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Background: Despite advances in the treatment of multiple myeloma, a
proportion of patients still hardly achieve desired prognosis. Although
microtransplant (MST) has proved promising results in treating several
hematological malignancies, it has not been studied in multiple myeloma.

Methods: We performed a retrospective analysis of multiple myeloma patients treated
with MST at our institution. Their clinical information and outcome measurements
were collected. Furthermore, the fluctuation of donor microchimerism after MST, as
well as the alteration of immune function before and after MST were analyzed.

Results: Twenty patients receiving MST were enrolled from June 2008, to May
2024, with an overall response rate of 17/20. The 6-year overall survival (OS) and
progression-free survival (PFS) rates were 64.7% and 35.3%, respectively, with no
graft-versus-host disease or non-relapse mortality. Incidence of controlled fever
and Grade | cytokine release syndrome (CRS) was 40.8%. The OS were comparable
between groups with age, International Staging System stage, and Mayo
Stratification of Myeloma and Risk-Adapted Therapy stage. However, earlier
Durie-Salmon stage, disease in VGPR or CR status prior to MST, and an increase
in total cycle number of MST were significantly associated with longer OS. Donor
microchimerism was detected in all available peripheral blood samples from 14
days to 6 months post-MST. Furthermore, MST resulted in increased proportions
of total CD3+ T cells, and CD4+CD8- T cells in peripheral blood, as well as
improved CD4:CD8 ratio and increased proportions of ThO cells.

Conclusion: MST extended PFS and OS, and benefit immune reconstitution in
multiple myeloma patients. Therefore, MST is a promising treatment for multiple
myeloma, especially those with high-risk cytogenetics.
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1 Introduction

Multiple myeloma is a hematological malignancy that can be
caused by abnormal proliferation of monoclonal plasma cells in the
patient’s bone marrow, leading to a series of clinical manifestations
(1). Due to the clinical use of new drugs, patients’ survival has
significantly improved compared to the past (2). At the same time,
autologous hematopoietic stem cell transplantation can effectively
prolong progression-free survival and overall survival by improving
the bone marrow hematopoietic microenvironment and achieving
deep disease remission through myeloablative conditioning.
Therefore, single or sequential autologous hematopoietic stem cell
transplantation combined with maintenance therapy are currently
standard methods for treating multiple myeloma (3).

However, autologous hematopoietic stem cell transplantation is
generally only suitable for patients under 65 years (3) or elderly
patients with good physical condition. High-dose melphalan can
cause adverse reactions such as cardiac toxicity. Additionally,
delayed recovery of neutrophils and platelets can increase the risk
of severe infection and bleeding (4). Furthermore, factors such as
patient’s physical condition and stem cell mobilization effect can
affect the quantity and quality of hematopoietic stem cell collection,
bringing uncertain factors to subsequent transplantation.

Patients with high-risk genetic factors and short-term relapse
after autologous transplantation may benefit from allogeneic
hematopoietic stem cell transplantation (5, 6). Although strategies
such as reduced-intensity conditioning and post-transplant
cyclophosphamide are used to reduce drug toxicity and decrease
the incidence of GVHD (7, 8), the higher transplant-related
mortality (TRM) still limits the use of allogeneic transplantation
for multiple myeloma.

MST is a treatment method combining chemotherapy with the
infusion of G-CSF mobilized HLA-mismatched donor peripheral
blood stem cells. MST can promote hematopoietic recovery and
extend progression-free survival and overall survival for patients with
different types of diseases such as acute myeloid leukemia, acute
lymphoblastic leukemia, and non-Hodgkin’s lymphoma (9-18).
However, its application in MM has not been reported. In this
study, we retrospectively analyzed data from 20 patients with MM
who received MST treatment, in order to explore new strategies for
the treatment of multiple myeloma.

2 Methods
2.1 Patients and donors

From June 1st, 2008, to May 10th, 2024, patients aged 40-74
years who were diagnosed with multiple myeloma were screened.
The diagnosis criteria refer to the International Myeloma Working
Group Criteria for Diagnosis of Multiple Myeloma (19), and the
prognosis stratification refers to mSMART (20). Patients
undergoing MST must meet the following criteria: 1. Voluntary
participation and signing of informed consent form; 2. Peripheral
blood hematopoietic stem cells provided by healthy donors are
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available; 3. Diagnosed with multiple myeloma and in initial
diagnosis or post-induction phase (PR, VGPR, CR or relapse).
Exclusion criteria include: 1. Severe organ dysfunction including
NYHA grade III-IV heart failure, liver failure, renal failure, etc.; 2.
Severe embolism or thrombotic events; 3. Pregnancy and lactation;
4. Severe infectious diseases such as aspergillosis.

Donor selection criteria include: HLA (human leucocyte
antigen) typing <7/10 or <4/6 matched relative or unrelated
donors, physical examination meets the conditions for donating
hematopoietic stem cells, informed consent obtained and able to
tolerate peripheral blood mononuclear cell collection procedure.
Donors with HLA typing containing 3 or more homozygous loci
are excluded.

2.2 Treatment design

2.2.1 Conditioning regimen for MST

The induction regimens for patients undergoing MST include
but are not limited to VCd and VRd. Definitions of response and
progression are based on the IMWG criteria (21). The conditioning
regimen for MST includes VMd (subcutaneous injection of
bortezomib 1.3mg/m2 on days 1, 4, 8, and 11, intravenous
injection of melphalan 30-40mg/m” on days 1-2, and intravenous
injection of dexamethasone 20mg/d on days 1-2, 4-5, 8-9, and 11-
12) or VAd (subcutaneous injection of bortezomib 1.3mg/m* on
days 1, 4, 8, and 11, intravenous injection of adriamycin 3Omg/m2
on days 1-2, and intravenous injection of dexamethasone 20mg/d
on days 1-2, 4-5, 8-9, and 11-12). Donor G-CSF-mobilized
peripheral blood mononuclear cells (GPBMCs) are infused on the
5th day of condition. GVHD, cytomegalovirus infection, and
Pneumocystis carinii infection prevention are not performed
before or after MST.

2.2.2 Mobilization and apheresis of donor
peripheral blood mononuclear cells

After mobilizing with G-CSF for 5 days, the donor’s PBMCs
were isolated and collected. Freshly collected donor cells will be
used for the first infusion. The other collected cells were divided and
frozen in liquid nitrogen. The median numbers of mononuclear,
CD34+, and CD3+ cells infused per course were 2.75><108/Kg
(range 1.13-3.42x10%/Kg), 2.03x10%/Kg (range 0.29-4.07x10°/Kg),
and 1.02x10%/Kg (range 0.48-1.60x10%/Kg), respectively.

2.2.3 Response criteria and outcome evaluation
OS is defined as the duration from diagnosis to death or last
follow-up (until May 2024). PFS is defined as the duration from
initial treatment to disease progression or death for any reason.
Common Terminology Criteria for Adverse Events (CTCAE)
version 5.0 was used to grade cytopenia, infection, fever, CRS,
and organ toxicities (22). Neutrophil recovery is defined as the first
day of three consecutive days that neutrophils are higher than
0.5x10°/L, and platelet recovery is defined as the first day of three
consecutive days that platelets are higher than 25x10°/L
independent of transfusion. The occurrence and grading of acute/
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chronic GVHD are determined by the IBMTR diagnosis criteria for
graft-versus-host disease (23).

2.2.4 Microchimerism assessment

After donor cell infusion, the donor microchimerism was detected
using an indel-primer-based real-time PCR method on day +1, day +7,
and days after hematopoietic recovery as previously described (18).

2.2.5 Analysis of Immune function and T cell
cytotoxicity

Immune function and T lymphocyte cytotoxicity testing were
performed using flow cytometry 2-3 weeks before and 2 weeks after
the infusion of donor GPBMCs. In the immune function test,
helper/inducer T cells, suppressor/cytotoxic T cells, total T
lymphocytes, ¥/8 T cells, B cells, NK cells, NKT cells, cytotoxic T
cells, suppressive T cells, regulatory T cells, ThO cells, Th1 cells, Th2
cells, TcO cells, Tcl cells, and Tc2 cells were defined as
CD3*CD4"CD8’, CD3*CD4°CD8", CD3"CD19", CD3"CD4 CDS,
CD3°CD19%, CD3°CD(16 + 56)", CD3*CD(16 + 56)7,
CD3*CD8'CD28*, CD3'CD8'CD28", CD4*CD25'CD1274™,
CD3"CD4"IFN-y'IL-4", CD3"CD4 IFN-Y'IL-4", CD3"CD4 IFN-
v1L-4%, CD3"CD8 IFN-y'IL-4", CD3"CD8"IFN-y'IL-4", and
CD3"CD8'IFN-yIL-4", respectively.

2.2.6 Statistical analysis

SPSS 19 software was used for all the statistical analyses.
Survival data was analyzed by means of log-rank test and the
survival curves were made by the Kaplan-Meier method. The T-
test or Wilcoxon-test was used to assess the probability of
significant differences in survivals. Statistical significance was
defined as P <0.05.

2.2.7 Ethics approval

This study protocol has been reviewed by our center’s Human
Ethics Committee and is in accordance with the Declaration of
Helsinki. All patients and donors signed an informed consent form
before MST.

3 Results
3.1 Patient characteristics

This study included a total of 20 patients. Table 1 summarizes
the characteristics and risk stratification of the enrolled patients.
Of the 20 patients, 9 had high-risk genetic features. 14 were in
VGPR or CR status, 2 in PR, and 3 in relapse status before MST.
One patient was newly diagnosed who had not received any
chemotherapy. 17 patients received GPBMC infusion from
related donors, and 3 patients from unrelated donors. The
median number of MST cycles received by each patient was 3,
with a maximum of 13. The median single cell infusion doses of
MNC, CD34, and CD3 were 2.75x10%/Kg, 2.03x10°/Kg, and
1.02x10%/Kg, respectively.
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TABLE 1 Characteristics of patients.

Age,median years (range) 57 (40-74)
Male sex,n (%) 13 (65)
DS stage I-ILn (%) 13 (65)
DS stage IILn (%) 7 (35)
ISS I-1Ln (%) 19 (95)
ISS ILn (%) 1(5)
Donor type,n (%)

Related 17 (85)
Unrelated 3 (15)
MM type,n (%)

1gG 15 (75)
IgA 2 (10)
IgD 2 (10)
Light chain 1(5)

Molecular cytogenetic abnormalities, positive,n (%)

del13q 3 (15)
del17p 3 (15)
t (414) 2(10)
1q gains 4 (20)
SMART,n (%)

standard risk 11 (55)
high risk 9 (45)
Response prior to MST,n (%)

VGPR and CR 14 (70)
PR 2(10)
Relapse 3 (15)
untreated 1(5)
Median cycle of MST, (Range) 3(1-13)

Dose of DCI

Median MNC (range)/xlOglKg 2.75 (1.13-3.42)

Median CD34 (range)/x10°/Kg 2.03 (0.29-4.07)

Median CD3 (range)x10°*/Kg 1.02 (0.48-1.6)

MST, microtransplant; DS, Durie-Salmon; ISS, International staging system; MM, multiple
myeloma; Ig, immunoglobulin; del, deletion of chromosome; 1q Gains, chromosome 1q21
gains; t, translocation; SMART, Mayo Stratification of Myeloma and Risk-Adapted Therapy.

3.2 Hematopoietic recovery and toxicity

A total of 76 cycles of MST were performed on 20 patients. The
hematopoietic recovery and adverse events (AEs) are shown in
Table 2. Grade IV lymphocytopenia was relatively common
(59.2%), while Grade III-IV anemia was not pronounced (8%).
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The overall incidence of Grade IV neutropenia and Grade IV
thrombocytopenia was 27.6% and 38.1%, respectively. Six patients
did not experience Grade IV neutropenia or thrombocytopenia
during treatment of MST. In the remaining 14 patients, the median
duration of Grade IV neutropenia and thrombocytopenia was 3.5
days and 9 days, respectively. Total time courses of hematopoietic
recovery, including neutrophils, lymphocytes, monocytes,
eosinophils, basophils, hemoglobin, and platelet, are presented in
Figure 1. The degree of bone marrow suppression was relatively
mild (24). No immature neutrophils or other peripheral blood cells
were observed in 76 cycles of MST.

Fever and donor cell infusion-related cytokine release syndrome
(CRS) were the most common AEs. Grade I and Grade II fevers
were observed in 23 (30.2%) and 8 (10.5%) cases, respectively. All
fevers could not be ruled out as being related to CRS. Among them,
20 fever events occurred during the period of Grade IV neutropenia,
and 4 of these had definitive positive blood culture results,
indicating that fever was also associated with severe infection
(Figure 2A). Here, two typical cases were shown to distinguish
the causes of fever. Patient 1 and Patient 2 both experienced febrile
neutropenia three to five days after donor cell infusion, and the
increase of C-reactive protein (CRP), lactate dehydrogenase (LDH),
alanine aminotransferase (ALT), and cytokines such as interleukin-
2r (IL-2r), IL-6, IL-8, were observed (Figures 2B, C). However, these
indicators could elevate both in CRS and infection. Patient 2 had a
positive blood culture result that indicated an infection with
Staphylococcus hominis, accompanied by significantly enhanced
CRP. Despite the use of carbapenem antibiotics and
glucocorticoid, fever was hardly controlled until the neutrophil
recovered. Compared to Patient 2, fever in Patient 1 was effectively
controlled after the administration of third-generation
cephalosporins and glucocorticoid, and there was insufficient

TABLE 2 Hematopenia and adverse events.

10.3389/fimmu.2025.1509588

evidence of infection based on clinical manifestations, pathogenic
microorganism testing, as well as imaging examinations. Therefore,
fever of Patient 1 was more likely associated with CRS, while Patient
2’s fever had a close relationship with both CRS and infection.

Despite the occurrence of CRS after donor cell infusion,
accompanied by mild clinical manifestations such as skin rash
(2.6%), liver function injury (2.6%), and gastrointestinal disorder
(3.9%), the absence of a high proportion of donor chimerism after
MST suggested that these immune responses induced by donor cell
infusion were probably not sufficient to cause GVHD.

In the long-term follow-up observations, hypogammaglobulinemia
had the highest incidence (45%) among the total infection events and
immune-related adverse events, followed by lower respiratory infection
(35%), intestinal infection (30%), upper respiratory infection (30%),
mucosal infection (25%), and shingles (20%) (Table 3).

3.3 ORR, OS, and PFS

Among Fourteen patients in VGPR/CR status, twelve
maintained VGPR/CR after MST. One of two patients in PR
status achieved VGPR/CR after MST. All three patients in PD
status achieved PR/VGPR/CR. One previously untreated patient
achieved CR after one cycle of MST, resulting in an ORR of 17/20
(85%) for all 20 patients.

The overview of 20 patients including the time of first cycle of
MST, efficacy, and survival were shown in Figure 3. The median OS
was 91 months (15-161), with a 1-year and 3-year OS of 100% and
94.1%, respectively (Table 4), and a 6-year OS of 64.7%. Subgroup
analysis based on age, DS stage, ISS stage, SMART stage, pre-MST
disease status, and number of sequential MST showed that age, ISS
stage, and SMART stage had no significant correlation with 6-year

Event Grade | Grade |l Grade I Grade IV
Neutrophil count decreased 14 (18.4) 10 (13.2) 21 (27.6) 21 (27.6)
Lymphocyte count decreased 2(2.6) 8 (10.5) 21 (27.6) 45 (59.2)
Anemia 29 (38.2) 23 (30.3) 6 (8%) 0
Platelet count decreased 13 (17.1) 12 (15.8) 18 (23.7) 29 (38.1)
Fever 23 (30.2) 8 (10.5) 0 0
Rash 2 (2.6) 0 0 0
Gastrointestinal disorder 3(3.9) 1(1.3) 0 0
Liver function injury 2(2.6) 0 0 0
Kidney dysfunction 0 0 0 0
Infection 0 0 4 (5.3) 0
CRS 31 (40.8) 0 0 0
GVHD 0 0 0 0
Median time of ANC<0.5x10°/L, (range) 3.5d (1-14)

Median time of PLT<25x10°/L, (range) 9d (1-21)

ANC, absolute neutrophil count; CRS, cytokine release syndrome; GVHD, graft-versus-host disease.
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OS (p=0.224, 0.745, 0.151) (Figures 4A, C, D), while DS stage
showed a significant correlation with prognosis (P=0.045)
(Figure 4B). Patients in VGPR and CR before MST had a better
prognosis than those in PR and PD states (p=0.042) (Figure 4E).
More cycles of MST (n>2) were associated with longer OS
compared to two or fewer (n < 2) (P=0.039) (Figure 4F).

The median PFS for patients receiving MST was 39 months (2-
150), with an overall 6-year PFS of 35.3%. Age, DS staging, ISS
staging, SMART staging, and the number of MST cycles were not
significantly correlated with PFS (p=0.377, 0.121, 0.372, 0.147,
0.324), whereas disease status before MST was significantly
correlated with PFS (p=0.017) (Figure 5).

Among the sixteen IgG myeloma patients, the median PFS was
46 months (2-150) and the median OS was 89 months (15-161). For
the two IgD patients, PFS was 20 months and 110 months, and OS
was 43 months and 118 months, respectively. One IgA patient in
disease relapse status achieved CR with an OS of 161 months after
MST. Another IgA patient had a total disease course of 26 months, a
PES of 24 months, and is currently still in CR.

3.4 NRM
No NRM occurred.
3.5 Univariate and multivariate analyses
We performed univariate and multivariate regression analyses

to identify potential prognostic factors on OS and PFS, including

Frontiers in Immunology

patient age, gender, DS stage, ISS stage, SMART stage, disease status
before MST, number of MST cycles, and infused cell dose in MST
(MNC, CD34, CD3). Multivariate regression analysis revealed that
more MST cycles (>2) were significantly associated with longer OS
(p=0.043) (Table 5).

3.6 Microchimerism

Among these 20 patients, 3 patients had totally 19 available
peripheral blood samples for donor microchimerism tests, and all 3
patients had detectable donor microchimerism (<1.2%) after MST.
The chimerism levels fluctuated between 0.012-0.091% on day 1,
0.002-0.735% on day 7, 0.012-0.091% on day 14, 0.02-0.65% at 3
months, and 0.006-1.034% at 6 months, respectively after cell
infusion (Figure 6A). The disease course of these 3 patients was
21, 26, and 31 months, respectively, and they are currently in
sustained remission at last follow-up.

3.7 Immune reconstitution

We tested lymphocyte subsets and tumor cell-specific T cell killing
function on 5 patients before and after MST. The results showed that
the proportions of CD4+ T lymphocytes, total CD3+ T lymphocytes,
and cytotoxic CD8+ T cells in peripheral blood after MST were 41.3 +
10.0%, 77.0 + 5.8%, and 23.2 + 2.1%, respectively, which were
significantly higher than those before MST of 254 + 7.2%, 66.0 +
10.9%, and 168 + 62% (p=0.005, 0.025, 0.015) (Figure 6B). The
proportions of NKT and NK cells showed tendency to increase after
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The discrimination of fever causes. (A) Overview of fever condition; (B, C) The relationship between fever and neutrophil counts, inflammatory

cytokine levels, as well as other biochemical test results in two patients.

MST, but with no statistical difference (p=0.993, 0.241). The
proportions of y/8 T and B cells decreased after MST (p=0.012,
0.005). The CD4/CD8 ratio after MST was 1.30 + 0.54, which was
significantly higher than that before MST of 0.78 + 0.32 (p=0.048)
(Figure 6C). ThO cells was 0.19 £ 0.15% after MST, which was higher
than that before MST of 0.11 + 0.04% (p=0.017) (Figure 6D).

TABLE 3 Total infection and immune AE in long-term follow-up.

Hypogammaglobulinemia, n (%) 9 (45)
Lower respiratory infection, n (%) 7 (35)
Intestinal infection, n (%) 6 (30)
Upper respiratory infection, n (%) 6 (30)
Mucosal infection, n (%) 5(25)
Shingles, n (%) 4 (20)
EB viremia, n (%) 2 (10)
Wheezing, n (%) 1(5)
Urinary tract infection, n (%) 1(5)

AE, adverse events; EB, Epstein-Barr.
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4 Discussion

Although many effective treatment methods are available,
multiple myeloma remains an incurable disease. No matter
how much the progression-free survival and overall survival
are extended, it seems difficult to avoid disease relapse. In
order to achieve deep disease remission and prolong survival,
classical regimens combining with immunotherapies such as
MST are feasible measures. In addition, the relapse of multiple
myeloma is closely related to immune imbalance, therefore,
modulating immune function through immunotherapy is also
particularly important.

The anti-tumor effect of DLI in the treatment of multiple
myeloma has been validated (25, 26). In this study, the
effectiveness of MST for the treatment of multiple myeloma was
demonstrated for the first time. The ORR of patients receiving MST
reached 85%, and the median PFS and OS were 39 months and 91
months, respectively. Earlier DS staging, disease in VGPR or CR
status before MST, and an increase in total cycle number of MST
suggest better prognosis. The 3-year OS of high-risk patients with
adverse chromosomal changes after autologous transplantation was
48%-77% (27). In our study, the 3-year and 6-year OS rates of high-
risk patients in SMART staging were 87.5% and 37.5%, respectively,
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FIGURE 3
Disease response in the 20 MST-treated patients.
TABLE 4 Outcomes of Patients. TABLE 4 Continued
Parameter MST(n=20) Parameter MST(n=20)
NRM,n(%) 0 MST cycle
Median OS(range) 91(15-161) >2 10(83.3)
Median PFS(range) 39(2-147) <2 1(20)
3-year OS, No. of Events(%) 16(94.1) Age (year)
3-year PFS, No. of Events(%) 11(64.7) <55 4(44.4)
6-year OS, No. of Events(%) 11(64.7) >55 2(25)
6-year PFS, No. of Events(%) 6(35.3) DS stage
Age (year) I 1(50)
>55 7(77.8) 11 5(50)
>55 4(50) 111 0
DS stage ISS stage
I 1(50) I 4(57.1)
il 9(90) 11 2(20)
I 1(20) SMART
‘ ISS stage standard risk 4(44.4)
I 5(71.4) high risk 2(25)
I 6(60) Status before MST
‘ SMART PD and PR 0
standard risk 7(77.8) VGPR and CR 6(50)
high risk 4(50) MST cyc[e
Status before MST 2 5(41.7)
PD and PR 1(20) <2 1(20)
VGPR and CR 10(83.3) NRM, non-relapse mortality; OS, overall survival; PFS, progression-free survival.
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and the median OS was 61 months. Meanwhile, the stratification of
SMART risk level was not significantly correlated with the
prognosis of MST, suggesting that MST may improve the
prognosis of patients with high-risk cytogenetic abnormalities
through immunotherapy.

In autologous hematopoietic stem cell transplantation,
intensive chemotherapy such as high-dose melphalan is
recommended for achieving deep disease remission, which may
lead to prolonged bone marrow suppression and life-threatening
complications such as severe infections. The TRM of autologous
hematopoietic stem cell transplantation is 0-10% (28-31). In
contrast, MST uses a lower dose of melphalan, with relatively
mild suppression of hematopoiesis and a lower risk of
complications. In this clinical study with small sample size, no
NRM occurred. Additionally, the incidence and severity of
cytokine release syndrome (CRS) associated with lymphocyte
infusion is also important to assess safety. In the clinic trials of
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B cell maturation antigen (BCMA) targeting CAR-T cells, the
initial symptom of CRS is fever, followed by low hypotension,
hypoxia, and end organ toxicity (32, 33). In this study, the
transient increase of inflammatory cytokines and CRP coupled
with fever was also observed. Although the total occurrence rate of
CRS was comparable with that in CAR-T cell therapy, it is
relatively mild (only in Grade I) and controllable. No acute or
chronic GVHD was detected, which may result from the absence
of high-proportion donor engraftment. Therefore, MST is safer
compared to autologous hematopoietic stem cell transplantation
and CAR-T cell therapy.

Meanwhile, the incidence of Grade IV neutropenia and
thrombocytopenia in MST was 27.6% and 38.1%, respectively,
which was lower than the reported results of melphalan-
containing chemotherapy (34-36). Among fourteen patients, the
median duration of Grade IV neutropenia and thrombocytopenia
was 3.5 days and 9 days, respectively. The other six patients did not
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experience severe neutropenia or thrombocytopenia during
treatment of MST. Milder bone marrow suppression and faster
hematopoietic recovery may be related to the infusion of donor G-
CSF mobilized MNCs (12, 17).

Interestingly, donor microchimerism was detected in the
peripheral blood even after six months following donor MNC
infusion, although the level of microchimerism varied greatly
among different patients. Previous studies also demonstrated that
the longest duration of donor microchimerism was 1020 days (13).
Although microchimerism was detectable in all three patients with
available samples, the lack of peripheral samples for testing in the
remaining 17 patients leaves insufficient evidence to confirm
the presence or absence of donor microchimerism in those cases.
Given this small sample size, a direct comparative analysis of OS,
PES, AEs, and immune reconstitution between the three
microchimerism-positive patients and the rest was not performed.

Frontiers in Immunology

The association between the proportion of microchimerism and the
prognosis still needs further investigation.

During the occurrence and progression of MM, patients
experience dysfunction and exhaustion of T cells and suppression
of the bone marrow microenvironment (37). In this clinical study,
recipients were in an abnormal immune functional state with a
reversed CD4/CD8 ratio before treatment, and the proportion of
ThO cells, that belong to a kind of naive T cells, was low. This
suggests that the occurrence of multiple myeloma may be related to
mechanisms such as immune dysfunction and immune escape.
After MST, the proportion of CD4+ T lymphocytes and total CD3+
T lymphocytes in peripheral blood increased significantly, the CD4/
CD8 ratio also increased, as well as the proportion of ThO cells,
indicating that the immune balance of patients was partially
recovered, T cell cytotoxic capability was improved, immune
reconstitution was accelerated, and abnormal immune
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TABLE 5 Univariate and multivariate analyses of factors prognostic for OS and PFS (n=20).

10.3389/fimmu.2025.1509588

6year OS 6year PFS
Variables Univaria_wte Multivari_ate Univaria_te Multivari_ate
EEIWA analysis analysis ENEIWA
% HR (95%Cl) % HR (95%Cl)
Age
<55 80 0.342 4411 (0.48-40.531) 0.19 50 0.661 - -
>55 60 1 - 40 B B
‘ Gender
Male 84.6 0.058 2,638 (0.361-19.263) 0.339 46.2 0.89 - -
Female 429 1 - 42.9 - -
os
I-11 84.6 0.058 7.703 (0.876-67.736) 0.066 53.8 0.291 1.471 (0.364-5.947) 0.588
I 429 1 - 286 1 -
‘ ISS
I 714 0.921 - - 57.1 0435 - -
11111 69.2 - - 385 - -
‘ SMART
standard risk 81.8 0.214 7.391 (0.539-101.305) 0.134 545 0.355 1.807 (0.469-6.955) 0.39
high risk 55.6 1 - 333 1 -
‘ Status before MST
<PR 20 0.006 3.824 (0.19-76.902) 0.381 0 0.023 0.293 (0.044-1.971) 0.207
>VGPR 86.7 1 - 60 1 -
‘ MST cycle
>2 86.7 0.006 6.499 (1.058-39.915) 0.043 533 0.206 0.661 (0.125-3.501) 0.626
<2 20 1 - 20 1 -
‘ MNC infused in the first cycle
>3x10%/Kg 66.7 0.836 - - 333 0.503 - -
<3x10°/Kg 714 - - 50 - -
‘ CD34 infused in the first cycle
>2x10°/Kg 70 1 - - 40 0.661 - -
<2x10°/Kg 70 - - 50 - -
‘ CD3 infused in the first cycle
20.8x10%/Kg 70 1 - - 50 0.661 - -
<0.8x10%Kg 70 - - 40 - -

HR, hazard ratio; MNC, mononuclear cell.

homeostasis was partially corrected. This partly explains that the =~ MST. Previous reports have shown that y/8 T cells can exert anti-

prognosis of patients receiving MST is not inferior to those  tumor effects (38) or promote tumor cell proliferation in the process

receiving ASCT, and even better in overall survival (27). We also  of tumor development (39, 40). Therefore, the role of y/8 T cells in

observed a significant decrease in the proportion of y/8 T cells after ~ MST still needs to be further studied.
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FIGURE 6

Overview of donor microchimerism, and the evaluation of immune function in MST-treated patients (n=20). (A) Donor peripheral blood
microchimerism after each infusion determined by an Indel-primer-based real-time PCR method. (B) Alternation of immune function before and
after MST. (C) Ratio of CD3"CD4* and CD3*CD8™" T cells. (D) Expression of IFN-yand IL-4 in CD3™ T cells. The symbol "*" means the P<0.05,

"**" means P<0.01.

In summary, microtransplant extended PFS and OS and
improved immune function, which provided an alternative
treatment option for patients with multiple myeloma, especially
those with high-risk cytogenetics. However, prospective studies
with larger sample sizes are still needed.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding authors.

Ethics statement

The studies involving humans were approved by the Human
Ethics Committee of the 5th medical center of Chinese PLA

Frontiers in Immunology

general hospital. The studies were conducted in accordance with
the local legislation and institutional requirements. The
participants provided their written informed consent to
participate in this study.

Author contributions

YL: Conceptualization, Data curation, Formal analysis,
Funding acquisition, Writing - original draft. BC: Formal
analysis, Methodology, Validation, Writing - original draft. ZL:
Data curation, Formal analysis, Investigation, Writing — original
draft. AX: Data curation, Methodology, Visualization, Writing —
original draft. JQ: Conceptualization, Supervision, Validation,
Writing - original draft. YW: Methodology, Supervision,
Writing - original draft. XC: Data curation, Writing - original
draft. FP: Data curation, Writing - original draft. YZ: Data
curation, Writing - original draft. JC: Data curation, Writing -
original draft. WG: Data curation, Funding acquisition, Writing -

11 frontiersin.org


https://doi.org/10.3389/fimmu.2025.1509588
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lei et al.

original draft. CY: Conceptualization, Supervision, Validation,
Writing - original draft. XL: Formal analysis, Writing - original
draft. KH: Conceptualization, Supervision, Validation, Writing -
original draft. AZ: Data curation, Validation, Writing - original
draft. QS: Conceptualization, Supervision, Validation, Writing -
review & editing. YH: Conceptualization, Supervision, Validation,
Writing - review & editing. HA: Conceptualization, Project
administration, Supervision, Validation, Writing - review &
editing. MG: Conceptualization, Project administration,
Supervision, Validation, Writing - review & editing.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. This work was
supported by the National Natural Science Foundation of China
(82100164), and the Natural Science Foundation of Beijing
Municipality (7244409).

References

1. Cowan AJ, Green DJ, Kwok M, Lee S, Coffey DG, Holmberg LA, et al. Diagnosis
and management of multiple myeloma: A review. Jama. (2022) 327:464-77.
doi: 10.1001/jama.2022.0003

2. Joshua DE, Bryant C, Dix C, Gibson J, Ho J. Biology and therapy of multiple
myeloma. Med ] Australia. (2019) 210:375-80. doi: 10.5694/mja2.50129

3. Dhakal B, Shah N, Kansagra A, Kumar A, Lonial S, Garfall A, et al.
ASTCT clinical practice recommendations for transplantation and cellular therapies
in multiple myeloma. Transplant Cell Ther. (2022) 28:284-93. doi: 10.1016/
jjtct.2022.03.019

4. Gao F, Lin MS, You JS, Zhang MY, Cheng L, Lin K, et al. Long-term outcomes of
busulfan plus melphalan-based versus melphalan 200 mg/m (2) conditioning regimens
for autologous hematopoietic stem cell transplantation in patients with multiple
myeloma: a systematic review and meta-analysis. Cancer Cell Int. (2021) 21:601.
doi: 10.1186/s12935-021-02313-z

5. de Lavallade H, El-Cheikh J, Faucher C, First S, Stoppa AM, Coso D, et al.
Reduced-intensity conditioning allogeneic SCT as salvage treatment for relapsed
multiple myeloma. Bone Marrow Transplant. (2008) 41:953-60. doi: 10.1038/
bmt.2008.22

6. Schilling G, Hansen T, Shimoni A, Zabelina T, Pérez-Simon JA, Gutierrez NC,
et al. Impact of genetic abnormalities on survival after allogeneic hematopoietic stem
cell transplantation in multiple myeloma. Leukemia. (2008) 22:1250-5. doi: 10.1038/
leu.2008.88

7. Crawley C, Lalancette M, Szydlo R, Gilleece M, Peggs K, Mackinnon §, et al.
Outcomes for reduced-intensity allogeneic transplantation for multiple myeloma: an
analysis of prognostic factors from the Chronic Leukaemia Working Party of the
EBMT. Blood. (2005) 105:4532-9. doi: 10.1182/blood-2004-06-2387

8. Castagna L, Mussetti A, Devillier R, Dominietto A, Marcatti M, Milone G, et al.
Haploidentical allogeneic hematopoietic cell transplantation for multiple myeloma
using post-transplantation cyclophosphamide graft-versus-host disease prophylaxis.
Biol Blood marrow transplantation: ] Am Soc Blood Marrow Transplantation. (2017)
23:1549-54. doi: 10.1016/j.bbmt.2017.05.006

9. Spitzer TR. Microtransplantation: a new paradigm for the separation of graft
versus host disease and graft versus tumor? J Clin oncology: Off ] Am Soc Clin Oncol.
(2012) 30:4051-2. doi: 10.1200/JC0O.2012.45.2979

10. Pan B, Lazarus HM, Gale RP. Microtransplantation for acute myeloid
leukemia: A systematic review. JAMA Oncol. (2020) 6:1614-20. doi: 10.1001/
jamaoncol.2020.1706

11. Cai B, Sun Q, Qiao J, Yu C, Hu K, Liu T, et al. Comparison of
microtransplantation, chemotherapy and allogeneic transplantation in post-
remission therapy for Philadelphia chromosome-positive acute lymphoblastic
leukemia. Am J Cancer Res. (2020) 10:3852-66.

12. Guo M, Hu KX, Yu CL, Sun QY, Qiao JH, Wang DH, et al. Infusion of HLA-
mismatched peripheral blood stem cells improves the outcome of chemotherapy for

Frontiers in Immunology

12

10.3389/fimmu.2025.1509588

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

acute myeloid leukemia in elderly patients. Blood. (2011) 117:936-41. doi: 10.1182/
blood-2010-06-288506

13. Guo M, Hu KX, Liu GX, Yu CL, Qiao JH, Sun QY, et al. HLA-mismatched stem-
cell microtransplantation as postremission therapy for acute myeloid leukemia: long-
term follow-up. J Clin oncology: Off ] Am Soc Clin Oncol. (2012) 30:4084-90.
doi: 10.1200/JC0O.2012.42.0281

14. Zhao HX, Sun WJ, Li J, Hu HL, Ai HS. Programmed haploidentical
hematopoietic stem cell infusion combined with systemic chemotherapy improves
the outcomes of patients with refractory or relapsed lymphoma. Leuk Lymphoma.
(2015) 56:270-3. doi: 10.3109/10428194.2014.914196

15. Sung AD, Jauhari S, Siamakpour-Reihani S, Rao AV, Staats J, Chan C, et al.
Microtransplantation in older patients with AML: A pilot study of safety, efficacy and
immunologic eftects. Am J Hematol. (2020) 95:662-71. doi: 10.1002/ajh.25781

16. Sidharthan N, Fuchs E, Unni M, Mony U, Boyella P, Prabhu R, et al. HLA-
mismatched microtransplantation for relapsed or refractory acute myeloid leukemia as
a bridge to allogeneic hematopoietic stem cell transplantation. Bone Marrow
Transplant. (2020) 55:1684-6. doi: 10.1038/s41409-019-0761-4

17. Guo M, Chao NJ, Li JY, Rizzieri DA, Sun QY, Mohrbacher A, et al. HLA-
mismatched microtransplant in older patients newly diagnosed with acute myeloid
leukemia: results from the microtransplantation interest group. JAMA Oncol. (2018)
4:54-62. doi: 10.1001/jamaoncol.2017.2656

18. Cai B, Wang Y, Lei Y, Shi Y, Sun Q, Qiao J, et al. Hyper-CVAD-based stem cell
microtransplant as post-remission therapy in acute lymphoblastic leukemia. Stern Cells
Transl Med. (2022) 11:1113-22. doi: 10.1093/stcltm/szac066

19. Rajkumar SV, Dimopoulos MA, Palumbo A, Blade ], Merlini G, Mateos MV,
et al. International Myeloma Working Group updated criteria for the diagnosis of
multiple myeloma. Lancet Oncol. (2014) 15:¢538-48. doi: 10.1016/S1470-2045(14)
70442-5

20. Rajkumar SV. Multiple myeloma: 2022 update on diagnosis, risk stratification,
and management. Am ] Hematol. (2022) 97:1086-107. doi: 10.1002/ajh.26590

21. Durie BG, Harousseau JL, Miguel JS, Blade J, Barlogie B, Anderson K, et al.
International uniform response criteria for multiple myeloma. Leukemia. (2006)
20:1467-73. doi: 10.1016/j.bbmt.2012.05.009

22. Freites-Martinez A, Santana N, Arias-Santiago S, Viera A. Using the common
terminology criteria for adverse events (CTCAE - version 5.0) to evaluate the severity of
adverse events of anticancer therapies. Actas dermo-sifiliograficas. (2021) 112:90-2.
doi: 10.1016/j.ad.2019.05.009

23. Cahn JY, Klein JP, Lee SJ, Milpied N, Blaise D, Antin JH, et al. Prospective
evaluation of 2 acute graft-versus-host (GVHD) grading systems: a joint Sociéte
Francaise de Greffe de Moélle et Theérapie Cellulaire (SFGM-TC), Dana Farber
Cancer Institute (DFCI), and International Bone Marrow Transplant Registry
(IBMTR) prospective study. Blood. (2005) 106:1495-500. doi: 10.1182/blood-2004-
11-4557

frontiersin.org


https://doi.org/10.1001/jama.2022.0003
https://doi.org/10.5694/mja2.50129
https://doi.org/10.1016/j.jtct.2022.03.019
https://doi.org/10.1016/j.jtct.2022.03.019
https://doi.org/10.1186/s12935-021-02313-z
https://doi.org/10.1038/bmt.2008.22
https://doi.org/10.1038/bmt.2008.22
https://doi.org/10.1038/leu.2008.88
https://doi.org/10.1038/leu.2008.88
https://doi.org/10.1182/blood-2004-06-2387
https://doi.org/10.1016/j.bbmt.2017.05.006
https://doi.org/10.1200/JCO.2012.45.2979
https://doi.org/10.1001/jamaoncol.2020.1706
https://doi.org/10.1001/jamaoncol.2020.1706
https://doi.org/10.1182/blood-2010-06-288506
https://doi.org/10.1182/blood-2010-06-288506
https://doi.org/10.1200/JCO.2012.42.0281
https://doi.org/10.3109/10428194.2014.914196
https://doi.org/10.1002/ajh.25781
https://doi.org/10.1038/s41409-019-0761-4
https://doi.org/10.1001/jamaoncol.2017.2656
https://doi.org/10.1093/stcltm/szac066
https://doi.org/10.1016/S1470-2045(14)70442-5
https://doi.org/10.1016/S1470-2045(14)70442-5
https://doi.org/10.1002/ajh.26590
https://doi.org/10.1016/j.bbmt.2012.05.009
https://doi.org/10.1016/j.ad.2019.05.009
https://doi.org/10.1182/blood-2004-11-4557
https://doi.org/10.1182/blood-2004-11-4557
https://doi.org/10.3389/fimmu.2025.1509588
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lei et al.

24. Graff TM, Singavi AK, Schmidt W, Eastwood D, Drobyski WR, Horowitz M,
et al. Safety of outpatient autologous hematopoietic cell transplantation for multiple
myeloma and lymphoma. Bone Marrow Transplant. (2015) 50:947-53. doi: 10.1038/
bmt.2015.46

25. Karp Leaf R, Cho HJ, Avigan D. Immunotherapy for multiple myeloma, past,
present, and future: monoclonal antibodies, vaccines, and cellular therapies. Curr
hematologic Malignancy Rep. (2015) 10:395-404. doi: 10.1007/s11899-015-0283-0

26. Kroger N, Badbaran A, Lioznov M, Schwarz S, Zeschke S, Hildebrand Y, et al. Post-
transplant immunotherapy with donor-lymphocyte infusion and novel agents to upgrade
partial into complete and molecular remission in allografted patients with multiple
myeloma. Exp hematology. (2009) 37:791-8. doi: 10.1016/j.exphem.2009.03.008

27. Bergsagel PL, Mateos MV, Gutierrez NC, Rajkumar SV, San Miguel JF.
Improving overall survival and overcoming adverse prognosis in the treatment of
cytogenetically high-risk multiple myeloma. Blood. (2013) 121:884-92. doi: 10.1182/
blood-2012-05-432203

28. Cook G, Jackson GH, Morgan GJ, Russell N, Kirkland K, Lee J, et al. The
outcome of high-dose chemotherapy and auto-SCT in patients with multiple myeloma:
a UK/Ireland and European benchmarking comparative analysis. Bone Marrow
Transplant. (2011) 46:1210-8. doi: 10.1038/bmt.2010.283

29. Gonsalves W1, Buadi FK, Ailawadhi S, Bergsagel PL, Chanan Khan AA, Dingli
D, et al. Utilization of hematopoietic stem cell transplantation for the treatment of
multiple myeloma: a Mayo Stratification of Myeloma and Risk-Adapted Therapy
(mSMART) consensus statement. Bone Marrow Transplant. (2019) 54:353-67.
doi: 10.1038/541409-018-0264-8

30. Mehta ], Tricot G, Jagannath S, Ayers D, Singhal S, Siegel D, et al. Salvage
autologous or allogeneic transplantation for multiple myeloma refractory to or
relapsing after a first-line autograft? Bone Marrow Transplant. (1998) 21:887-92.
doi: 10.1038/sj.bmt.1701208

31. Shah N, Ahmed F, Bashir Q, Qureshi S, Dinh Y, Rondon G, et al. Durable

remission with salvage second autotransplants in patients with multiple myeloma.
Cancer. (2012) 118:3549-55. doi: 10.1002/cncr.26662

Frontiers in Immunology

13

10.3389/fimmu.2025.1509588

32. Mei H, Li C, Jiang H, Zhao X, Huang Z, Jin D, et al. A bispecific CAR-T cell
therapy targeting BCMA and CD38 in relapsed or refractory multiple myeloma. J
Hematol Oncol. (2021) 14:161. doi: 10.1186/s13045-021-01170-7

33. Du Z, Zhu S, Zhang X, Gong Z, Wang S. Non-conventional allogeneic anti-
BCMA chimeric antigen receptor-based immune cell therapies for multiple myeloma
treatment. Cancers (Basel). (2023) 15. doi: 10.3390/cancers15030567

34. Richardson PG, Bringhen S, Voorhees P, Plesner T, Mellqvist UH, Reeves B,
et al. Melflufen plus dexamethasone in relapsed and refractory multiple myeloma (O-
12-M1): a multicentre, international, open-label, phase 1-2 study. Lancet Haematology.
(2020) 7:¢395-407. doi: 10.1016/52352-3026(20)30044-2

35. Richardson PG, Oriol A, Larocca A, Bladé ], Cavo M, Rodriguez-Otero P, et al.
Melflufen and dexamethasone in heavily pretreated relapsed and refractory multiple
myeloma. J Clin oncology: Off ] Am Soc Clin Oncol. (2021) 39:757-67. doi: 10.1200/
JC0.20.02259

36. Hajek R, Pour L, Granell M, Maisnar V, Richardson PG, Norin S, et al.
ANCHOR (OP-104): melflufen plus dexamethasone and bortezomib in relapsed/
refractory multiple myeloma (RRMM)-optimal dose, updated efficacy and safety
results. J Clin Oncol. (2021) Suppl.1:21. doi: 10.1200/JCO.2021.39.15_suppl.8037

37. Minnie SA, Hill GR. Immunotherapy of multiple myeloma. J Clin Invest. (2020)
130:1565-75. doi: 10.1172/JCI129205

38. Li Y, Li G, Zhang J, Wu X, Chen X. The dual roles of human y8 T cells: anti-
tumor or tumor-promoting. Front Immunol. (2020) 11:619954. doi: 10.3389/
fimmu.2020.619954

39. Van Hede D, Polese B, Humblet C, Wilharm A, Renoux V, Dortu E, et al.
Human papillomavirus oncoproteins induce a reorganization of epithelial-associated
Y0 T cells promoting tumor formation. Proc Natl Acad Sci United States America.
(2017) 114:E9056-€65. doi: 10.1073/pnas.1712883114

40. Daley D, Zambirinis CP, Seifert L, Akkad N, Mohan N, Werba G, et al. y3 T cells
support pancreatic oncogenesis by restraining off T cell activation. Cell. (2016)
166:1485-99.e15. doi: 10.1016/j.cell.2016.07.046

frontiersin.org


https://doi.org/10.1038/bmt.2015.46
https://doi.org/10.1038/bmt.2015.46
https://doi.org/10.1007/s11899-015-0283-0
https://doi.org/10.1016/j.exphem.2009.03.008
https://doi.org/10.1182/blood-2012-05-432203
https://doi.org/10.1182/blood-2012-05-432203
https://doi.org/10.1038/bmt.2010.283
https://doi.org/10.1038/s41409-018-0264-8
https://doi.org/10.1038/sj.bmt.1701208
https://doi.org/10.1002/cncr.26662
https://doi.org/10.1186/s13045-021-01170-7
https://doi.org/10.3390/cancers15030567
https://doi.org/10.1016/S2352-3026(20)30044-2
https://doi.org/10.1200/JCO.20.02259
https://doi.org/10.1200/JCO.20.02259
https://doi.org/10.1200/JCO.2021.39.15_suppl.8037
https://doi.org/10.1172/JCI129205
https://doi.org/10.3389/fimmu.2020.619954
https://doi.org/10.3389/fimmu.2020.619954
https://doi.org/10.1073/pnas.1712883114
https://doi.org/10.1016/j.cell.2016.07.046
https://doi.org/10.3389/fimmu.2025.1509588
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	HLA-mismatched stem cell microtransplant prolonged overall survival and promoted immunological reconstitution for multiple myeloma
	1 Introduction
	2 Methods
	2.1 Patients and donors
	2.2 Treatment design
	2.2.1 Conditioning regimen for MST
	2.2.2 Mobilization and apheresis of donor peripheral blood mononuclear cells
	2.2.3 Response criteria and outcome evaluation
	2.2.4 Microchimerism assessment
	2.2.5 Analysis of Immune function and T cell cytotoxicity
	2.2.6 Statistical analysis
	2.2.7 Ethics approval


	3 Results
	3.1 Patient characteristics
	3.2 Hematopoietic recovery and toxicity
	3.3 ORR, OS, and PFS
	3.4 NRM
	3.5 Univariate and multivariate analyses
	3.6 Microchimerism
	3.7 Immune reconstitution

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


