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Abstract

Engraftment syndrome (ES) is one of the most common complications in the early phase after autologous hematopoietic stem
cell transplantation (ASCT), and we aimed to evaluate the incidence and risk factors for ES patients receiving ASCT in the era
of plerixafor-based mobilization. A total of 294 were enrolled, and 16.0% (n = 47) experienced ES after ASCT. The main clinical
manifestations were fever (100%), diarrhea (78.7%), skin rash (23.4%), and hypoxemia/pulmonary edema (12.8%). Plerixafor-
based mobilization was associated with higher counts of CD3* cells, CD4* cells, and CD8* cells in grafts. In univariate analysis
of the total cohort, age >60 years, receiving ASCT at complete remission (CR), higher number of mononuclear cell (MNC),
CD3* cell counts, CD4+* cells as well as CD8* cells transfused and plerixafor-based mobilization were associated with ES after
ASCT. Multivariate analysis showed that age >60 years (P = .0014), receiving ASCT at CR (P = .002), and higher number of
MNC transfused (P = .026) were associated with ES in total cohort. In plasma cell disease subgroup, age >60 years (P = .013),
plerixafor-based mobilization (P = .036), and receiving ASCT at CR (P = .002) were associated with ES. Patients with more risk
factors had a higher risk of ES. The 1-year probabilities of relapse, non-relapse mortality, and survival were comparable between
patients with and without ES. Thus, plerixafor-based mobilization may influence the composition of T lymphocytes in grafts and

increase the risk of ES, particularly in patients with plasma cell disease.
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1. INTRODUCTION

Autologous hematopoietic stem cell transplantation (ASCT)
is one of the most important therapies for hematologic malig-
nancies, particularly for patients with lymphoma or plasma cell
disease.? Although many new drugs have been widely used for
these patients, ASCT is still the irreplaceable therapy for long-
term disease-free survival.>*

Engraftment syndrome (ES) is one of the most common com-
plications in the early phase after ASCT, which is characterized
by non-infectious fever and various clinical findings, such as skin
rash, diarrhea, pulmonary infiltrates, weight gain, and neurolog-
ical manifestations.’ Although the ES is commonly described in
allogeneic HSCT recipients, it actually firstly reported in ASCT
recipients. The incidence of ES is 7% to 59% across previ-
ous studies because of different diagnostic criteria.*’ In addi-
tion, some studies observed that ES might increase the risk of
non-relapse mortality (NRM) after ASCT particularly for the
pediatric patients.!®!! Thus, how to predict and prevent ES is
important to prevent early mortality after ASCT.

Several risk factors had been reported to be associated with
ES after ASCT, such as female gender,'>'3 children below 8 years
of age,'* older age group recipients,® the type of malignancy
(solid tumor, eg, breast cancer),*!¢ patients transplanted in early
phase,® and exposition to bortezomib or lenalidomide prior
to ASCT.'”>!® Particularly, graft is the most important variable
for ES after ASCT. For example, some studies observed that
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mobilization with high-dose granulocyte-colony stimulating
factor (G-CSF),'* higher number of mononuclear cell (MNC)
transfused,'? and a high number of CD34* cells/kg infused®
could increase the risk of ES. However, most of these studies
were conducted before the era that plerixafor was widely used
for stem cell mobilization, and whether plerixafor-based mobili-
zation would increase the risk of ES is still unclear.

Thus, in the present study, we aimed to evaluated the inci-
dence and risk factors for ES patients receiving ASCT, particu-
larly that whether plerixafor-based mobilization would increase
the risk of ES after ASCT.

2. MATERIALS AND METHODS
2.1. Patients

We performed a retrospective study in Peking University,
Institute of Hematology (PUIH). Including criteria were as fol-
lowed: (1) patients received ASCT from January 1, 2015, to
December 30, 2022, and (2) had complete medical information.
The study was approved by the Ethics Committee of Peking
University People’s Hospital (approval number: 2022PHB033-
001), and written informed consent was obtained from all sub-
jects before study entry, in accordance with the Declaration of
Helsinki.

2.2. Transplantation protocols

Stem cell mobilization was performed by G-CSF with or
without plerixafor (0.24 mg/kg body weight). Plerixafor was
used when patients had the following high-risk factors for poor
mobilization or mobilization failure: (1) treatment-related fac-
tors, including the number of previous chemotherapy cycles;
previous exposure to melphalan, fludarabine, platinum-based
regimens, alkylating agents, or lenalidomide; previous multi-
line chemotherapy; or previous bone marrow (BM) radiother-
apy; (2) patient-related factors, including advanced age, female,
advanced disease; and diabetes mellitus; and (3) BM-related
factors, including BM involvement and thrombocytopenia.’
Plasma cell disease patients received conditioning regimen with
melphalan.’ Lymphoma patients mainly received conditioning
regimen with BEAM (bendamustine, etoposide, cytarabine,
and melphalan).* ASCT was performed on day 0 with at least
2.0x10° CD34* cells/kg patients’ body weight. All patients
received weight-adapted G-CSF (filgrastim at 5 pg/kg body
weight per day) starting at day +6 after ASCT and lasting until
neutrophil engraftment.

2.3. Clinical definitions and assessments

According to the criteria of Grant et al,?® ES was diagnosed
as the presence of either both major criteria or one of the major
criteria and two minor criteria. The major criteria included (1)
non-infectious fever (body temperature >38.0°C), (2) erythema-
tous rash covering >25% of the patient’s body surface area. The
minor criteria included (1) weight gain >2.5% of baseline, (2)
non-cardiogenic, non-infectious pulmonary symptoms including
pulmonary edema and pulmonary infiltrates identified on X-ray,
and (3) non-infectious diarrhea >2 episodes of liquid stools in
a 24-hour period. These symptoms must appear within 24-hour
after neutrophil engraftment (defined as the first day of absolute
neutrophil counts exceeding 0.5 x 10°/L on 2 consecutive days)
to be considered as part of ES.

2.4. Statistical analysis

Characteristics of patients were summarized by descriptive
statistics, that is, using counts (percentages) for categorical
variables and using median (range) or cut-off value determined
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by an receiver operating characteristic (ROC) curve for con-
tinuous variables. Subject variables were compared using the
x?* test for categorical variables and the Mann—-Whitney U test
for continuous variables. Multivariate analysis was performed
using logistic regression with a forward selection procedure
to determine independent influence factors involving dichot-
omous variables selected from the univariate analysis. The
parameters with P < .10 according to the univariate analysis
were entered into a multivariate model. The probability of sur-
vival was estimated with the Kaplan-Meier method and were
compared using the log-rank test. Statistical analyses were per-
formed using 1-way analysis of variance (ANOVA) for com-
parisons among the groups. Analyses were performed using
SPSS 24 (SPSS Inc./IBM, Armonk, New York). Unless otherwise
specified, all P values were 2-sided and P < .05 was considered
significant.

3. RESULTS

3.1. Patients’ characteristics

The characteristics of 294 patients are summarized in Table 1.
Most of the patients were diagnosed as lymphoma (16.0%) and
plasma cell disease (78.9%), and 32.7% of them received both
G-CSF and plerixafor for stem cell mobilization. All patients
achieved neutrophil and platelet engraftments, with a median
time of 10 days (range 7-21) days and 12 days (range 6-91)
days, respectively. Meanwhile, the median counts of MNC,
CD34* cell, CD3* lymphocyte, CD3*CD4* lymphocyte, and
CD3+*CD8"* lymphocyte transfused in total cohort were 8.96
(2.88-58.44) versus 7.21 (1.87-37.73) x 10%/kg (P < .001), 3.53
(1.14-13.88) versus 3.49 (0.38-33.0) x 10%kg (P = .767), 3.76
(0.68-133.48) versus 1.52 (0.03-34.60) x 10%kg (P < .001),
2.09 (0.45-66.37) versus 0.87 (0.01-26.79) x 10%/kg (P < .001),
and 1.62 (0.18-57.66) versus 0.50 (0.01-16.33) x 10%kg (P <
.001), respectively, for those with and without plerixafor-based
mobilization. The median follow-up was 1572 days (range,
96-3227) days.

3.2. Characteristics of ES

A total of 47 (16.0%) patients experienced ES after ASCT,
and the median time from ASCT to the onset of ES was 9 (range
6-13) days. The clinical manifestations of ES are shown in
Figure 1.Fever was the most common symptom, with the median
maximum temperature of 38.1°C (range 37.4°C-39.8°C) when
ES was diagnosed. Eleven (23.4%), 6 (12.8%), and 37 (78.7%)
patients had skin rash, hypoxemia or pulmonary edema, and
diarrhea. Four (8.5%) patients showed new onset bilateral dif-
fuse infiltration in chest computed tomography (CT)/X-ray. The
clinical manifestations of ES between patients with lymphoma
or plasma cell disease are shown in Table 2.

3.3. Risk factors for ES

Multivariate analysis showed that age >60 years (odds ratio
[OR], 3.26; 95% confidence interval [CI], 1.62-6.58; P = .001),
receiving ASCT at complete remission (CR; OR, 2.89; 95% CI,
1.47-5.68; P = .002), and higher number of MNC transfused
(OR, 2.12; 95% CI, 1.10-4.12; P = .026) were associated with
a higher risk of ES after ASCT in total cohort (Table 3). Thus,
patients were categorized into low-risk group (0-1 risk factor,
n = 215), intermediate-risk group (2 risk factors, n = 70), and
high-risk group (3 risk factors, n = 9). The ratio of ES in the
intermediate-risk group (28.6% vs 10.2%, P < .001) and the
high-risk group (55.6% vs 10.2%, P < .001) were significantly
higher than that of the low-risk group, while the ratio of ES in
the high-risk group was also significantly higher than that of the
intermediate-risk group (55.6% vs 28.6%, P = .032, Fig. 2A).
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Patient characteristics.

Engraftment syndrome

Characteristics Yes (n = 47) No (n = 247) Pvalue
Median age at auto-HSCT, y (range) 57 (21-69) 53 (12-70) .009
Gender, n (%) 77

Male 22 (46.8) 142 (57.5)

Female 25 (563.2) 105 (42.5)
Disease types, n (%) .863

Multiple myeloma 37 (78.7) 185 (74.9)

DLBCL 5(10.6) 27 (10.9)

Amyloidosis 2 (4.3 8(3.2)

ALK-positive large B cell lymphoma 0 9(3.6)

Hodgkin lymphoma 121 5(2.0)

Others 2(4.2) 13(5.2)
Chemotherapy courses before auto-HSCT, median (range) 4(2-12) 5 (2-24) 468
Use of chemotherapeutic drugs, n (%)

Bortezomib 38(80.9) 191 (77.3) .594

Lenalidomide 16 (34.0) 105 (42.5) .280

Rituximab 6(12.8) 29 (11.7) .893

Daratumumab 1@2.1) 14 (5.7) 312

Cyclophosphamide 26 (55.3) 148 (59.9) 556
Disease status before allo-HSCT, n (%) .020

CR 27 (57.4 90 (36.4)

VGPR/PR 18 (38.3) 149 (60.3)

SD 2 (4.3 8 (3. 2)
Time from disease diagnosis to transplantation, median (mo, range) 7 (4-24) 8 (3-96) .365
MNC counts in graft, median (range, x108/kg) 8.90 (3.87-58.44) 7.60 (1.87-37.73) .094
CD34+ cell counts in graft, median (range, x10%/kg) 3.72 (1.90-15.58) 3.49 (0.38-33.0) .845
CD3+ lymphocyte counts in graft, median (range, x10%/kg) 290.09 (16.62-5756.10) 201.49 (3.44-13348.12) .051
CD3+CD4+ lymphocyte counts in graft, median (range, x10%/kg) 179.18 (10.33-3700.20) 105.75 (1.41-6636.74) .021
CD3+CD8* lymphocyte counts in graft, median (range, x10%/kg) 116.58 (5.28-2819.71) 74.01 (1.21-5765.94) .036

ALK = anaplastic lymphoma kinase, Auto-HSCT = autologous hematopoietic stem cell transplantation, CR = complete response, DLBCL = diffuse large B-cell lymphoma, MNC = mononuclear cell,

PR = partial response, SD = stable disease, VGPR = very good partial response.
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Figure 1. Engraftment syndrome presentation following autologous hematopoietic stem cell transplantation.
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In the subgroup analysis of plasma cell disease patients, age
>60 years (OR, 2.63; 95% CI, 1.22-5.65; P = .013), plerixafor-
based mobilization (OR, 2.20; 95% CI, 1.05-4.58; P = .036),
and receiving ASCT at CR (OR, 3.19; 95% CI, 1.50-6.77;
P =.002) were associated with a higher risk of ES after ASCT
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(Table 4). The same as the total population, patients were cate-
gorized into low-risk group (0 risk factor, n = 85), intermediate-
risk group (1 risk factor, n = 89), and high-risk group (2-3 risk
factors, n = 60). The ratio of ES in the intermediate-risk group
(19.1% vs 3.5%, P = .005) and the high-risk group (31.7% vs
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The clinical manifestations of ES between patients with lymphoma or plasma cell disease.

Engraftment syndrome
Characteristics Plasma cell disease (n = 39) Lymphoma (n = 8) Pvalue
Time from ASCT to the onset of ES, median (range) 9(6-13 8 (7-10) 112
Maximum temperature, median (range) 38.1(37.4-39.8) 38.2 (37.8-39.0) 1.000
Skin rash, n (%) 8 (20.5) 3(37.9) .301
Hypoxemia or pulmonary edema, n (%) 6 (15.4) 0 235
Diarrhea, n (%) 32 (82.1) 5(62.5) 218
Wight gain, n (%) 2(6.1) 0 513
ASCT = autologous hematopoietic stem cell transplantation, ES = engraftment syndrome.
Univariate and multivariate analysis of variables related to engraftment syndrome in total patients underwent autologous
hematopoietic stem cell transplantation.
Univariate analysis Multivariate analysis

Variables OR 95% Cl Pvalue OR 95% CI Pvalue
Age

<60y 1 1

>60y 2.83 1.48-5.41 .002 3.26 1.62-6.58 .001
Mobilization protocol

No plerixafor 1

Plerixafor 242 1.29-4.53 .006
Disease status before allo-HSCT

Beyond CR (VGPR + PR + SD) 1 1

CR 2.36 1.25-4.44 .008 2.91 1.47-5.78 .002
MNC counts

<8.70 x 10%kg 1 1

>8.70 x 10%kg 1.95 1.05-3.64 .036 2.12 1.10-4.12 .026
CD3+ lymphocyte counts

<2.42 x 10%/kg 1

>2.42 x 10%/kg 2.41 1.24-4.68 .009
CD3+CD4+ lymphocyte counts

<1.23 x 10%kg 1

>1.23 x 10%kg 2.05 1.10-3.96 .032
CD3+CD8+ lymphocyte counts

<0.80 x 10%kg 1

>0.80 x 10%kg 2.37 1.22-4.60 011

Cl = confidence interval, CR = complete response, HSCT = hematopoietic stem cell transplantation, MNC = mononuclear cell, OR = odds ratio, PR = partial response, SD = stable disease, VGPR = very

good partial response.

3.5%, P < .001) were significantly higher than that of the low-
risk group, while the ratio of ES in the high-risk group was also
significantly higher than that of the intermediate-risk group
(31.7% vs 19.1%, P = .037; Fig. 2B). In the subgroup analysis
of lymphoma patients, no risk factors were associated with ES.

3.4. Treatment and clinical outcomes of ES patients

All of the patients received corticosteroid treatment for ES,
and all of them achieved CR after treatment. The 1-year prob-
abilities of relapse, NRM, progression-free survival (PFS), and
overall survival (OS) were 4.3% (95% CIL, 0%-9.9%) versus
4.5% (95% CI, 2.0%-7.0%) with P = .416, 0 versus 0.8%
(0%-2.0%) with P =.270,95.7% (95% CI, 90.1%-100%) ver-
sus 94.7% (95% Cl, 92.0%-97.4%) with P = .227, and 100%
versus 97.6% (95% CI, 95.6%-99.6%) with P = .433, respec-
tively, for patients with and without ES (Table 5).

4. DISCUSSION

In the present study, we observed that the incidence of ES was
16.0% after ASCT. Age >60 years and receiving ASCT at CR
were associated with ES in total cohort and plasma cell disease

4

subgroup. In addition, a higher number of MNC transfused was
the risk factor of ES in total cohort and plerixafor-based mobili-
zation was the risk factor of ES in plasma cell disease subgroup.
Patients with more risk factors had a higher risk of ES. Thus,
this is the study firstly identified the risk factor of ES in the era
that plerixafor was widely used in stem cell mobilization.
Plerixafor selectively and reversibly antagonizes the chemok-
ine receptor 4 (CXCR4) chemokine receptor and blocks bind-
ing of stromal cell-derived factor-1o provides a mechanism for
mobilization of CD34* stem cells from the BM to the peripheral
blood (PB) where they can be collected for ASCT. In addition,
plerixafor mobilization could also influence the number of other
immune cells. The numbers of B and T lymphocytes in patients
receiving G-CSF plus plerixafor mobilization were higher than
those receiving G-CSF mobilization alone.?’** Particularly,
Righi et al** demonstrated that the CXCR4 antagonism selec-
tively induced the reduction of intratumoral T regulatory cells
(Tregs), and suppression of Tregs after high-dose chemother-
apy in combination with activation and expansion of effector
T cells by ex vivo costimulation may be one of the mechanisms
of ES. Plerixafor can also improve lymphocyte recovery after
ASCT through mobilization of more mature lymphocytes,?52
and T cell rapid recovery after transplantation can induce ES.”
Thus, T lymphocyte subgroup was important in the occurrence

www.blood-science.org



Chin Assoc of Blood Sci

A P<0.001

P<0.001

100%

80%

60%0

Ratio of ES (%)

40%

20%

Low-risk group Intermediate-risk High-risk group
group

I ES Il NoES

B P<0.001

P=0.005

100%0+

800407

60%"

40%

Ratio of ES (%)

20%

Low-risk group Intermediate-risk High-risk group
group

I ES Bl NoES

Figure 2. Probability of engraftment syndrome according to risk stratification in total patients underwent ASCT (A). Probability of engraftment syndrome accord-
ing to risk stratification in patients with plasma cell diseases underwent ASCT (B).

Univariate and multivariate analysis of variables related to engraftment syndrome in patients with plasma cell diseases underwent

autologous hematopoietic stem cell transplantation.

Univariate analysis

Multivariate analysis

Variables OR 95% CI Pvalue OR 95% Cl Pvalue
Age

<60y 1 1

>60y 2.55 1.26-5.18 .009 2.63 1.22-5.65 013
Mobilization protocol

No plerixafor 1 1

Plerixafor 2.78 1.38-5.60 004 2.20 1.05-4.58 .036
Disease status before allo-HSCT

Beyond CR (VGPR + PR + SD) 1 1

CR 2.91 1.43-5.90 .003 3.19 1.50-6.77 .002
CD34+ cell counts

<3.50 x 10%kg 1

>3.50 x 10%/kg 2.03 1.00-4.10 049
CD3+ lymphocyte counts

<2.42 x 10%/kg 1

>2.42 x 108/kg 2.23 1.07-4.65 033
CD3+CD8+ lymphocyte counts

<0.80 x 10%/kg 1

>0.80 x 10%/kg 2.37 1.14-4.94 022

Cl = confidence interval, CR = complete response, HSCT = hematopoietic stem cell transplantation, MNC = mononuclear cell, OR = odds ratio, PR = partial response, SD = stable disease, VGPR = very

good partial response.

of ES after ASCT. In the present study, we observed that the
numbers of MNC, CD3* lymphocyte, CD3*CD4* lympho-
cyte, and CD3*CD8* lymphocyte transfused were higher in
patients with plerixafor-based mobilization. This suggested that
plerixafor-based mobilization influenced the composition of
T lymphocytes and contributed to the occurrence of ES after
ASCT. On the other hand, plerixafor is mainly used for stem cell
mobilization in patients with plasma cell diseases, which may
explain that the influence of plerixafor-based mobilization on
ES was most significantly in patients with plasma cell disease.
We observed that age older than 60 years was associated with
ES after ASCT in total cohort and patients with plasma cell dis-
ease, which was supported by other studies.!>!* An explanation
for the older age in the ES group might be immunosenescence/
inflammaging. Recent research work revealed a basal, subclin-
ical, and non-infectious, age-related inflammation triggered by

www.blood-science.org

Transplant outcomes for patients who underwent ASCT in
different subgroup cases.

Engraftment syndrome
Total patients (n =300) Yes (n=47) No(n=247) Pvalue

Engraftment time (d, range)

Neutrophil 11 (7-17) 10 (7-13) 11 (7-17) .038

Platelet 11 (6-23) 11(6-17) 11 (6-23) 120
1-y relapse 13 (4.4%) 2 (4.3%) 11 (4.5%) 416
1-y NRM 2(0.7%) 0 2(0.8%) 270
1-y PFS 275 (94.9%) 45(95.7%) 230 (94.7%) 227
1-y 0S 284 (98.0%) 47 (100%) 237 (97.6%) .433

ASCT = autologous hematopoietic stem cell transplantation, NRM = non-relapse mortality,
0S = overall survival, PFS = progression-free survival.



Cao et al

higher activation and expression of the NLRP3 inflammasome
with consecutive higher basal interleukin-1 (IL-1) production
during senescence.?®?’ IL-1 is one of the cytokines suspected
to play a crucial role in the pathogenesis of ES so that age-
related disposition to IL-1 production might promote ES devel-
opment.’*3! Additionally, elderly people had higher counts of
neutrophils and pro-inflammatory monocytes.*? Since ES occurs
during recovery of cells of the innate immune system and due to
their suspected role in ES pathogenesis, age-related alterations
of these cells might also contribute to ES.

We also observed that the disease status was associated with
ES after ASCT. However, previous studies found no association
between disease status before ASCT and ES.**** In our study,
patients receiving ASCT at CR had a tendency of receiving a
higher number of CD34* cell than those without CR (3.85 vs
3.42, P = .057), which might the reason that disease status was
associated with ES. However, the relationship between disease
status before allo-HSCT and ES should be further identified in
future.

Whether ES would influence the mortality and survival after
ASCT was controversial.’! There may be considerably more
NRM in children compared with adults.’! Foncillas et al'®
observed that ES could increase the risk of NRM in children.
Madero et al'' reported 8% NRM in persons with ES com-
pared with 5% in controls. However, we observed that 1-year
relapse, NRM, PFS, and OS were comparable between patients
with and without ES. This may be because that patients were
older in the present study. The median age of our patients were
54 years, and in the previous studies which observed that ES
increased the risk of NRM, the median age of patients was 4
to 8 years.!0!

This study was limited by the retrospective designed and the
relatively small sample of patients, particularly for the lym-
phoma subgroup. Thus, the influence of plerixafor-based mobi-
lization on ES should be further confirmed.

In conclusion, we firstly observed that plerixafor-based mobi-
lization may influence the composition of T lymphocytes in
grafts and increase the risk of ES, particularly in patients with
plasma cell disease. Our results should be further confirmed by
prospective, large-scale studies.
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