Am J Transl Res 2026;18(6):5354-5367
www.ajtr.org /ISSN:1943-8141/AJTRO172977

Original Article

Efficacy and safety of autologous hematopoietic
stem cell transplantation for refractory systemic
sclerosis after rituximab-bendamustine conditioning

Chaoen Zheng®, Zhenghai Liu*, Sha Li, Jianjia Chen, Yanming Zhang

Department of Hematology, Rheumatology and Immunology, Pu’er People’s Hospital, Pu’er 665000, Yunnan,
China. "Equal contributors and co-first authors.

Received March 30, 2026; Accepted June 4, 2026; Epub June 15, 2026; Published June 30, 2026

Abstract: Objectives: To evaluate the efficacy and safety of autologous hematopoietic stem cell transplantation (au-
to-HSCT) using a novel rituximab-bendamustine conditioning regimen in patients with refractory systemic sclerosis
(SSc). Methods: This retrospective cohort study enrolled 216 patients with refractory SSc who received treatment
between August 2019 and August 2023. Participants were divided into a transplant group (n=104) receiving the
novel auto-HSCT regimen, and a conventional group (n=112) treated with prednisone combined with cyclophospha-
mide. Efficacy indicators, including the modified Rodnan skin score (mRSS), pulmonary, cardiac and renal function,
organ involvement manifestations, autoantibody titers, quality of life (SF-36) scores, and clinical remission status,
were assessed at baseline and 24 weeks post-treatment. Adverse events and progression-free survival (PFS) were
also analyzed. Results: At the 24-week follow-up, the transplant group achieved significantly greater mRSS improve-
ment (P<0.001). Significant improvements were also observed in pulmonary function (forced vital capacity [FVC],
P=0.009) and cardiac function (left ventricular ejection fraction [LVEF], P=0.005) in the transplant group. The trans-
plant group had a higher overall clinical remission rate (75.00% vs. 60.71%) and longer PFS (all P<0.05). Infusion
reactions were more prevalent in the transplant group (15.38% vs. 4.46%), whereas gastrointestinal reactions and
hyperglycemia occurred more frequently in the conventional group. Conclusion: Auto-HSCT with a rituximab-benda-
mustine conditioning regimen yields superior improvements in multi-organ lesions and long-term survival outcomes
in patients with refractory SSc compared with conventional therapy, with a tolerable safety profile.
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Introduction mycophenolate mofetil-based regimens serve

as the first-line standard treatment, yet a lar-

Systemic sclerosis (SSc) is a complex, disabling
autoimmune disease characterized by wide-
spread vasculopathy, immune dysregulation,
and progressive fibrosis of the skin and in-
ternal organs [1, 2]. Its clinical course is highly
heterogeneous, yet a substantial proportion of
patients develop rapidly progressive diffuse
cutaneous SSc, which often causes severe dis-
ability and high mortality due to progressive
involvement of vital organs including the lungs,
heart, and kidneys [3, 4].

Conventional immunosuppressive therapies
are often insufficient for patients with agg-
ressive, refractory SSc. Cyclophosphamide- or

ge number of patients only achieve partial or
transient treatment responses. These patients
experience continuous disease progression,
eventually developing irreversible organ dam-
age and reduced life expectancy. This unmet
clinical need necessitates the development of
more potent therapeutic strategies to alter the
natural course of SSc [5, 6].

Autologous hematopoietic stem cell transplan-
tation (AHSCT) has emerged as a curative-
intent intervention for severe autoimmune dis-
eases. This procedure aims to ablate the dy-
sfunctional immune system and reconstruct a
tolerant, functional immune system via reinfu-
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sion of autologous stem cells [7]. In SSc, clini-
cal trials have demonstrated that AHSCT can
induce profound, sustained improvements in
skin thickening, stabilize and restore lung func-
tion, and provide significant survival benefits
over conventional cyclophosphamide therapy.
These therapeutic advantages are attributed
to the potent immunosuppressive effects of
high-dose conditioning regimens administered
prior to stem cell reinfusion [8, 9].

Accordingly, the formulation of conditioning
regimens is critical to treatment efficacy. Tra-
ditional conditioning regimens for SSc, such as
single-agent cyclophosphamide or cyclophos-
phamide combined with anti-thymocyte globu-
lin, can reset immune function but are associ-
ated with substantial toxicity and high relapse
rates, highlighting the urgent need for more
targeted and efficient conditioning protocols
[10, 11]. Rituximab is a monoclonal antibody
targeting CD20 on B cells, which are key me-
diators of autoimmunity and fibrosis in SSc
[12]. Bendamustine is a unique alkylating agent
with proven efficacy in B-cell malignancies and
certain autoimmune diseases, exerting potent
cytotoxic effects while maintaining a favorable
safety profile for stem cell mobilization and
conditioning [13].

The synergistic effects of rituximab combined
with bendamustine in AHSCT constitute a no-
vel therapeutic hypothesis for refractory SSc.
This combination may enhance the depletion of
B cells and plasma cells, thereby more effec-
tively eliminating pathogenic immune memory
and potentially reducing regimen-related toxi-
city. Currently, high-quality clinical data on the
efficacy and safety of rituximab-bendamus-
tine-based conditioning regimens for AHSCT in
refractory SSc remain scarce. Therefore, this
study aimed to evaluate the clinical outcom-
es and safety profile of AHSCT with a novel
rituximab-bendamustine-containing condition-
ing regimen in patients with refractory systemic
sclerosis.

Materials and methods
Research ethics

This retrospective study was conducted in ac-
cordance with the principles of the Declaration
of Helsinki and approved by the Institutional
Review Board (IRB) of Pu’er People’s Hospital.
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Informed consent was waived due to the use
of anonymized medical records. All patient
data were de-identified to ensure complete pri-
vacy protection.

Screening criteria

Inclusion criteria: Patients aged 18 to 70
years; diagnosed with SSc in accordance with
the 1980 American College of Rheumatology
(ACR) classification criteria [14], with a disease
duration of no less than 6 months; refractory
to conventional immunosuppressive therapy
(defined as receiving at least one course of
cyclophosphamide or mycophenolate mofetil
treatment, with less than 30% mRSS improve-
ment after 6 months of standardized treatment
or progressive visceral organ involvement); ba-
seline mRSS >25; positive for at least one
autoantibody (antinuclear antibody [ANA] titer
>1:1000 via immunofluorescence assay and/
or positive anti-Scl-70 antibody); and with com-
plete clinical data and 2-year follow-up records.

Exclusion criteria: Pregnant or breastfeeding
women; patients with scleroderma renal crisis
(SRC) within 30 days prior to enroliment, de-
fined as acute kidney injury, rapidly elevated
blood pressure, and progressive increase in
serum creatinine secondary to SSc; patients
with active, uncontrolled infections requiring
intravenous antimicrobial therapy or ongoing
treatment for chronic infection; patients with
active tuberculosis confirmed by chest imag-
ing within 6 months before enrollment; and
patients with severe uncontrolled comorbidi-
ties deemed unsuitable for high-intensity im-
munosuppressive therapy or hematopoietic st-
em cell transplantation by the investigators.

Study design and grouping

This retrospective cohort study enrolled 216
patients with refractory systemic sclerosis who
failed to respond to conventional immunosup-
pressive therapy and received treatment at
Pu’er People’s Hospital from August 2019 to
August 2023. All data were extracted from the
hospital’'s electronic medical record system.
Patients were stratified into two groups based
on their treatment regimens: the transplant
group (n=104) received auto-HSCT with ritux-
imab-bendamustine conditioning, and the con-
ventional group (n=112) received standard im-
munosuppressive therapy consisting of predni-
sone plus cyclophosphamide pulse therapy.
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Statistical methods

SPSS 24.0 software (IBM, USA) was used for
all statistical analyses. The Shapiro-Wilk test
was applied to assess data normality. Con-
tinuous variables conforming to normal distri-
bution were expressed as mean + standard
deviation (SD), and intergroup differences were
compared using independent samples t-tests.
Categorical variables were presented as fre-
quencies and percentages, with between-gr-
oup comparisons performed via the chi-square
test. Kaplan-Meier curves were plotted to an-
alyze PFS, and the log-rank test was used for
intergroup comparison. Given the retrospec-
tive study design, multivariate linear regression
analysis was further performed for the primary
endpoint (24-week mRSS), with all baseline
characteristics included as covariates. The
results were reported as regression coeffi-
cients (B) with 95% confidence intervals (Cls).
All statistical tests were two-tailed, and a P
value <0.05 was considered statistically signi-
ficant. No data were missing for any outcome
indicator in this study.

Treatment protocols

Transplant group: Mobilization, Collection, Pu-
rification, and Cryopreservation of Autologous
Peripheral Blood Stem Cells: The stem cell
mobilization regimen consisted of 3 g/m? cy-
clophosphamide (CTX, Shanxi Pude Pharma-
ceutical Co., Ltd., H14023686) administered
intravenously over two consecutive days. When
peripheral blood leukocyte counts reached the
nadir and began to recover, subcutaneous
injection of recombinant human granulocyte
colony-stimulating factor (G-CSF, Harbin Phar-
maceutical Group Bioengineering Co., Ltd.,
S$20000061) at a daily dose of 10 yg/kg was
initiated. Peripheral blood stem cells were col-
lected using a COM.TEC blood cell separator
(Fresenius Kabi, Germany) when peripheral
mononuclear cell counts exceeded 5 x 10%/L.
The circulating blood volume for collection was
2 to 3 times the patient’s total blood volume,
with a target CD34+ cell counts >2 x 108/kg;
one to two collection sessions were required
for most patients. Collected stem cell products
were cryopreserved at -80°C using dimethyl
sulfoxide as a cryoprotectant.

Conditioning Regimen: Rituximab (RTX, Sh-
anghai Henlius Biopharmaceuticals Co., Ltd.,
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$20190021) 375 mg/m? was administered
intravenously on day 1; bendamustine (Ben,
CTD Pharma Co., Ltd., H20193358) 90 mg/m?
was administered intravenously on days 2
and 3; CTX 50 mg/kg/day was administered
intravenously from day 2 to day 5.

Supportive Therapy and Complication Preven-
tion: One week before admission to the laminar
airflow clean ward, patients received oral intes-
tinal decontamination medications, including
fluconazole (Guangdong Yishu Pharmaceuti-
cal Co., Ltd., H20066085), compound sulfa-
methoxazole (Shanghai XinYa Pharmaceutical
Minhang Co., Ltd., H31020387), and norflo-
xacin (CSPC Ouyi Pharmaceutical Co., Ltd.,
H13022807). All patients received a whole-
body bath with 1:2000 diluted chlorhexidine
acetate and underwent subclavian venous
catheterization prior to ward admission. Me-
sna (Jiangsu Hengrui Medicine Co., Ltd.,
H10950290) was infused intravenously dur-
ing and after high-dose CTX administration for
bladder protection. Red blood cell transfusion
was performed when hemoglobin levels dro-
pped below 60 g/L or patients presented with
severe anemia symptoms. Platelet transfu-
sion was administered when platelet counts
decreased below 20 x 10°/L or active bleeding
occurred. Starting from day 2 after stem cell
reinfusion, subcutaneous G-CSF injection was
administered to promote hematopoietic re-
covery until neutrophil counts stabilized and
increased sustainably.

Conventional group: Patients received oral
prednisone tablets (Chenxin Pharmaceutical
Co., Ltd., H37021900) at an initial daily dose
of 1 mg/kg. After 4 weeks of treatment, the
prednisone dose was gradually reduced by
10% of the initial dose weekly, with individual-
ized adjustments to the minimum maintenance
dose or discontinuation based on patient con-
dition. Meanwhile, all patients received intrave-
nous CTX pulse therapy consistent with the
conventional clinical protocol: 0.5 g per ses-
sion, once every 2 weeks, for a total of 12 ses-
sions over the 24-week treatment period.

Evaluation indicators and methods

Skin thickness assessment: Skin thickness
was assessed using the modified Rodnan skin
score (MRSS) [15]. Two rheumatologists blind-
ed to group allocation independently palpated
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and scored 17 body regions (face, chest, abdo-
men, upper arms, forearms, dorsal hands, fin-
gers, thighs, lower legs, and dorsal feet). Each
region was scored on a 0-3 scale (0 = normal,
1 = mild thickening, 2 = moderate thickening,
3 = severe thickening), with a total score rang-
ing from O to 51. The final mRSS for each
patient was the average of the two physicians’
scores.

Pulmonary function assessment: Pulmonary
Ventilation Function: Forced vital capacity (FVC)
was measured using a MasterScreen PFT spi-
rometer (CareFusion, Germany). A professional
technician guided patients to complete stan-
dardized testing, and the mean value of the
three optimal measurements was recorded in
liters (L).

Pulmonary Diffusion Function: The diffusing
capacity for carbon monoxide (DLCO) was mea-
sured using the carbon monoxide diffusion
module of the same spirometer, with results
expressed as a percentage of the predicted
normal value (%).

High-Resolution CT (HRCT) Scoring: HRCT scan-
ning was performed using a SOMATOM De-
finition Flash scanner (Siemens, Germany). Two
radiologists blinded to group allocation evalu-
ated lung lesions using the semi-quantitative
Warrick scoring system. The severity of ground-
glass opacity and fibrosis in the upper, middle,
and lower zones of both lungs was each scored
0-3, with a total cumulative score ranging from
0 to 36. The final HRCT score was the average
of the two radiologists’ independent scores.

Cardiac function assessment: Cardiac function
was assessed via Vivid E95 echocardiography
(GE Healthcare, USA). The biplane Simpson
method was used to measure left ventricular
ejection fraction (LVEF). Pulmonary artery sys-
tolic pressure (PASP) was calculated using the
simplified Bernoulli equation based on the
peak tricuspid regurgitation velocity.

Renal function assessment: Fasting venous
blood samples were collected to detect serum
creatinine (SCr) and blood urea nitrogen (BUN)
levels using a fully automatic biochemical ana-
lyzer (Cobas ¢ 702, Roche, Switzerland). The
estimated glomerular filtration rate (eGFR) was
calculated via the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) equation
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based on SCr levels. Patients were instructed
to collect 24-hour urine samples completely
and accurately. After thorough mixing, total ur-
ine volume was recorded, and urine samples
were tested for protein concentration to calcu-
late 24-hour urinary protein excretion (g/24 h).

Organ-specific manifestation assessment: Or-
gan-specific manifestations were systematical-
ly recorded via standardized medical history
collection and physical examination. Raynaud’s
phenomenon was defined as typical triphasic
color changes (pallor-cyanosis-erythema) of the
fingers or toes induced by cold stimulation or
emotional stress. Digital ulcers were defined
as visible skin defects or necrotic scabs at the
fingertip or toe tip.

Autoantibody titer assessment: Venous blood
samples were collected and centrifuged to
separate serum for antibody detection. ANA
titers were measured via indirect immuno-
fluorescence assay on HEp-2 cell substrates
(EUROPattern, EUROIMMUN, Germany). Anti-
Scl-70 antibody levels were detected by immu-
noblot assay (Euroline, EUROIMMUN, Germany)
and reported as quantitative or semi-quantita-
tive values.

Health-related quality of life assessment: The
Chinese version of the 36-ltem Short Form
Health Survey (SF-36) was used to evaluate
patients’ health-related quality of life [16]. The
scale covers eight dimensions: physical func-
tioning, role-physical, bodily pain, general he-
alth, vitality, social functioning, role-emotional,
and mental health. Each dimension is stan-
dardized to a score of 0-100, with higher scores
indicating better health status.

Clinical remission assessment: A comprehen-
sive clinical efficacy evaluation was performed
at 24 weeks post-treatment. Clinical remission
was classified into three grades: Complete
Remission (CR) was defined as >80% mRSS
improvement from baseline without new or
progressive visceral organ involvement; Par-
tial Remission (PR) was defined as 30%-80%
MRSS improvement from baseline without new
or progressive visceral organ involvement; No
Remission (NR) was defined as <30% mRSS
improvement from baseline or the presence
of new/progressive visceral organ lesions. The
overall remission rate (ORR) was calculated as
the sum of CR and PR rates.
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Table 1. General information of the subjects

Conventional

Transplant

Parameters group (n=112) group (n=104) /X P
Age (years) 4852 +6.31 47.89+6.15 0.733 0.464
Gender (male/female) 40 (35.71%) 38(36.54%) 0.016 0.900
BMI (kg/m?) 22.45+2.05 22.67+211 0.770 0.442
Living condition (urban/rural) (n, %) 78 (69.64%) 74 (71.15%) 0.059 0.808
Education level (high school and below/university and above) (n, %) 65 (58.04%) 58 (55.77%) 0.113 0.737
Employment (n, %) 52 (46.43%) 50 (48.08%) 0.059 0.808
Smoking history (n, %) 23 (20.54%) 20 (19.23%) 0.058 0.810
Drinking history (n, %) 18 (16.07%) 15 (14.42%) 0.113 0.737
Duration of illness (months) 2458 £8.17 25.80+8.20 1.096 0.274
Autoantibody subtype (n, %)

Anti-Scl-70 positive 71(63.39%) 68 (65.38%) 0.093 0.760

ACA positive 15(13.39%) 12 (11.54%) 0.170 0.681
Comorbidity (n, %)

Hypertension 32(28.57%) 28(26.92%) 0.073 0.787

Diabetes Mellitus 19 (16.96%) 16 (15.38%) 0.099 0.753

Interstitial Lung Disease 70 (62.5%) 68 (65.4%) 0.194 0.659

BMI, Body Mass Index; ACA, Anticentromere Antibody.

Safety assessment: All adverse events occur-
ring from treatment initiation to the final follow-
up were recorded and graded according to the
National Cancer Institute Common Terminology
Criteria for Adverse Events (CTCAE) version 5.0
[17]. Focused safety indicators included in-
fection, liver injury (alanine aminotransferase/
aspartate aminotransferase elevation >3 tim-
es the upper limit of normal), kidney injury (SCr
elevation >1.5 times the baseline level), cardio-
vascular events, drug infusion reactions, gas-
trointestinal reactions, and hyperglycemia.

Progression-free survival assessment: PFS was
defined as the interval from treatment initia-
tion to the first occurrence of disease progres-
sion or all-cause death. Disease progression
was defined as a >25% increase in mRSS rela-
tive to the lowest post-treatment value and/or
the emergence or definite progression of vis-
ceral (lung, heart, kidney) lesions confirmed by
imaging or functional tests. Patients without
endpoint events were censored at the last fol-
low-up date.

Data collection

Two trained researchers independently ex-
tracted all data from the electronic medical
record system using standardized data collec-
tion forms. Collected data included baseline
clinical characteristics, treatment regimens, ef-
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ficacy indicators, and adverse events. All effi-
cacy evaluations were performed at baseline
and 24 weeks after treatment initiation.

Results
Comparison of baseline clinical characteristics

All enrolled patients had diffuse cutaneous
SSc with baseline mRSS >25, consistent with
the inclusion criteria. There were no significant
intergroup differences in age, gender distribu-
tion, body mass index (BMI), living condition,
educational level, employment status, smoking
history, drinking history, disease duration, posi-
tive anti-Scl-70 antibody rate, positive anticen-
tromere antibody rate, or comorbidities includ-
ing hypertension, diabetes mellitus and inter-
stitial lung disease (all P>0.05). Baseline char-
acteristics were well balanced between the two
groups, ensuring good intergroup comparabi-
lity (Table 1).

Comparison of modified Rodnan skin score

Baseline mRSS was comparable between the
two groups (P=0.738). At 4 weeks post-treat-
ment, the transplant group showed a signifi-
cantly lower mRSS than the conventional group
(18.23 + 4.12 vs. 24.56 + 5.01, t=10.175,
P<0.001). This significant difference persisted
at 12 weeks (12.45 + 3.56 vs. 20.14 + 4.78,
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Figure 1. Changes in mRSS of the subjects before and after treatment.
mRSS, Modified Rodnan Skin Score. Data are presented as mean + SD. The

comparison between groups was performed using an independent samples
t-test. ns, no statistically significant difference; ***, P<0.001.

Table 2. Pulmonary function and HRCT scores of the subjects
before and after treatment

Conventional Transplant

Parameters group (n=112) group (n=104) P

FVC (L) Baseline 2.48+0.58 2.45+056 0.303 0.762
24 weeks 2.60+0.59 2.82+0.63 2.653 0.009

DLCO (%) Baseline 57.89+10.45 60.12 + 10.78 1.543 0.124

24 weeks 58.34 + 10.23 63.10 + 12.21 3.113 0.002
HRCT Score Baseline 18.53+4.26 18.95+4.01 0.749 0.455
24 weeks 16.22+3.94 1456+ 3.62 3.219 0.001

FVC, Forced Vital Capacity; DLCO, Diffusing Capacity of the Lung for Carbon Mon-
oxide; HRCT, High-Resolution Computed Tomography (a semi-quantitative score).

Table 3. Cardiac function parameters of the subjects before and
after treatment

Conventional Transplant

group (n=112) group (n=104) t P

Parameters

LVEF (%) Baseline 58.12+6.45 58.45+6.23 0.378 0.706
24 weeks 59.23+6.12 61.54+5.89 2.823 0.005
PASP (mmHg) Baseline 43.12+8.45 42.34+8.12 0.693 0.489

24 weeks 41.56+8.12 38.35+7.23 3.055 0.003

LVEF, Left Ventricular Ejection Fraction; PASP, Pulmonary Artery Systolic Pressure.

Comparison of pulmonary func-
tion and imaging outcomes

Baseline FVC, DLCO and HRCT
scores were similar between
the two groups (all P>0.05).
At 24 weeks post-treatment,
the transplant group exhibited
significantly superior improve-
ments in FVC (2.82 + 0.63 L
vs. 2.60 + 0.59 L, t=2.653,
P=0.009), DLCO (63.10 =
12.21% vs. 58.34 + 10.23%,
t=3.113, P=0.002), and HRCT
scores (14.56 + 3.62 vs. 16.22
+ 3.94, t=3.219, P=0.001)
compared with the convention-
al group, demonstrating better
pulmonary functional recovery
and reduced lung lesion seve-
rity in the transplant group
(Table 2).

Comparison of cardiac func-
tion parameters

Baseline LVEF and PASP levels
were comparable between the
two groups (all P>0.05). At
24 weeks post-treatment, the
transplant group had signifi-
cantly higher LVEF (61.54 +
5.89% vs. 59.23 + 6.12%,
t=2.823, P=0.005) and lower
PASP (38.35 + 7.23 mmHg vs.
41.56 + 8.12 mmHg, t=3.055,
P=0.003), indicating superior
cardiac functional preservati-
on and improvement in the
transplant group (Table 3).

Comparison of renal function
indicators

Baseline SCr, BUN, eGFR and
24-hour urinary protein levels
showed no significant inter-
group differences (all P>0.05).

1=13.492, P<0.001) and 24 weeks (10.85 +
3.41 vs. 18.45 + 4.12, t=14.723, P<0.001).
These findings indicated that the transplant
group achieved significantly greater and faster
MRSS reduction throughout the treatment pe-
riod (Figure 1).
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At 24 weeks post-treatment, the transplant
group had a significantly higher eGFR (93.15 +
10.88 ml/min/1.73 m? vs. 89.84 + 10.37 ml/
min/1.73 m?, t=2.293, P=0.023) and lower
24-hour urinary protein excretion (2.25 + 0.71
g/24 h vs. 3.13 + 0.82 g/24 h, t=8.386,
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Table 4. Renal function indicators before and after treatment

Parameters Conventional group (n=112) Transplant group (n=104) t P
Scr (umol/L) Baseline 89.72 + 15.13 88.24 + 15.17 0.715 0.476
24 weeks 83.31+14.14 80.29 + 13.56 1.597 0.112
BUN (mmol/L) Baseline 6.91+1.23 7.01+1.32 0.532 0.595
24 weeks 6.12 + 1.17 5.87 +1.11 1.634 0.104
eGFR (ml/min/1.73 m?) Baseline 84.63 £ 10.24 86.34 £ 10.37 1.217 0.225
24 weeks 89.84 + 10.37 93.15 £ 10.88 2.293 0.023
24-h Urine Protein (g/24 h) Baseline 6.49 + 1.52 6.54 + 1.62 0.250 0.803
24 weeks 3.13+0.82 2.25+0.71 8.386 <0.001

Scr, Serum Creatinine; BUN, Blood Urea Nitrogen; eGFR, Estimated Glomerular Filtration Rate.

Table 5. Organ-specific manifestations before and after treatment

Parameters (n=112)

Conventional group Transplant group
(n=104)

X P

Raynaud’s Phenomenon (n, %) Baseline 105 (93.75%)
24 weeks 98 (87.50%)
Digital Ulcers (n, %) Baseline 67 (59.82%)
24 weeks 58 (51.79%)

98 (94.23%) 0.022  0.882
75 (72.12%) 8.005  0.005
62 (59.62%) 0.001  0.975
38 (36.54%) 5.077  0.024

*  Conventional group (n=112) Transplant group (n=104)
6000

4000

* ok *

N

o

o

o
|

I

ANA Titer (Reciprocal dilution)

AL

Baseline 24 weeks
Time

Figure 2. Autoantibody titers of the subjects before and after treatment.
ANA, Antinuclear Antibody. Data are presented as mean + SD. The compari-
son between groups was performed using an independent samples t-test.
ns, no statistically significant difference; ***, P<0.001.

Comparison of organ-specific
manifestations

The baseline prevalence of
Raynaud’s phenomenon and
digital ulcers was similar be-
tween the two groups (P=
0.882, P=0.975, respectively).
At 24 weeks post-treatment,
the transplant group had a
significantly lower prevalence
of Raynaud’s phenomenon
(72.12% vs. 87.50%, x>=8.005,
P=0.005) and digital ulcers
(36.54% vs. 51.79%, x>=5.077,
P=0.024) than the convention-
al group, indicating that the
novel transplant regimen was
more effective in improving
SSc-related vascular lesions
(Table 5).

Comparison of autoantibody
titers

P<0.001). No significant intergroup differences Baseline ANA titers were comparable between
were observed in SCr and BUN levels at 24 the two groups (P=0.492). At 24 weeks post-
weeks (all P>0.05). These results confirmed treatment, ANA titers in the transplant group
better renal functional improvement in the were significantly lower than those in the con-
transplant group (Table 4). ventional group (846.92 + 245.37 vs. 1275.38
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Table 6. SF-36 score of the subjects before and after treatment

Parameters Conventional group (n=112) Transplant group (n=104) t P
Physical Functioning Baseline 46.12 +4.61 4523 +4.52 1.431 0.154
24 weeks 54.34 £5.23 61.20 £ 5.75 9.189 <0.001
Role-Physical Baseline 42.34 £ 4.23 41.89 +4.19 0.786 0.432
24 weeks 49.56 + 4.86 54.30 £ 5.50 6.714 <0.001
Bodily Pain Baseline 4456 + 4.46 43.78 £ 4.38 1.307 0.193
24 weeks 51.23 +£5.12 58.45 + 5.90 9.620 <0.001
General Health Baseline 43.12 +4.31 42.34 £+ 4.23 1.337 0.183
24 weeks 51.80 £ 5.15 56.60 + 5.70 6.493 <0.001
Vitality Baseline 48.30 £ 4.89 4756 + 4.76 1.127 0.261
24 weeks 55.64 £ 5.41 58.15 + 6.32 3.137 0.002
Social Functioning Baseline 49.23 £ 4.92 48.45 + 4.85 1.174 0.242
24 weeks 56.78 £ 5.68 58.12 + 6.25 1.644 0.102
Role-Emotional Baseline 50.11 £ 5.01 49.67 £ 4.97 0.642 0.522
24 weeks 5745 £ 5.75 58.74 + 6.35 1.569 0.118
Mental Health Baseline 51.23 +£5.12 50.12 +5.01 1.599 0.111
24 weeks 59.46 + 5.98 62.05 + 6.26 3.118 0.002

+ 398.52, t=9.588, P<0.001), suggesting that
the rituximab-bendamustine conditioning regi-
men effectively reduced autoimmune antibody
levels (Figure 2).

Comparison of health-related quality of life

All SF-36 dimension scores were similar be-
tween the two groups at baseline (all P>0.05).
At 24 weeks post-treatment, the transplant
group achieved significantly higher scores in
physical functioning (61.20 + 5.75 vs. 54.34 +
5.23, t=9.189, P<0.001), role-physical (54.30
+ 5.50 vs. 49.56 + 4.86, t=6.714, P<0.001),
bodily pain (58.45 + 5.90 vs. 51.23 + 5.12,
t=9.620, P<0.001), general health (56.60 *
5.70 vs. 51.80 + 5.15, t=6.493, P<0.001),
vitality (58.15 + 6.32 vs. 55.64 + 5.41, t=
3.137, P=0.002), and mental health (62.05 +
6.26 vs. 59.46 + 5.98, t=3.118, P=0.002). No
significant intergroup differences were found
in social functioning and role-emotional scores
(all P>0.05) (Table 6).

Comparison of clinical remission rate

Significant intergroup differences in clinical re-
mission status were observed at 24 weeks
post-treatment. The transplant group had a
significantly higher ORR than the conventional
group (75.00% vs. 60.71%, x?=5.024, P=0.025).
Specifically, the CR and PR rates were 33.65%
and 41.35% in the transplant group, versus
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25.00% and 35.71% in the conventional gr-
oup, respectively. The NR rate was markedly
lower in the transplant group (25.00% vs.
39.29%). These results verified the superior
comprehensive therapeutic efficacy of the no-
vel transplant regimen (Table 7).

Comparison of safety assessment

The incidence of severe adverse events includ-
ing infection, liver injury, renal injury and car-
diovascular events was comparable between
the two groups (all P>0.05). However, signifi-
cant differences were observed in mild-to-mod-
erate adverse reactions. The transplant group
had a higher incidence of drug infusion reac-
tions (15.38% [16/104] vs. 4.46% [5/112],
¥x2=7.327, P=0.007). In contrast, the conven-
tional group showed a higher incidence of ga-
strointestinal reactions (21.43% [24/112] vs.
9.62% [10/104], x*>=5.674, P=0.017) and hy-
perglycemia (22.32% [25/112] vs. 3.85% [4/
104], x?>=15.836, P<0.001). Both treatment
regimens exhibited acceptable safety profiles
with distinct adverse reaction characteristics
(Table 8).

Analysis of PFS

Kaplan-Meier survival analysis demonstrated
that the transplant group had significantly
superior PFS compared with the conventional
group (Figure 3). The median PFS was 28.67
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Table 7. Clinical response rates at 24 weeks post-treatment

Conventional group Transplant group ¥

Parameters (n=112) (n=104) P
OR 68 (60.71%) 78 (75.00%) 5.024 0.025
CR 28 (25.00%) 35 (33.65%)

PR 40 (35.71%) 43 (41.35%)

NR 44 (39.29%) 26 (25.00%)

OR, Overall Remission; CR, Complete Remission; PR, Partial Remission; NR, No Re-
mission.

Table 8. Treatment-related adverse reaction incidence of the
subjects

Parameters Conventional  Transplant 5 p
group (n=112) group (n=104)
Infection 16 (14.29%) 11(10.58%) 0.678 0.410
Hepatic Injury 14 (12.50%) 9 (8.65%) 0.838 0.360
Renal Injury 8 (7.14%) 5 (4.81%) 0.520 0.471
Cardiovascular Event 6 (5.36%) 4 (3.85%) 0.042 0.838
Drug Infusion Reaction 5 (4.46%) 16 (15.38%) 7.327 0.007
Gastrointestinal Reaction 24 (21.43%) 10(9.62%) 5.674 0.017
Hyperglycemia 25 (22.32%) 4(3.85%) 15.836 <0.001
A Strata Conventional group = Transplant group
1.00
=y
B 0.751
@
Ke)
<]
8 050 ------=----------opn oo
g
£ 0.251
@ p < 0.0001
0.001_ . . : :
12 18 24 30 36
Time in months
B Number at risk
12 101 33 0 0
8
g
0
= 104 104 99 35 2
12 18 24 30 36

Time in months
Figure 3. PFS of the subjects. The difference between the two groups was

assessed by the log-rank test. A: Kaplan-Meier survival curves; B: Number of
patients at risk over time. PFS, Progression-Free Survival.

months (95% CI: 24.12-33.45) in the trans-
plant group and 22.34 months (95% Cl: 18.76-
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26.98) in the conventional
group. The log-rank test con-
firmed a statistically signifi-
cant difference in PFS be-
tween the two groups (P<
0.0001), with sustained se-
paration of survival curves
during follow-up.

Multivariate regression analy-
sis for primary outcome

To eliminate the interference
of confounding factors, multi-
variate linear regression anal-
ysis was performed with 24-
week mRSS as the dependent
variable, treatment modality
as the independent variable,
and all baseline clinical char-
acteristics and baseline organ
function indicators as covari-
ates. After full adjustment for
confounders, auto-HSCT tre-
atment remained an indepen-
dent protective factor for re-
duced 24-week mMRSS (B=-
7.32, 95% CI: -8.89 to -5.75,
P<0.001), further validating
the robustness of the primary
study findings (Table 9).

Discussion

This retrospective cohort stu-
dy systematically compared
the clinical efficacy and safe-
ty of a novel rituximab-benda-
mustine-based AHSCT condi-
tioning regimen versus con-
ventional prednisone combin-
ed with cyclophosphamide
therapy in refractory SSc pa-
tients. The results demon-
strate that AHSCT treatment
yields superior multisystem
organ function improvement
and prolonged PFS with a tol-
erable safety profile, confirm-
ing its distinct therapeutic
advantages over conventional
immunosuppressive therapy.

The most prominent therapeutic benefit of the
novel regimen was the significant reduction in
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Table 9. Multivariate linear regression analysis for mRSS at 24 weeks

Variable B coefficient 95% Cl P
Treatment group (Transplant vs. Conventional) -7.32 -8.8910-5.75 <0.001
Age (years) -0.04 -0.12t0 0.04 0.312
Gender (male vs. female) 0.65 -0.78 10 2.08 0.372
BMI (kg/m?) -0.11 -0.34t0 0.12 0.342
Living condition (urban vs. rural) 0.23 -1.12to0 1.58 0.738
Education level (high school and below vs. university and above) 0.41 -0.951t0 1.77 0.552
Employment (employed vs. unemployed) -0.32 -1.68t0 1.04 0.642
Smoking history (yes vs. no) 0.58 -1.051t02.21 0.485
Drinking history (yes vs. no) 0.37 -1.34t0 2.08 0.672
Duration of illness (months) 0.02 -0.04 t0 0.08 0.488
Anti-Scl-70 positive (yes vs. no) 0.52 -0.891t0 1.93 0.468
ACA positive (yes vs. no) 0.68 -1.02t0 2.38 0.431
Hypertension (yes vs. no) 0.87 -0.56 t0 2.30 0.232
Diabetes mellitus (yes vs. no) 0.94 -0.71t0 2.59 0.262
Interstitial lung disease (yes vs. no) 0.22 -1.10to 1.54 0.742
Baseline mRSS (score) 0.42 0.28 t0 0.56 0.001
Baseline FVC (L) -1.23 -2.01t0-0.45 0.002
Baseline LVEF (%) -0.08 -0.151t0-0.01 0.032
Baseline eGFR (ml/min/1.73 m?) -0.05 -0.12t0 0.02 0.152

Dependent variable: mRSS at 24 weeks. All baseline characteristics listed in Table 1 were included as covariates. ACA, Anticen-

tromere Antibody; Cl, Confidence Interval.

skin thickness. Compared with conventional cy-
clophosphamide pulse therapy, AHSCT induced
faster and more substantial mMRSS improve-
ment, which is attributed to the enhanced im-
munoablation effect of the combined condi-
tioning regimen. Different from the non-specific
lymphodepletion of single-agent cyclophospha-
mide, the addition of rituximab enables target-
ed depletion of CD20+ B cells, the core effector
cells driving SSc-related autoantibody produc-
tion and profibrotic cytokine (e.g., IL-6) secre-
tion [18, 19]. Bendamustine further eliminates
quiescent and dividing lymphocytes and plas-
ma cells, effectively eradicating autoreactive
immune clones and suppressing persistent
fibrotic signaling [20]. This synergistic anti-
autoimmune and anti-fibrotic effect accounts
for the superior skin softening efficacy obser-
ved in this study, which is superior to that of
traditional AHSCT regimens and conventional
chemotherapy [21].

Pulmonary involvement is the leading cause
of mortality in SSc patients. This study found
that the AHSCT regimen significantly improved
FVC and DLCO levels and reduced HRCT-con-
firmed lung lesion severity, indicating its ability
to reverse early pulmonary inflammation and
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delay fibrosis progression. SSc pulmonary fibro-
sis is driven by persistent infiltration of autore-
active lymphocytes and chronic alveolar injury.
The intensive rituximab-bendamustine condi-
tioning regimen efficiently eliminates inflamma-
tory immune cells, interrupts the inflammation-
fibrosis vicious cycle, and facilitates lung tissue
repair [22, 23]. The improved imaging and func-
tional indicators confirm the regimen’s unique
value in treating refractory SSc-associated in-
terstitial lung disease, for which limited effec-
tive therapies are currently available [24, 25].

The AHSCT regimen also exerted favorable pro-
tective effects on cardiac and renal function.
The improved LVEF and reduced PASP in the
transplant group reflected alleviated myocardi-
al fibrosis and secondary pulmonary hyperten-
sion, while the increased eGFR and decreased
urinary protein indicated improved scleroderma
renal vasculopathy. These multisystem protec-
tive effects stem from systemic immune re-
setting, which reduces autoimmune-mediated
endothelial injury and the release of vasocon-
strictive and profibrotic mediators, thereby miti-
gating organ damage caused by persistent
immune inflammation [8, 9, 26].
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Raynaud’s phenomenon and digital ulcers are
typical vascular complications of SSc caused
by endothelial dysfunction and vasospasm. The
significantly lower prevalence of these two ma-
nifestations in the transplant group further ve-
rified the vascular protective effect of AHSCT.
Immune reconstitution after conditioning ther-
apy reduces autoantibody-mediated endothe-
lial damage and regulates vascular tension,
thereby improving peripheral microcirculation
and reducing ischemic vascular complications
[27-29].

The marked reduction in ANA titers in the trans-
plant group provided serological evidence for
the regimen’s potent immunosuppressive effi-
cacy. The combined rituximab-bendamustine
regimen achieves comprehensive depletion of
B cell lineages, fundamentally inhibiting au-
toantibody production and abnormal autoim-
mune activation. The decreased autoantibody
levels are closely correlated with improved cli-
nical manifestations and serve as a reliable
biomarker for favorable long-term prognosis in
SSc patients [30].

Consistent with objective organ function im-
provements, patients in the transplant group
reported significant enhancements in multiple
dimensions of quality of life, especially physical
function, pain relief and general health status.
This indicates that the multisystem therapeu-
tic efficacy of the novel regimen can be con-
verted into tangible improvements in patients’
daily living ability and physical well-being, which
is a crucial patient-centered outcome that is
often overlooked in clinical trials [31].

The transplant group’s higher ORR confirmed
the comprehensive therapeutic effect of the
novel regimen. More importantly, the signifi-
cantly prolonged PFS demonstrated that ritux-
imab-bendamustine-conditioned AHSCT can in-
duce sustained disease remission by perma-
nently remodeling the abnormal immune sys-
tem and delaying the recurrence of autoim-
mune and fibrotic lesions [9, 32]. This finding
highlights the disease-modifying potential of
the novel regimen for refractory SSc.

Safety analysis revealed distinct adverse reac-
tion profiles between the two regimens with
comparable overall severe adverse event risks.
The higher incidence of infusion reactions in
the transplant group was mainly related to

5364

rituximab administration, which is predictable
and manageable with standardized premedica-
tion and slow infusion rates. In contrast, the
conventional group’s higher rates of gastroin-
testinal toxicity and hyperglycemia were pri-
marily associated with long-term high-dose glu-
cocorticoid exposure, which is avoided in the
AHSCT protocol after conditioning. These dif-
ferential toxicity features provide targeted clini-
cal guidance for individualized treatment se-
lection and patient perioperative management
[33, 34].

This study has several limitations. First, the
single-center retrospective design may intro-
duce inherent selection bias and limit the gen-
eralizability of the findings. Second, the 24-
week follow-up period was sufficient for evalu-
ating short-term efficacy and safety but inade-
quate for assessing long-term outcomes such
as late disease relapse, secondary malignan-
cy, and long-term survival benefits. Third, the
absence of prospective randomized controlled
grouping weakens the level of clinical eviden-
ce. Fourth, no detailed immune reconstitution
monitoring data were collected, restricting in-
depth exploration of the regimen’s therapeutic
mechanism. Future research should focus on
prospective, multicenter, randomized controll-
ed trials to further validate the efficacy and
safety of this novel conditioning regimen. Ex-
tended long-term follow-up is required to mo-
nitor long-term adverse events and sustained
therapeutic benefits. Additionally, exploring
predictive biomarkers for treatment response
and characterizing immune reconstitution pat-
terns after AHSCT will help optimize patient
selection and clarify the underlying therapeu-
tic mechanisms. Furthermore, health econo-
mic evaluation studies are needed to support
the clinical promotion and widespread applica-
tion of this regimen [35].

Conclusion

In conclusion, this retrospective clinical study
confirms that auto-HSCT with a novel rituximab-
bendamustine conditioning regimen is a safe
and effective therapeutic option for refrac-
tory systemic sclerosis. Compared with con-
ventional prednisone plus cyclophosphamide
immunosuppressive therapy, this novel regi-
men achieves superior improvements in skin
fibrosis, pulmonary, cardiac and renal organ
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lesions, higher clinical remission rates, better
patient quality of life, and longer progression-
free survival. Although it is associated with a
higher incidence of mild, manageable infusion
reactions, the risk of severe adverse events is
comparable to conventional therapy. These
findings support the clinical application of rit-
uximab-bendamustine-conditioned auto-HSCT
for the treatment of severe, refractory, progres-
sive SSc. Further prospective controlled stud-
ies are warranted to validate its long-term clini-
cal value.
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