospective phase 1 clinical study to pri-
marily evaluate the safety and tolerability of intravenous admin-
istration of an off-the-shelf, allogeneic UC-MSC product in pa-
tients with subacute ischemic stroke. A total of 18 patients
were treated across three dose cohorts, enabling assessment
of safety across escalating dose levels. Secondary assessments
included changes in functional outcomes and infarct volume,
while exploratory analyses examined immunological profiles
such as cytokines, lymphocyte subsets, and immunoglobulins
following treatment.

During the study period, no serious adverse event (SAE) was
observed. One patient experienced epileptic seizures after treat-
ment, which were conservatively classified as possibly related
and highlight the need for careful safety monitoring in future
studies. Improvements in functional scores were observed dur-
ing follow-up in patients who completed the final assessment;
however, these findings should be interpreted cautiously given
the open-label, single-arm design.
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RESULTS

Patient characteristics

This open-label, single-arm, single-center, phase 1 study (www.
clinicaltrials.gov, NCT 05697718) was conducted at Xuanwu
Hospital of Capital Medical University. A total of 128 patients
with ischemic stroke were initially screened, of whom 22 patients
were assessed for eligibility. Patients were eligible for inclusion in
the trial if they were 18-80 years of age, experienced an anterior
circulation ischemic stroke confirmed by brain computed to-
mography or MRI 12-24 weeks prior to enrollment, and had a
National Institutes of Health Stroke Scale (NIHSS)*® score of
6-20 at baseline, with NIHSS item 1a <2. A complete list of the
inclusion and exclusion criteria is provided in the supplemental
information.

Eighteen patients (12 males and 6 females, mean age 52.5 +
9.0 years) were enrolled between April 12, 2023, and January
26, 2024, and received a single intravenous infusion of 50, 100,
or 200 million UC-MSCs in a sequential dose-escalation manner
(n =6 for each dose). The study flow chart is shownin Figure 1. All
participants were at 12-24 weeks post-stroke at enroliment, with
a median modified Rankin scale (mRS) score of 4.5 (interquartile
range [IQR], 4-5) and a median NIHSS score of 9 (IQR, 8-12). The
mean interval from stroke onset to UC-MSC administration was
122.2 + 22.7 days. Baseline demographic and clinical character-
istics of all the eligible patients are summarized in Table 1. A
detailed description of each patient’s demographic data upon
enrollment is provided in Table S1.

Primary outcome: Safety and tolerability

All enrolled patients were followed for 24 weeks to assess the
safety and tolerability of UC-MSC treatment, which was the pri-
mary endpoint of this study. Dose-limiting toxicity (DLT) was
defined as any grade 3 or higher adverse event (AE) according
to Common Terminology Criteria for Adverse Events version
5.0 (CTCAE v.5.0) that was deemed at least possibly related to
UC-MSC administration. During the whole course of the study,
a total of 48 AEs were reported, including 30 evaluated as grade
1 and 18 as grade 2 (see Table 2). All patients recovered sponta-
neously or after short-term intervention. No SAE or DLT was
observed after UC-MSC administration. The reported AEs
included pain and swelling of the paralyzed limb, alanine amino-
transferase elevation, accidental falls, hypoglycemia, constipa-
tion, and other events, most of which were assessed as unre-
lated or unlikely related to UC-MSC treatment.

Two patients experienced 5 AEs that were classified as
possibly treatment related. One patient (patient 8) developed
transient infusion-related symptoms, including dizziness,
nausea, sweating, and fatigue, which occurred near the end of
infusion and resolved spontaneously within approximately
10 min. Another patient (patient 17), who had a large right hemi-
spheric cortical infarction 103 days prior to treatment, experi-
enced a generalized tonic-clonic seizure 1 day after receiving
200 million UC-MSCs. He was treated with a single intramus-
cular injection of phenobarbital sodium followed by oral levetira-
cetam. The patient experienced two additional generalized
tonic-clonic seizures 81 and 140 days after cell infusion, respec-
tively. Given the temporal proximity to UC-MSC administration,
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Figure 1. Trial profile
(A) The trial flow chart. A total of 128 patients with

79 did not meet the inclusion
criteria after evaluation
27 refused to participate

ischemic stroke were initially screened, and 22
patients were assessed for eligibility. Eighteen
patients were finally recruited with 6 patients
enrolled for each dose group.

(B) The diagram of the study procedure. After

3 with suspected new infarcts
1 infected with syphilis

assessment of eligibility, the patients received cell
infusion. They were followed up for 24 weeks and
observed for tolerance. Clinical scoring, blood
tests, and MRI were performed before and after

cell infusion. Some icons of the figure were
created with BioRender. UC-MSCs, umbilical
cord-derived mesenchymal stem cells; D, days;
W, weeks. See also Figure S9.

protein and albumin after UC-MSC infu-

2 lost to 24-week follow-up
1 in the low-dose group
1 in the high-dose group

sion (p < 0.01), which lasted until the
24-week follow-up, whereas no clinically

A | 128 patients initially screened |
106 excluded
| 22 assessed for eligibility |
4 excluded
I 6 assigned to the low-dose group (cohort 1, 50 x 10° UC-MSCs) |
| 6 assigned to the mid-dose group (cohort 2, 100 x 10 UC-MSCs) |
| 6 assigned to the high-dose group (cohort 3, 200 x 10° UC-MSCs) |
| 18 analyzed for safety and efficacy |
B
———] 200 x 10° UC-MSCs |
[ )

| 100 x 10° UC-MSCs |

—>| 50 x 10° UC-MSCs |

L\.-

Screening Imgxilllon Tolerance observation Follow up

meaningful changes were observed in
liver or kidney function, glucose, uric
acid, or lipid profiles (Figure S4). Addi-
tional evaluations including electrocardi-
ography, brain MRI, and physical exami-
nations revealed no clinically significant
abnormalities following treatment.

Secondary outcome: Preliminary
efficacy
As the secondary endpoints, functional
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this event was conservatively classified as possibly related after
internal review and independent evaluation by the institutional
ethics committee, although cortical infarction is a well-estab-
lished risk factor for post-stroke epilepsy. Corresponding brain

MRI and electroencephalogram findings are shown in
Figure S1. A complete summary of all AEs is provided in
Table S2.

Changes in hemograms, coagulation function, and biochem-
ical parameters were also investigated and analyzed. No signif-
icant changes were observed in any hemograms after cell treat-
ment except for a decrease in the percentage of monocytes
(p < 0.05 at 12 weeks vs. baseline) (see Figure S2). No significant
changes in coagulation function were observed after cell treat-
ment either. A minor, transient elevation in D-dimer level was
noticed in some patients after cell infusion (see Figure S3), but
it was not associated with any clinical symptoms or evidence
of thrombosis. There was a significant increase in serum total

o Clinical scoring

outcomes including the mRS, Barthel in-
dex (Bl), NIHSS, and Fugl-Meyer (FM)
scores, as well as the infarct volume,
were assessed at 12 and 24 weeks after
UC-MSC infusion and compared with
baseline values. The proportions of pa-
tients with Bl = 95 at 12 and 24 weeks
post-treatment were also recorded. All
the patients completed the 12-week
follow-up, and 16 patients completed
the 24-week follow-up. One patient (pa-
tient 16) completed the 24-week follow-up after cell infusion
with only mRS, BI, part of the laboratory tests, as well as brain
MRI being performed. Concomitant pharmaceutical and other
treatments received by the patients are presented in Tables S3
and S4.

Numerical changes in functional scores were observed during
follow-up. At 12 weeks, mRS scores decreased by 1-2 points
(mean = SD, 0.9 + 0.6) from baseline in 14 of 18 patients, and
at 24 weeks (1.0 = 0.6), in 13 of 16 patients. NIHSS scores
showed absolute decreases of 1-6 (1.6 + 1.7) points at 12 weeks
and 1-5 (2.4 + 1.5) points at 24 weeks compared to baseline. FM
scores increased by absolute changes of 2-23 (10.5 + 6.4) points
at 12 weeks and 1-31 (14.7 + 8.0) points at 24 weeks. Bl scores
increased by absolute changes of 5-55 (23.9 + 15.0) points at
12 weeks and 5-55 (31.6 + 15.1) points at 24 weeks, with 3 of
18 patients achieving a Bl = 95 at 12 weeks and 5 of 16 at
24 weeks (Table 3). Individual patient trajectories by dose cohort

e MRI
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Table 1. Baseline characteristics of the patients

Total (n = 18) Low-dose group (n = 6) Mid-dose group (n = 6) High-dose group (n = 6)

Age (years), mean + SD 52.5+9.0 53.0 + 9.1 543 +5.6 50.2 + 12.3
Gender, n (%)

Female 6 (33.3) 3 (50) 2(33.3) 1(16.7)

Male 12 (66.7) 3 (50) 4 (66.7) 5(83.3)
Medical history, n (%)

Atrial fibrillation 5(27.8) 2(33.3) 1(16.7) 2(33.3)

Diabetes mellitus 5(27.8) 2(33.3) 2(33.3) 1(16.7)

Hypertension 13 (72.2) 2(33.3) 5(83.3) 6 (100)

Hyperlipidemia 13 (72.2) 5(83.3) 4 (66.7) 4 (66.7)
Infarct hemisphere, n (%)

Left 9 (50) 4 (66.7) 5(83.3) 0(0)

Right 9 (50) 2(33.3) 1(16.7) 6 (100)
Occlusion site, n (%)

MCA 15 (83.3) 4 (66.7) 6 (100) 5(83.3)

ICA 3(16.7) 2(33.3) 0(0) 1(16.7)
Etiology, n (%)

Atherosclerosis (large artery) 11 (61.1) 2 (33.3) 5(83.3) 4 (66.7)

Cardiogenic embolism 2(11.1) 1(16.7) 0 (0) 1(16.7)

Others 3(16.7) 1(16.7) 1(16.7) 1(16.7)

Unclear 2(11.1) 2(33.3 0(0) 0(0)
Infarct volume (mL), mean + SD 91.6 £ 82.3 110.5 £ 93.8 66.8 + 75.3 97.7 + 85.6
mRS score

Median (IQR) 4.5 (4-5) 5 (4-5) 5 (3.8-5) 4 (3.8-4.3)

Mean + SD 44+07 4705 45+0.8 4.0+0.6
NIHSS score

Median (IQR) 9(8-12) 12 (9-13.3) 10 (6.8-12.3) 8(8-8.3)

Mean + SD 9.7+25 11.2+29 9.7+28 82+04
Barthel index, mean + SD 52.2 £ 20.7 43.3+18.6 433 +17.2 70 £15.8
Fugl-Meyer score, mean + SD 22.7 + 8.1 19.2 + 6.0 20.5+9.6 28.3 £ 6.1
Duration from stroke onset to 1222 +22.7 140.0 £ 21.2 119.8 £ 22.6 106.8 + 10.82

cell infusion (days), mean + SD

MCA, middle cerebral artery; ICA, internal carotid artery; mRS, modified Rankin scale; NIHSS, National Institutes of Health Stroke Scale; IQR, inter-

quartile range; SD, standard deviation.
See also Tables S1, S3, and S4.
b < 0.05: low-dose vs. high-dose group.

and pooled analyses are shown in Figures 2 and S5. No signifi-
cant differences in functional score changes were observed
among dose cohorts, and no time-by-dose interactions were
detected.

Infarct volumes were measured by a trained, blinded rater us-
ing ITK-SNAP software based on the fluid-attenuated inversion
recovery sequence of MRI (Figure S6). Absolute infarct volumes
showed small numerical increase (0.5 + 3.7 mL) at 12 weeks,
while minor decrease (—1.4 + 7.1 mL) at 24 weeks post-treat-
ment compared to baseline without statistically significant
change (Figures S6C and S6D). In the exploratory post hoc ana-
lyses stratified by baseline infarct size (£50 mL vs. >50 mL,
Table S5), patients with smaller infarcts exhibited greater numer-
ical reductions in infarct volume; however, no corresponding dif-
ferences in functional outcomes were observed (Tables S6-S8).

4 Cell Reports Medicine 7, 102836, June 16, 2026

Exploratory outcome: Peripheral immunological
changes after treatment

Peripheral lymphocyte subsets and circulating inflammatory
mediators were assessed as exploratory endpoints to investi-
gate potential immunological changes following UC-MSC infu-
sion. Peripheral lymphocyte subpopulation analysis by flow cy-
tometry revealed modest, transient shifts in immune cell
composition after treatment, including numerically lower pro-
portions of CD3* cells, CD4" T cells, CD19" B cells, as well
as CD4/CD8 ratio, concomitantly with higher proportions of
CD8* T cells and natural killer cells. These changes appeared
most pronounced at early post-infusion time points. However,
no statistically significant differences were observed across
time points or dose cohorts (Figure 3A; absolute values are
shown in Figure S7).
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Table 2. Adverse events

Total (n = 18) Low-dose group (n = 6) Mid-dose group (n = 6) High-dose group (n = 6)
Adverse event, n (%) 48 (100) 7 (14.6) 31 (64.6) 10 (20.8)
Grade 1 30 (62.5) 6 (12.5) 21 (43.7) 3(6.3)
Grade 2 18 (37.5) 1(2.1) 10 (20.8) 7 (14.6)
Relationship with UC-MSC treatment, n (%)
Not related 18 (37.5) 1(2.1) 13 (27.1) 4 (8.3)
Possibly not related 25 (52.1) 6(12.5) 14 (29.2) 5(10.4)
Possibly related 5(10.4) 0(0.0) 4 (8.9) 1(2.1)
Dizziness (grade 1) 1(2.1) - 1@2.1) -
Nausea (grade 1) 1(2.1) - 1@2.1) -
Excessive perspiration (grade 1) 1(2.1) - 1@2.1) -
Fatigue (grade 1) 1(2.1) - 1(2.1) -
Epilepsy (grade 2) 1(2.1) - - 1(2.1)

UC-MSC, umbilical cord-derived mesenchymal stem cell.

See also Figures S1-S4 and Table S2.

Quantitative analysis of plasma cytokines showed modest nu-
merical trends toward lower levels of several proinflammatory
cytokines such as IL-5, IL-1B, and IL-17A and higher levels of
anti-inflammatory cytokines such as IL-4 and IL-10 after treat-

ment (Figure 3B). Complement components (C3 and C4) and im-
munoglobulins (IgA, 1gG, and IgM) exhibited small numerical in-
creases, whereas C-reactive protein levels showed a decreasing
trend after treatment (Figure S8).

Table 3. Secondary outcomes of the patients

Endpoint Pooled (n = 18)* Low dose (n = 6)° Mid dose (n = 6) High dose (n = 6)°
mRS score change vs. baseline at 12 w, 0.9 + 0.6 1.2+0.8 0.8 +0.4 0.7 + 0.5
mean + SD
mRS score change vs. baseline at 24 w, 1.0+ 0.6 1.2+04 1.2+0.8 0.6 +0.5
mean + SD
NIHSS score change vs. baseline at 12 w, 16+1.7 1.2+1.3 2.0+2.2 15+1.8
mean + SD
NIHSS score change vs. baseline at 24 w, 24+15 1.4+£11 27+1.6 3315
mean + SD
Barthel index change vs. baseline at 12 w, 23.9 + 15.0 28.3 + 18.9 25.8 + 17.2 17.5 £ 6.1
mean + SD
Barthel index change vs. baseline at 24 w, 31.6 + 151 34.0+16.4 40.0 +12.2 19.0 £+ 9.6
mean + SD
Barthel index >95 at 12 w, n (%) 3(16.7) 0(0) 0(0) 3 (50.0)
Barthel index >95 at 24 w, n (%) 5(31.3) 1(20.0) 2 (33.3) 2 (40.0)
FM score change vs. baseline at 12 w, 10.5+6.4 102 +7.9 7.8+5.3 13.5+5.2
mean + SD
Upper limb 59+4.0 55+41 3.8+29 8.3+3.9
Lower limb 46 +3.4 4.7 +5.0 4.0+3.0 52+1.7
FM score change vs. baseline at 24 w, 14.7 + 8.0 13.0 £+ 9.0 13.8+7.3 18.3 + 8.8
mean + SD
Upper limb 82+5.0 6.2+4.9 82+42 10.8 + 6.4
Lower limb 6.5+4.0 6.8+5.3 5.7+4.0 75+26
Infarct volume change vs. baseline (mL) at 0.5+3.7 0.7 4.2 20+4.0 —1.1+£28
12 w, mean + SD
Infarct volume change vs. baseline (mL) at —14+71 -05+3.8 1.5+4.0 —-5.7+10.9

24 w, mean + SD

mRS, modified Rankin scale; NIHSS, National Institutes of Health Stroke Scale; FM, Fugl-Meyer; SD, standard deviation.
2n = 16 for mRS, Barthel index, and infarct volume, n = 15 for NIHSS and FM scores at 24 weeks.

®n = 5 at 24 weeks.

°n = 5 for mRS, Barthel index, and infarct volume; n = 4 for NIHSS and FM scores at 24 weeks. See also Figures S5 and S6, Tables S5-S8.
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Figure 2. Functional outcome of the patients
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0 3d 1w 4w 12w 24w

Distribution of MRS scores at 12 and 24 weeks, as well as NIHSS, Fugl-Meyer scores, and Barthel index at each time point, in (A) low-dose (50 x 10° cells),
(B) mid-dose (100 x 10° cells), and (C) high-dose (200 x 10° cells) groups and (D) the pooled results (data are presented as mean + SD for NIHSS, Fugl-Meyer
scores, and Barthel index). mRS, modified Rankin scale; NIHSS, National Institutes of Health Stroke Scale; P, patient. See also Figure S5.

Post hoc correlation analyses were conducted to explore the
potential associations between immunological parameters and
clinical or imaging outcomes. In these exploratory analyses,
changes in IL-4 and IL-10 levels were positively correlated with
changes in FM scores at 24 weeks, whereas changes in immu-
noglobulin levels (IgA, IgG, and IgE) showed inverse correlations
with functional score changes (Figure 4).

DISCUSSION

This phase 1 clinical trial provides preliminary evidence
regarding the safety and tolerability of intravenous administra-
tion of the off-the-shelf cryopreserved allogeneic UC-MSCs in
patients with subacute ischemic stroke. No SAE or DLT occurred
throughout the follow-up period, and treatment-related AEs
were infrequent. Changes in functional outcomes were observed
during follow-up in many patients, and peripheral immunological
parameters following treatment were also explored.

MSCs derived from various tissues such as the bone marrow
and adipose tissue have shown satisfying safety profiles in the
reported clinical studies.>®'®?"?2 The potentially infusion-
related AEs observed in our study were mainly unspecific,
including dizziness, nausea, sweating, and fatigue. Those are
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also common in other clinical trials and are usually mild and tran-
sient.”® Potential embolic events have been occasionally re-
ported in other clinical trials, including pulmonary embolism after
intravenous and cerebral microinfarcts after intra-arterial cell de-
livery.?**® We did not observe any embolic events after cell infu-
sion in our study. However, transient and mild increases of
D-dimer were observed in some patients without accompanying
clinical symptoms or evidence of thrombosis. A similar phenom-
enon was reported in a previous study, accompanied by
increased levels of thrombin-antithrombin complex.27 The cul-
ture-expanded MSCs have been shown to elicit an instant
blood-mediated inflammatory reaction (IBMIR) upon exposure
to human blood, attributable to prothrombotic tissue and stromal
factors expressed on the cell surface. The magnitude of IBMIR
appears to depend on both cell dose and cell-passage number.
Under the low-passage and moderate-dose conditions applied
in the present study, IBMIR is expected to be limited. However,
higher cell doses and particularly higher passage numbers may
increase this risk and should, therefore, be approached with
caution.

One safety issue warranting careful consideration is the occur-
rence of epileptic seizures after cell infusion. Seizures have also
been reported in prior studies investigating cell therapy in stroke
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patients.® %1523 |t has been speculated that the injected cells

may alter the systemic immune response or activate the brain
repair mechanisms, which modifies the excitability in the perile-
sional areas and may lead to seizures.”® In the present study, one
patient exhibited a generalized tonic-clonic seizure shortly after
UC-MSC infusion. Given the temporal proximity to treatment, a
potential association with cell infusion cannot be excluded; how-
ever, the patient had a large cortical infarction, which is a well-
established risk factor for post-stroke epilepsy. Importantly,
the observed seizure frequency in this cohort falls within the
range reported for post-stroke epilepsy in patients not receiving
cell therapy.?®*° Moreover, available randomized controlled tri-
als have not demonstrated a higher incidence of seizures in
MSC-treated patients compared with controls.'®'" Nonethe-
less, these observations are based on limited sample sizes,
and careful monitoring for seizure activity remains warranted in
future studies, particularly in patients with cortical involvement
or other known epilepsy risk factors.

Another important safety issue of cell therapy is tumorigenesis.
Although cumulative clinical and preclinical evidence suggests
that MSCs do not directly cause tumors, it remains unclear
whether transplanted MSCs could indirectly accelerate the growth
of pre-existing or undetected tumors in the human body. In this
study, we will follow-up the patients up to 30 years (or until death)
to monitor for tumorigenesis and other potential delayed AEs.

Substantial preclinical evidence indicates that MSCs can
improve neurological function after ischemic stroke via various
pathways involving immune responses, endogenous neurogene-
sis, angiogenesis, and neuronal plasticity.*”” Functional improve-
ment in stroke patients after MSC transplantation, particularly mo-
tor function, has been reported in some clinical studies.®'® A
recent meta-analysis reported that ischemic stroke patients who
received MSC therapy at 3 months or later after stroke onset
showed significant improvement in the mRS and NIHSS scores,
while patients receiving MSC therapy within 2 weeks after stroke
onset did not. MSC therapy during 2 weeks—3 months after stroke
onset also resulted in significant improvement in the NIHSS score
and BL®' However, heterogeneity in study design, timing, cell
source, and outcome measures limits direct comparisons
across studies. In the present phase 1 trial, numerical changes
in functional outcome measures (MRS, NIHSS, FM, and BI) were
observed during follow-up. However, rehabilitation was not
restricted or standardized for ethical and practical reasons, and
spontaneous recovery cannot be excluded, particularly given
the variability in baseline stroke severity and lesion characteristics.
Although functional recovery is often thought to plateau by the late
subacute stage, inter-individual differences remain substantial.
Accordingly, the functional findings in this open-label, single-
arm study should be interpreted cautiously and considered as hy-
pothesis-generating only, requiring confirmation in adequately
powered randomized controlled trials.

Cell Reports Medicine

No significant changes in infarct volume were detected in this
study, which is expected during the subacute phase when lesion
size has largely stabilized and gliosis is evolving. Small numerical
changes ininfarct volume may also reflect lesion atrophy or tech-
nical variability in image acquisition rather than treatment-related
effects. These imaging findings are, therefore, presented mainly
descriptively and should not be overinterpreted.

Dose-response relationships represent an important but unre-
solved question in cell therapy for stroke. Animal studies indicate
that a higher cell number may result in better therapeutic effect
after stroke.®>>* However, so far, no clear evidence of such
dose-dependent effect has been found in stroke patients
receiving cell therapy.®>*® In this study, no significant dose-
dependent difference in functional outcome was observed, likely
reflecting the small sample size and substantial inter-individual
variability. Exploratory subgroup analyses based on infarct size
were underpowered and did not provide sufficient evidence to
guide dose selection. Future studies with larger cohorts will be
required to determine appropriate dosing strategies.

Exploratory immune profiling revealed modest, transient shifts
in peripheral immune parameters following UC-MSC infusion.
These findings are broadly consistent with prior studies suggest-
ing that MSCs exert immunomodulatory effects primarily
through interactions with T cells and inflammatory media-
tors.'2?%37739 post hoc correlation analyses suggested associa-
tions between selected immune markers and functional
outcomes. It is interesting to notice that the increase of immuno-
globulins was negatively correlated with functional improve-
ment. One hypothesis is that the low immunogenicity of the allo-
geneic MSCs and the induced weak IBMIR after systemic
infusion may compromise the survival, engraftment, and function
of the transplanted cells.>”*° However, these analyses do not
establish any causality given the exploratory nature and small
sample size of this study and lack of further mechanistic proof.
The immunological findings should, therefore, be regarded as
hypothesis generating only, and more studies are needed to
find the appropriate transplantation strategy that could induce
more benefits while reducing the negative effects.

To date, clinical data on UC-MSC transplantation for ischemic
stroke remain limited, despite several ongoing trials. UC-MSCs
offer practical advantages including ease of isolation, high prolif-
erative capacity, and immunomodulatory properties, but differ-
ences between MSCs derived from various tissue sources are
not fully understood. Further comparative studies are needed
to elucidate source-specific characteristics, therapeutic poten-
tial, and mechanisms of action.

In conclusion, single intravenous transplantation of UC-MSCs
in patients with subacute ischemic stroke is feasible and well
tolerated across three dose levels in this phase 1 clinical trial,
with no SAE observed during follow-up. Functional and immuno-
logical changes observed in this study are exploratory and

Figure 3. Changes of lymphocyte subsets and cytokines in the peripheral blood of the enrolled patients
(A) Changes of lymphocyte subsets in the peripheral blood of the enrolled patients.

(B) Changes of cytokine levels in the peripheral blood of the enrolled patients.

n=6in50 x 10° cells group at each time point except for n = 5 at the 24-week follow-up; n = 6 in 100 x 108 cells group at each time point; n = 5in 200 x 10° cells
group at each time point except for n = 4 at the 24-week follow-up. Data are presented as mean + SD. *p < 0.05, **p < 0.01: 50 x 10° vs. 200 x 10° cells group,

&0 < 0.05: 50 x 10° vs. 100 x 10° cells group. See also Figures S7 and S8.
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Figure 4. Post hoc correlation analysis between immunological parameters and functional outcome
Bl, Barthel index; NIHSS, National Institutes of Health Stroke Scale; FM, Fugl-Meyer; IgE, immunoglobulin E; IgG, immunoglobulin G; IgA, immunoglobulin A.

should be interpreted cautiously. These findings support the
conduction of future large-scale, randomized controlled trials
to further evaluate the safety, dosing strategies, and potential
therapeutic role of UC-MSCs in ischemic stroke.

Limitations of the study

This study has several limitations. First, it was an open-label,
single-arm, phase 1 trial with a small sample size and hetero-
geneous baseline characteristics, limiting data interpretation.
Second, the follow-up duration was relatively short for assess-
ing long-term outcomes, although extended surveillance
is ongoing. Third, pharmacokinetics and biodistribution of
infused cells were not evaluated. Fourth, only selected immu-
nological parameters were examined, and other relevant para-
crine mediators were not measured. Finally, UC-MSCs were
administered as a single infusion. The potential impact of
repeated dosing warrants future investigation. Subsequent
large-scale, randomized, placebo-controlled, multicenter tri-
als with stratification by key prognostic factors will be essen-
tial to further assess safety, dosing, and potential efficacy of
UC-MSCs for ischemic stroke.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Dr. Junwei Hao
(haojunwei@vip.163.com).

Materials availability

Requests for reagents should be directed to and will be fulfilled by the lead
contact after signing a materials transfer agreement. Cell source requests
should be directed to Shanghai IxCell Biotech Co. Ltd, Shanghai 201203,
China.

Data and code availability
® The data that support the findings of this paper are available from the
lead contact upon request.
@ This paper does not report original code.
® Any additional information required to reanalyze the data reported in this
work paper is available from the lead contact upon request.

ACKNOWLEDGMENTS

The authors gratefully acknowledge financial support from Shanghai IxCell
Biotech Co. Ltd, National Natural Science Foundation of China (82090043
and 82001258), National Key Research and Development Program of China
(2021YFA1101403), Dengfeng Talent Program (DFL20220701), Project for
Innovation and Development of Beijing Municipal Geriatric Medical Research
Center (11000023T000002041657), Beijing Municipal Public Welfare Develop-
ment and Reform Pilot Project for Medical Research Institutes (JYY2023-7),
General Science and Technology Program of Beijing Municipal Education
Commission (KM202110025020), and Science Technology Innovation 2030-
Neuroscience and Brain-like Research Program (STI2030-Major Projects
+2021ZD0204300). We thank Dr. Juan Du from the Ninth Medical Center of
PLA General Hospital and Dr. Yu Fu from Peking University Third Hospital
for their valuable advice during the trial and Dr. Jie Lu and Dr. Yadong Cui
for their support in MRI scanning and imaging data analysis. The authors
appreciate the contributions of all patients who participated in this clinical trial.

AUTHOR CONTRIBUTIONS

Study design, J.H., G.G., M.X., L.C., and G.M.; patient recruitment, follow-up,
and data collection, L.C., Q.Z,, H.L., Y.R., D.Z.,, D.G., Q.M,, L.Y., M.L,, L.
Zhang, and L. Zhong; cell infusion, H.Y., R.W., and Y.W.; statistical analysis
of the data, L.C. and M.X.; drafting manuscript, L.C.; data interpretation and
manuscript revision, J.H., G.G., M.X,, J.C., J.J., and J.B.; all authors reviewed
and approved the final version of this manuscript.

DECLARATION OF INTERESTS
G.G. is a co-founder and the chief executive officer of Shanghai IxCell Biotech

Co. Ltd. M.X. is an employee of Shanghai IxCell Biotech Co. Ltd. G.G. holds a

Cell Reports Medicine 7, 102836, June 16, 2026 9



mailto:haojunwei@vip.163.com

¢ CellPress

OPEN ACCESS

patent registration (CN114164171A) covering the cell product related to this
work.

STARxMETHODS

Detailed methods are provided in the online version of this paper and include
the following:

o KEY RESOURCES TABLE
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
o Study design
o Participants
o MSC preparation
e METHOD DETAILS
o MSC transplantation
o Endpoints
o Imaging
o Immunological tests
® QUANTIFICATION AND STATISTICAL ANALYSIS
o ADDITIONAL RESOURCES

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
xcrm.2026.102836.

Received: August 1, 2025
Revised: February 13, 2026
Accepted: May 1, 2026
Published: May 28, 2026

REFERENCES

10

. GBD 2019 Stroke Collaborators (2021). Global, regional, and national

burden of stroke and its risk factors, 1990-2019: a systematic analysis
for the global burden of disease study 2019. Lancet Neurol. 20, 795-820.

. Pu, L., Wang, L., Zhang, R., Zhao, T., Jiang, Y., and Han, L. (2023). Pro-

jected global trends in ischemic stroke incidence, deaths and disability-
adjusted life years from 2020 to 2030. Stroke 54, 1330-1339.

. Powers, W.J., Rabinstein, A.A., Ackerson, T., Adeoye, O.M., Bambakidis,

N.C., Becker, K., Biller, J., Brown, M., Demaerschalk, B.M., Hoh, B., et al.
(2019). Guidelines for the early management of patients with acute
ischemic stroke: 2019 update to the 2018 guidelines for the early manage-
ment of acute ischemic stroke: a guideline for healthcare professionals
from the American Heart Association/American Stroke Association.
Stroke 50, e344-e418.

. Li, J., Zhang, Q., Wang, W., Lin, F., Wang, S., and Zhao, J. (2021). Mesen-

chymal stem cell therapy for ischemic stroke: A look into treatment mech-
anism and therapeutic potential. J. Neurol. 268, 4095-4107.

. Cui, L.L., Golubczyk, D., Tolppanen, A.M., Boltze, J., and Jolkkonen, J.

(2019). Cell therapy for ischemic stroke: Are differences in preclinical
and clinical study design responsible for the translational loss of efficacy?
Ann. Neurol. 86, 5-16.

. Janowski, M., Wagner, D.C., and Boltze, J. (2015). Stem cell-based tissue

replacement after stroke: factual necessity or notorious fiction? Stroke 46,
2354-2363.

. Michér, P., Renardson, L., Li, S., and Boltze, J. (2024). Neurorestorative

approaches for ischemic stroke: challenges, opportunities, and recent ad-
vances. Neuroscience 550, 69-78.

. Levy, M.L., Crawford, J.R., Dib, N., Verkh, L., Tankovich, N., and Cramer,

S.C. (2019). Phase I/Il study of safety and preliminary efficacy of intrave-
nous allogeneic mesenchymal stem cells in chronic stroke. Stroke 50,
2835-2841.

. Chung, J.W., Chang, W.H., Bang, O.Y., Moon, G.J., Kim, S.J., Kim, S.K.,

Lee, J.S., Sohn, S.1., and Kim, Y.H.; STARTING-2 Collaborators (2021). Ef-

Cell Reports Medicine 7, 102836, June 16, 2026

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Cell Reports Medicine

Article

ficacy and safety of intravenous mesenchymal stem cells for ischemic
stroke. Neurology 96, e1012-e1023.

Jaillard, A., Hommel, M., Moisan, A., Zeffiro, T.A., Favre-Wiki, |.M., Bar-
bieux-Guillot, M., Vadot, W., Marcel, S., Lamalle, L., Grand, S., et al.
(2020). Autologous mesenchymal stem cells improve motor recovery in
subacute ischemic stroke: a randomized clinical trial. Transl. Stroke Res.
11, 910-923.

de Celis-Ruiz, E., Fuentes, B., Alonso de Lecifiana, M., Gutiérrez-Fernan-
dez, M., Borobia, A.M., Gutiérrez-Zuniga, R., Ruiz-Ares, G., Otero-Ortega,
L., Laso-Garcia, F., Gdbmez-de Frutos, M.C., and Diez-Tejedor, E. (2022).
Final results of allogeneic adipose tissue-derived mesenchymal stem cells
in acute ischemic stroke (AMASCIS): a phase Il, randomized, double-blind,
placebo-controlled, single-center, pilot clinical trial. Cell Transplant. 37,
9636897221083863.

Hess, D.C., Wechsler, L.R., Clark, W.M., Savitz, S.I., Ford, G.A., Chiu, D.,
Yavagal, D.R., Uchino, K., Liebeskind, D.S., Auchus, A.P., et al. (2017).
Safety and efficacy of multipotent adult progenitor cells in acute ischaemic
stroke (MASTERS): a randomised, double-blind, placebo-controlled,
phase 2 trial. Lancet Neurol. 76, 360-368.

Houkin, K., Osanai, T., Uchiyama, S., Minematsu, K., Taguchi, A., Marui-
chi, K., Niiya, Y., Asaoka, K., Kuga, Y., Takizawa, K., et al. (2024). Alloge-
neic Stem cell therapy for acute ischemic stroke: the phase 2/3
TREASURE randomized clinical trial. JAMA Neurol. 87, 154-162.
Moniche, F., Gonzalez, A., Gonzalez-Marcos, J.R., Carmona, M., Pifiero,
P., Espigado, I., Garcia-Solis, D., Cayuela, A., Montaner, J., Boada, C.,
et al. (2012). Intra-arterial bone marrow mononuclear cells in ischemic
stroke: a pilot clinical trial. Stroke 43, 2242-2244.

Kondziolka, D., Steinberg, G.K., Wechsler, L., Meltzer, C.C., Elder, E., Ge-
bel, J., Decesare, S., Jovin, T., Zafonte, R., Lebowitz, J., et al. (2005). Neu-
rotransplantation for patients with subcortical motor stroke: a phase 2 ran-
domized trial. J. Neurosurg. 7103, 38-45.

Kalladka, D., Sinden, J., Pollock, K., Haig, C., McLean, J., Smith, W.,
McConnachie, A., Santosh, C., Bath, P.M., Dunn, L., and Muir, K.W.
(2016). Human neural stem cells in patients with chronic ischaemic stroke
(PISCES): a phase 1, first-in-man study. Lancet 388, 787-796.

Lee, J.S., Hong, J.M., Moon, G.J., Lee, P.H., Ahn, Y.H., and Bang, O.Y.;
STARTING collaborators (2010). A long-term follow-up study of intrave-
nous autologous mesenchymal stem cell transplantation in patients with
ischemic stroke. Stem Cell. 28, 1099-1106.

Steinberg, G.K., Kondziolka, D., Wechsler, L.R., Lunsford, L.D., Coburn,
M.L., Billigen, J.B., Kim, A.S., Johnson, J.N., Bates, D., King, B., et al.
(2016). Clinical outcomes of transplanted modified bone marrow-derived
mesenchymal stem cells in stroke: a phase 1/2a study. Stroke 47,
1817-1824.

Gao, Y., Chi, Y., Chen, Y., Wang, W., Li, H., Zheng, W., Zhu, P., An, J.,
Duan, Y., Sun, T., et al. (2023). Multi-omics analysis of human mesen-
chymal stem cells shows cell aging that alters immunomodulatory activity
through the downregulation of PD-L1. Nat. Commun. 74, 4373.

Myneni, V.D., McClain-Caldwell, I., Martin, D., Vitale-Cross, L., Marko, K.,
Firriolo, J.M., Labow, B.l., and Mezey, E. (2019). Mesenchymal stromal cells
from infants with simple polydactyly modulate immune responses more effi-
ciently than adult mesenchymal stromal cells. Cytotherapy 27, 148-161.
Bydon, M., Qu, W., Moinuddin, F.M., Hunt, C.L., Garlanger, K.L., Reeves,
R.K., Windebank, A.J., Zhao, K.D., Jarrah, R., Trammell, B.C., et al. (2024).
Intrathecal delivery of adipose-derived mesenchymal stem cells in trau-
matic spinal cord injury: Phase | trial. Nat. Commun. 15, 2201.

Chen, Y., Xu, Y., Chi, Y., Sun, T., Gao, Y., Dou, X., Han, Z., Xue, F., Li, H.,
Liu, W, et al. (2024). Efficacy and safety of human umbilical cord-derived
mesenchymal stem cells in the treatment of refractory immune thrombo-
cytopenia: a prospective, single arm, phase | trial. Signal Transduct.
Target. Ther. 9, 102.

Rosado-de-Castro, P.H., Schmidt, F.d.R., Battistella, V., Lopes de Souza,
S.A., Gutfilen, B., Goldenberg, R.C.d.S., Kasai-Brunswick, T.H., Vairo, L.,
Silva, R.M., Wajnberg, E., et al. (2013). Biodistribution of bone marrow


https://doi.org/10.1016/j.xcrm.2026.102836
https://doi.org/10.1016/j.xcrm.2026.102836
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref1
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref1
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref1
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref2
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref2
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref2
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref3
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref3
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref3
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref3
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref3
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref3
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref3
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref4
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref4
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref4
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref5
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref5
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref5
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref5
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref6
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref6
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref6
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref7
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref7
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref7
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref8
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref8
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref8
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref8
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref9
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref9
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref9
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref9
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref10
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref10
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref10
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref10
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref10
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref11
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref11
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref11
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref11
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref11
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref11
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref11
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref12
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref12
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref12
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref12
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref12
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref13
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref13
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref13
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref13
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref14
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref14
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref14
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref14
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref15
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref15
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref15
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref15
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref16
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref16
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref16
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref16
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref17
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref17
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref17
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref17
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref18
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref18
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref18
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref18
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref18
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref19
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref19
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref19
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref19
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref20
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref20
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref20
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref20
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref21
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref21
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref21
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref21
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref22
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref22
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref22
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref22
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref22
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref23
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref23
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref23

Cell Reports Medicine

Article

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

mononuclear cells after intra-arterial or intravenous transplantation in sub-
acute stroke patients. Regen. Med. 8, 145-155.

Savitz, S.I., Yavagal, D., Rappard, G., Likosky, W., Rutledge, N., Graffag-
nino, C., Alderazi, Y., Elder, J.A., Chen, P.R., Budzik, R.F., Jr., et al. (2019).
A phase 2 randomized, sham-controlled trial of internal carotid artery infu-
sion of autologous bone marrow-derived ALD-401 cells in patients with
recent stable ischemic stroke (RECOVER-Stroke). Circulation 739,
192-205.

Brott, T., Adams, H.P., Jr., Olinger, C.P., Marler, J.R., Barsan, W.G., Biller,
J., Spilker, J., Holleran, R., Eberle, R., Hertzberg, V., et al. (1989). Measure-
ments of acute cerebral infarction: a clinical examination scale. Stroke 20,
864-870.

Jung, J.W., Kwon, M., Choi, J.C., Shin, J.W., Park, [.W., Choi, B.W., and
Kim, J.Y. (2013). Familial occurrence of pulmonary embolism after intrave-
nous, adipose tissue-derived stem cell therapy. Yonsei Med. J. 54,
1293-1296.

Moll, G., Rasmusson-Duprez, I., von Bahr, L., Connolly-Andersen, A.M.,
Elgue, G., Funke, L., Hamad, O.A., Loénnies, H., Magnusson, P.U., San-
chez, J., et al. (2012). Are therapeutic human mesenchymal stromal cells
compatible with human blood? Stem Cell. 30, 1565-1574.

Boltze, J., Arnold, A., Walczak, P., Jolkkonen, J., Cui, L., and Wagner, D.C.
(2015). The dark side of the force-constraints and complications of cell
therapies for stroke. Front. Neurol. 6, 155.

Stefan, H., and Michelson, G. (2025). Late onset epilepsy and stroke: diag-
nosis, pathogenesis and prevention. Seizure 128, 38-47.

Galovic, M., Ferreira-Atuesta, C., Abraira, L., Dohler, N., Sinka, L., Brigo,
F., Bentes, C., Zelano, J., and Koepp, M.J. (2021). Seizures and epilepsy
after stroke: epidemiology, biomarkers and management. Drugs Aging 38,
285-299.

Shen, Z., Tang, X., Zhang, Y., Jia, Y., Guo, X., Guo, X., Bao, J., Xie, X., Xing,
Y., Xing, J., and Tian, S. (2024). Efficacy and safety of mesenchymal stem
cell therapies for ischemic stroke: a systematic review and meta-analysis.
Stem Cells Transl. Med. 13, 886-897.

Lees, J.S., Sena, E.S., Egan, K.J., Antonic, A., Koblar, S.A., Howells, D.W.,
and Macleod, M.R. (2012). Stem cell-based therapy for experimental
stroke: a systematic review and meta-analysis. Int. J. Stroke 7, 582-588.
Wang, L.Q., Lin, Z.Z., Zhang, H.X., Shao, B., Xiao, L., Jiang, H.G., Zhuge,
Q.C., Xie, L.K., Wang, B., Su, D.M., et al. (2014). Timing and dose regimens

34.

35.

36.

37.

38.

39.

40.

41.

42,

¢ CellPress

OPEN ACCESS

of marrow mesenchymal stem cell transplantation affect the outcomes
and neuroinflammatory response after ischemic stroke. CNS Neurosci.
Ther. 20, 317-326.

Yang, B., Strong, R., Sharma, S., Brenneman, M., Mallikarjunarao, K., Xi,
X., Grotta, J.C., Aronowski, J., and Savitz, S.I. (2011). Therapeutic time
window and dose response of autologous bone marrow mononuclear
cells for ischemic stroke. J. Neurosci. Res. 89, 833-839.

Wang, Q., Duan, F., Wang, M.X., Wang, X.D., Liu, P., and Ma, L.Z. (2016).
Effect of stem cell-based therapy for ischemic stroke treatment: A meta-
analysis. Clin. Neurol. Neurosurg. 7146, 1-11.

Moniche, F., Cabezas-Rodriguez, J.A., Valverde, R., Escudero-Martinez,
|., Lebrato-Hernandez, L., Pardo-Galiana, B., Ainz, L., Medina-Rodriguez,
M., de la Torre, J., Escamilla-Gomez, V., et al. (2023). Safety and efficacy
of intra-arterial bone marrow mononuclear cell transplantation in patients
with acute ischaemic stroke in Spain (IBIS trial): a phase 2, randomised,
open-label, standard-of-care controlled, multicentre trial. Lancet Neurol.
22, 137-146.

Di Nicola, M., Carlo-Stella, C., Magni, M., Milanesi, M., Longoni, P.D., Mat-
teucci, P., Grisanti, S., and Gianni, A.M. (2002). Human bone marrow stro-
mal cells suppress T-lymphocyte proliferation induced by cellular or
nonspecific mitogenic stimuli. Blood 99, 3838-3843.

Ghannam, S., Péne, J., Moquet-Torcy, G., Jorgensen, C., and Yssel, H.
(2010). Mesenchymal stem cells inhibit human Th17 cell differentiation
and function and induce a T regulatory cell phenotype. J. Immunol. 785,
302-312.

Jiang, W., and Xu, J. (2020). Immune modulation by mesenchymal stem
cells. Cell Prolif. 53, e12712.

Chen, W., Lv, L., Chen, N., and Cui, E. (2023). Imnmunogenicity of mesen-
chymal stromal/stem cells. Scand. J. Immunol. 97, e13267.

Dominici, M., Le Blanc, K., Mueller, 1., Slaper-Cortenbach, I., Marini, F.,
Krause, D., Deans, R., Keating, A., Prockop, D., and Horwitz, E. (2006).
Minimal criteria for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement. Cytotherapy
8, 315-317.

Essig, M., Wenz, F., Schoenberg, S.0., Debus, J., Knopp, M.V., and Van
Kaick, G. (2000). Arteriovenous malformations: assessment of gliotic
and ischemic changes with fluid-attenuated inversion-recovery MRI. In-
vestig. Radiol. 35, 689-694.

Cell Reports Medicine 7, 102836, June 16, 2026 11



http://refhub.elsevier.com/S2666-3791(26)00253-3/sref23
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref23
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref24
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref24
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref24
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref24
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref24
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref24
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref25
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref25
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref25
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref25
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref26
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref26
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref26
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref26
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref27
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref27
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref27
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref27
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref28
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref28
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref28
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref29
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref29
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref30
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref30
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref30
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref30
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref31
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref31
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref31
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref31
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref32
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref32
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref32
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref33
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref33
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref33
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref33
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref33
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref34
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref34
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref34
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref34
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref35
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref35
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref35
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref36
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref36
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref36
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref36
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref36
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref36
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref36
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref37
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref37
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref37
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref37
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref38
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref38
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref38
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref38
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref39
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref39
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref40
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref40
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref41
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref41
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref41
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref41
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref41
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref42
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref42
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref42
http://refhub.elsevier.com/S2666-3791(26)00253-3/sref42

¢? CellPress Cell Reports Medicine

OPEN ACCESS

STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Cell lines

Umbilical cord derived-mesenchymal stem cell Shanghai IxCell Biotech Co. Ltd. IxCell hUC-MSC-S
Software and algorithms

ITK-SNAP ITK-SNAP ITK-SNAP 4.0
SAS SAS Institute SAS 9.4

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study design

This open-label, single-arm, single-center, dose-escalation (50, 100, 200 million UC-MSCs), phase 1 study was conducted in
Xuanwu Hospital of Capital Medical University between April 12, 2023, and July 29, 2024. A total of 18 patients (12 males and 6 fe-
males, mean age 52.5 + 9.0 years) were enrolled, with 6 patients for each dosage group. Each patient was followed up for 24 weeks to
explore the safety and tolerability of MSC treatment. DLT was defined as any Grade >3 AE (CTCAE v5.0) deemed at least possibly
related to UC-MSC infusion, with a 28-day post-infusion observation window. A target toxicity threshold of <33% was applied, such
that escalation to the next dose level was permitted only if fewer than two of six participants experienced DLT event in the preceding
cohort. The study was approved by the Ethics Committee of Xuanwu Hospital, Capital Medical University ([2022]043), and has been
performed in accordance with the Declaration of Helsinki. Informed consents were obtained from all participants or their legally
authorized representatives before enroliment.

Participants

Patients were eligible for inclusion in the trial if they were 18-80 years old, and experienced ischemic stroke in the anterior circulation
as determined by brain CT or MRI 12-24 weeks prior to enroliment, and had a NIHSS score of 6-20 upon enrollment with NIHSS 1a
<2. Patients were recruited from our discharged patients or identified through referrals from rehabilitation services. We also allowed
self-referral triggered by media awareness. Patients with a history of other neurological or psychological diseases such as intracranial
hemorrhage, neoplasms, Parkinson’s disease, severe depression and other conditions that could affect the ability to participate in
the clinical trial, or with severe cardiovascular, respiratory, renal, hepatic orimmunological diseases, as well as inability to undergo an
MRI scan were excluded.

MSC preparation
Off-the-shelf Good Manufacturing Practice (GMP)-grade human UC-MSCs (IxCell hUC-MSCs) were provided by Shanghai IxCell
Biotech Co. Ltd., which have been approved by the China National Medical Products Administration (NMPA) to be used in clinical
trials for knee osteoarthritis and interstitial lung disease. The umbilical cord of a healthy full-term fetus delivered by cesarean section
was collected and stored in sterile cell culture medium- Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies, Waltham
MA, USA) containing 10xgentamicin/amphotericin B. After transportation to the GMP laboratory, the umbilical cord was washed
twice with normal saline containing 10xgentamicin/amphotericin B, cut into 3cm segments, and thoroughly cleaned again. Whar-
ton’s jelly was separated and minced into 1-2mm?® pieces in a 150 mm culture dish before being transferred into a 50 mL centrifuge
tube. The sample was digested using DMEM supplemented with 0.06U/mL collagenase NB 6 (SERVA, Heidelberg, Germany) and
placed in a 37°C, 5% CO, incubator for 2 h. The cell suspension was filtered through a mesh with a pore size of 0.425mm, washed
with normal saline containing 10 x gentamicin/amphotericin B, centrifuged at 2000rpm for 15 min at 20°C-25°C, resuspended in MSC
NutriStem in XF complete culture medium (IxCell, Shanghai, China) with 1xgentamicin/amphotericin B, and then seeded into a
100mm culture dish. On the fifth day, half of the medium was replaced with fresh medium, and complete medium replacement
was conducted every 2 days thereafter. After 14-16 days of culture, cells were detached and isolated using TrypLE Select CTS
(ThermoFisher, Waltham MA, USA). The cells were passaged and cultured until ~90% confluency and then collected and cryopre-
served as a seed cell bank. Prior to transplantation, the cryopreserved cells were thawed, expanded, and harvested at passage 4. A
total of 25 million IxCell hUC-MSCs per vial were cryopreserved in CryoStor CS5, a serum-free, animal component-free and defined
cryopreservation medium containing 5% dimethyl sulfoxide (BioLife Solutions, USA) and stored in liquid nitrogen.

Sterility, viability and genetic stability of the cells were assessed routinely. Cell sterility testing was performed using membrane
filtration method in accordance with the rule 1101 of Chinese Pharmacopoeia. Absence of pathogenic microorganisms such as
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mycoplasms, treponema pallidum, HIV-1, HBV, HCV, cytomegalovirus, Epstein-Barr virus, parvovirus B19, human T-lymphotropic
virus | (HTLV-1) and HTLV-2, were confirmed by fluorescence real-time quantitative PCR (gPCR). Chromosome karyotyping was per-
formed using the G-band colorimetric method. The cells expressed CD105, CD73, and CD90 surface markers and showed potency
of osteogenesis, chondrogenesis and adipogenesis (see cell characterization in Figure S9), consistent with the International Society
for Cellular Therapy definitions.*’

METHOD DETAILS

MSC transplantation

Before infusion, MSCs were thawed using an automated thawing device (BioLife Solutions, USA, Serial. No. CFT205108), transferred
to 50 mL normal saline supplemented with 0.25% human albumin using 5 mL syringes under sterile conditions at room temperature.
A cell viability above 90% was confirmed by AO-DAPI staining. Eligible patients were enrolled into three different dosage groups
sequentially (50, 100, 200 million UC-MSCs), with 6 patients enrolled for each group. A single dose of UC-MSC suspension was intra-
venously transplanted within two hours after preparation at a speed of 1-2 mL/min using a blood transfusion set with a filter of 170 pm
pore size (see Figure S10 for illustration).

Endpoints

The primary endpoint of this study was the safety and tolerability of UC-MSCs, which were reflected by the occurrence of AEs and
SAEs, changes in laboratory tests (blood routine, biochemical test, etc.) and others such as electrocardiography during the 24-week
follow-up. AEs after cell transplantation were recorded and evaluated according to the Common Terminology Criteria for Adverse
Events (CTCAE) version 5.0 guidelines. The grading of AEs and their correlation with UC-MSC treatment were evaluated by the
investigators.

The secondary endpoint was the preliminary efficacy of UC-MSC treatment, which was evaluated by changes in mRS, Bl, NIHSS,
FM scores and infarct volume at 12 and 24 weeks after UC-MSC transplantation, comparing to those at baseline. The percentages of
patients with Bl > 95 at 12 and 24 weeks post-treatment were also recorded. The mRS score ranged from 0 (no symptom) to 6
(death), with higher scores indicating worse outcome. Exploratory endpoints were the peripheral immunological changes after
UC-MSC treatment.

Imaging

Brain MRI was performed before and 4, 12, 24 weeks after UC-MSC transplantation using a 3.0 T MRI scanner (SIGNA Premier, GE
Healthcare, Milwaukee, WI, USA) equipped with a 32-channel head phased-array coil with the following parameters: T1-weighted
imaging (T1WI): repetition time (TR)/time to echo (TE) = 120/2ms, flip angle = 70°, field of view (FOV) = 240 mm x 240 mm, matrix =
260 x 260, slice thickness/gap = 5/1mm, acceleration factor = 1; T2-weighted imaging (T2WI): TR/TE = 4500/90ms, flip angle = 140°,
FOV =240 mm x 240 mm, matrix = 320 x 320, slice thickness/gap = 5/1mm, acceleration factor = 1.5; FLAIR: TR/TE = 8500/90ms,
inversion time (Tl) = 2400ms, flip angle = 160°, FOV = 240 mm x 240 mm, matrix = 256 x 256, slice thickness/gap = 5/1 mm, accel-
eration factor = 1; diffusion-weighted imaging (DWI): TR/TE = 2000/60ms, flip angle = 90°, FOV = 240 mm x 240 mm, matrix =
160 x 160, slice thickness/gap = 5/1mm, acceleration factor = 1, b values = 0, 1000s/mm2. Apparent diffusion coefficient (ADC)
was calculated using the monoexponential model: Sb/S0 = exp (-b*ADC), where Sb and SO represent the signal intensity with
(b = 1000s/mm2) and without (b = 0s/mm2) the application of diffusion gradient, respectively. A total of 20 slices were acquired
for each sequence. Infarct volume was measured on fluid attenuated inversion recovery (FLAIR) sequence using ITK-SNAP by a
blinded, experienced neuroradiologist.** The results were validated by a second, independent rater, showing excellent inter-rater
reproducibility (intraclass correlation coefficient = 0.995, 95% CI: 0.992-0.997).

Immunological tests

Lymphocyte subpopulations and inflammatory cytokines from the patients’ peripheral blood before and after UC-MSC treatment
were measured to investigate the peripheral immunological changes. Briefly, blood samples were collected from the patients at
each visiting point, stained with BD Multi-test 6-color TBNK reagent for 15 min and then treated with lysing solution (BD Biosciences,
USA) for 15 min. The stained cells were analyzed by FACS Canto Il cytometry (BD Biosciences, USA) for lymphocyte subpopulation
analysis. The concentrations of 12 cytokines (IL-1p, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12P70, IL-17, IFN-a, IFN-y and TNF-a) in the
patients’ peripheral blood plasma were quantitatively analyzed by flow cytometry-based immunofluorescence using a 12-plex assay
kit (Jiangxi CellGene Biotech Co. Ltd, China). Complements (C3, C4), immunoglobulins (IgA, IgE, IgG, IgM), and C-reaction protein
levels were quantified using immunoturbidimetry (Beckman Coulter, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS
Given the exploratory nature of this phase | study, a conventional sample size was selected to evaluate safety and feasibility without

formal power calculation. Statistical analyses were mainly descriptive and performed using SAS 9.4 (SAS Institute). Quantitative data
were presented as mean + standard deviation (SD) and/or median (IQR). The data were compared between groups using the
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Student’s t test, one-way ANOVA, Mann-Whitney U-test, or Kruskal-Wallis test, when appropriate. Categorical data were presented
as n (percentages) and compared between groups using chi-square test or Fisher’s Exact test. A general linear model or binary lo-
gistic regression was used to examine the treatment effects on the secondary endpoints, with adjustment for baseline NIHSS score.
Bonferroni correction was performed to adjust for post hoc multiple comparisons. Time-group interactions were investigated using
repeated measures ANOVA. Post hoc Pearson or Spearman correlation analyses were performed to investigate the relationship be-
tween immunological parameters and secondary outcomes. All analyses were two-tailed, and p < 0.05 was considered statistically
significant.

ADDITIONAL RESOURCES

The trial was registered on ClinicalTrials.gov as NCT 05697718.
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