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Abstract

Background: Acute graft-versus-host disease (aGvHD] is the primary cause of mortality
following allogeneic hematopoietic cell transplantation (HCT).

Objectives: This study aimed to predict the risk of aGvHD after HCT in patients with
thalassemia major using a novel predictive nomogram.

Design: A retrospective study was used to develop the prediction model.

Methods: We performed retrospective analyses on 402 consecutive thalassemia patients who
underwent HCT. Risk factors for aGvHD were analyzed using Cox proportional regression
models. T-lymphocyte subsets were collected from 240 patients at the time of neutrophil
engraftment. Least Absolute Shrinkage and Selection Operator regression was utilized to
screen the indices, with cut-off values established through restricted cubic spline (RCS)
regression. The predictive model was developed by integrating these T-lymphocyte subsets
with clinical features, aiming to enhance the accuracy of aGvHD risk prediction.

Results: Among 402 thalassemia patients analyzed post-transplantation, significant
independent risk factors for aGvHD included matched unrelated donors, haploid-related
donors, peripheral blood stem cell infusions, and donor age older than 40years. Our RCS
analysis indicated a marked increase in aGvHD risk when CD4+ T-cell counts exceeded

36 cells/uL and CD8+ T-cell counts exceeded 43 cells/uL during neutrophil engraftment. The
integration of T-lymphocyte subsets with clinical risk factors into a Cox regression model
demonstrated good predictive performance for assessing aGvHD risk.

Conclusion: This study presents a novel model designed to predict aGvHD in thalassemia
patients post-transplantation by utilizing T-lymphocyte data at the time of engraftment.
The model facilitates the creation of personalized treatment plans, aiming to minimize the
incidence of aGvHD and improve patient outcomes.
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thalassemia major

Received: 28 May 2024; revised manuscript accepted: 7 October 2024.

Introduction

Thalassemia is one of the most prevalent mono-
genic disorders worldwide. In regions with lim-
ited resources, fewer than 15% of individuals with
transfusion-dependent thalassemia (TDT) live

beyond the age of 35, significantly adding to the
global disease burden.!? Gene editing and alloge-
neic hematopoietic cell transplantation (HCT)
provide curative options for thalassemia, yet the
high costs of gene editing limit its accessibility.!>?
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Currently, the overall survival and thalassemia-
free survival (TFS) rates post-transplantation
exceed 90% for TDT patients, with the efficacy
of alternative donor transplants approaching that
of matched sibling transplants in specialized
centers.>>

Transplant-related complications are the primary
cause of mortality in thalassemia post-transplan-
tation, with acute graft-versus-host disease
(aGvHD) being particularly significant. The inci-
dence of aGvHD in thalassemia patients who
receive HCT from matched sibling donors is rela-
tively low, with a total incidence reported at
15.3% and grade 2-4 aGvHD at 13.1%.% In con-
trast, rates of aGvHD from alternative donors
remain higher, ranging from 21.5% to 42%.3%7
The pathogenesis of aGvHD involves a complex
immune response, initiated by T-cell receptors
recognizing host major histocompatibility com-
plex and minor histocompatibility antigens, trig-
gering cytokine storms that lead to sustained
immune activation. Both CD4+ T cell and
CD8+ T cell play crucial roles in this process:
CD4+ T cell primarily regulate the immune
response through cytokine secretion, while CD8+
T cell directly exert cytotoxic effects against
recipient cells.8° These actions result in inflam-
mation and injury to host tissues, mainly affecting
the skin, liver, and digestive tract. Clinically, the
severity of aGvHD is categorized by the involve-
ment of these organ systems,® and the onset of
aGvHD often predicts a poorer prognosis for
transplant recipients due to significant tissue and
organ damage and increased susceptibility to sec-
ondary infections.10:11

Preventing and treating aGvHD is vital in trans-
plantation, yet current prediction models based
on clinical features often provide suboptimal
results and require additional validation.12-16
While proteomic and gut microbiome-based
models show potential, their integration into clin-
ical practice remains limited.!7-1° Notably, varia-
tions in gut microbiota at the time of engraftment
can influence aGvHD outcomes by modulating
T-lymphocyte populations,!?-18 and the CD4+
T-cell count at day 28 post-transplantation has
been identified as a potential marker for aGvHD.20
Few studies have examined the correlation
between lymphocyte subsets at engraftment and
aGvHD. This gap highlights the need for innova-
tive approaches that incorporate T-lymphocyte
data at engraftment with clinical features to

improve aGvHD prediction models. This study
focuses on aGvHD risk factors in thalassemia
major (TM) patients undergoing HCT and
assesses T lymphocytes at engraftment as poten-
tial biomarkers. By integrating these identified
risk factors, we aim to develop a refined aGvHD
prediction model that facilitates personalized
intervention strategies, enhancing the precision of
patient management.

Methods

Source of data

This retrospective cohort study adhered to the
Transparent Reporting of a Multivariable Prediction
Model for Individual Prognosis or Diagnosis
(TRIPOD) statement.?2! The study focused on
patients with thalassemia who underwent HCT at
the Department of Hematology, The First Affiliated
Hospital of Guangxi Medical University, with data
retrieved from the Hospital’s Electronic System.
This article has been approved by the ethics com-
mittee of The First Affiliated Hospital of Guangxi
Medical University. The data were intended to eval-
uate aGvHD risk factors in patients with thalas-
semia. A total of 407 patients with thalassemia who
underwent HCT between August 1, 2019, and
December 31, 2023, were included in the study,
with follow-up until March 31, 2024.

Study patients

Inclusion criteria were as follows: (1) Confirmed
thalassemia by genetic diagnosis, clinically trans-
fusion-dependent; and (2) Allogeneic hematopoi-
etic stem cell transplantation (HSCT) performed
using the “GX-07-TM” protocol (3). Donor
types included matched sibling donors, matched
unrelated donors, and haploidentical-related
donors. Exclusion criteria were: (1) Secondary
transplantation; (2) Patients without aGvHD and
death from other causes within 100days; (3)
Graft failure of relapse within 100days; (4)
Patients had aGvHD early before the engraftment
period. The primary endpoint was whether
aGvHD occurred within 100days. aGvHD was
diagnosed and classified by at least two doctors
according to Glucksberg grading.??

Predictors
Based on previous literature and the expertise of
transplant physicians regarding aGvHD risk
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factors post-transplantation, relevant factors were
collected. While predictive factors with data loss
exceeding 15% were excluded (e.g., B cells and
NK cells count of stem cells, peripheral blood B
cells, and NK cells count at engraftment). Clinical
variables recorded for risk factor analysis and
model development included age, gender, TM
gene type, splenectomy status, liver and spleen
size, ABO blood type, and ferritin levels. Donor
information such as age, gender, and ABO blood
type was also collected. Transplantation protocol
details encompassed human leukocyte antigen
(HLA) match, graft source, graft-versus-host dis-
ease (GvHD) prophylaxis (e.g., cyclosporine, tac-
rolimus), total mononuclear cells (MNC) count,
and CD34 count of infused stem cells. Graft sam-
ples were extracted for lymphocyte subset analy-
sis (CD3+T cells, CD4+T cells, and CD8+T
cells). The first-day post-infusion and the patient’s
neutrophil and platelet engraftment times were
recorded. Neutrophil engraftment recovery was
defined as the first of three consecutive days with
an absolute neutrophil count of =0.5 X 10%L in
peripheral blood. Upon achieving this threshold,
peripheral blood was drawn within 24 h for lym-
phocyte subsets analysis. Platelet engraftment
recovery was defined as the first of seven consecu-
tive days with an untransfused platelet count of
=20 X 109/L.

Detection of T-lymphocyte subsets

Samples were collected in EDTA-coated tubes,
stained with the respective antibodies (BD
Multitest TM IMK Kit, PerCP Mouse Anti-
Human CD45, FITC Mouse Anti-Human CD3,
APC Mouse Anti-Human CD4, PE Mouse Anti-
Human CDS8, PE Mouse Anti-Human CD16,
PE Mouse Anti-Human CD56, APC Mouse
Anti-Human CD19 were used). Samples were
divided and labeled in 12 mm X 75 mm test tubes.
Added 20puL. of BD Multitest reagents to each
tube: CD3-FITC/CDS8-PE/CD45-PerCP/CD4
APC and CD3-FITC/CD16+CD56-PE/CD45-
PerCP/CD19-APC. Mixed with 50 uL. of antico-
agulant-treated blood, vortex, and incubate in the
dark at 20°C-25°C for 15min. Added 450 uL of
1 X BD Multitest IMK kit lysing solution, vortex,
and incubate again for 15min. Analyzed samples
within 1h for accuracy. FACSCanto flow cytom-
eter (BD, Franklin Lakes, New Jersey, USA)
was for the test. Data were analyzed using BD
Diva Software. Lymphocytes were gated using
CD45 PerCP and SSC gates. CD3+ cells and

CD3- cells were then distinguished, and CD3+
CD4+ and CD3+ CD8+ cells were delineated
accordingly. The proportions of CD3+, CD3+
CD4+, and CD3+ CD8+ cells in lymphocytes
were determined, and the absolute numbers of
these subsets were calculated by combining them
with the total white blood cell count obtained
from routine blood examination.

Transplantation protocol

The GX-07-TM regimen comprised busulfan
(Bu, 1mg/kg, administered i.v. four times daily
for 4days, from days —9 to —6), cyclophospha-
mide (Cy, 50mg/kg/day, administered i.v. for
4 days, from days —5 to —2), fludarabine (Flu,
50 mg/m?/day, administered i.v. for 3 days, from
days —12 to —10), and anti-thymocyte globulin
(ATG, 2.5mg/kg/day, administered i.v. for 4 days,
from days —4 to —1). Prior to transplantation, all
patients received 30mg/kg hydroxyurea orally
once daily for 2 months.

The GvHD prophylaxis regimen included a cal-
cineurin inhibitor (cyclosporine A mostly for
patients with matched sibling donors, and tacroli-
mus mostly for other transplant patients), metho-
trexate, low-dose, short-course mycophenolate
mofetil.* For sibling and haploid transplantations,
a preference was given to granulocyte colony-
stimulating factor (G-CSF) mobilized bone mar-
row combined with G-CSF mobilized peripheral
blood stem cells (G-PBSCs) infusion after evalu-
ating donor and recipient conditions, while
G-PBSCs infusion was utilized for unrelated
transplantations.

Model development and validation

Based on previous studies, the liver was catego-
rized into two groups using a cut-off value of
5cm, the spleen at 3cm, ferritin at 2500ng/mL.,
and donor age at 40years old.!s11:23 To improve
the accuracy and statistical power of the estima-
tors, we conducted Cox regression analysis on all
patients with complete clinical indicators to
screen for aGvHD risk factors. Final independent
clinical risk factors were determined through
backward stepwise Cox multivariate regression
with p value <0.1. T-lymphocyte subsets data
were completely missing at random, with no sta-
tistical differences between missing and complete
data (Supplementary Table 1). There were 240
cases meeting inclusion criteria, which were then
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Univariate and multivariate

Assessed for eligibility
(n=407)

Excluded (n=5) :

| 1.Previously received Allo-HSCT(n=2).
"] 2.No aGvHD occurred within 100 days and

death due to other reasons(n=3).

Cases meeting inclusion

analysis of aGvHD using COX criteria
regression (n=402)
Excluded(n=162):
1.T-lymphocyte counts during neutrophil
engraftment deficiency.(n=145).
"] 2. T-lymphocyte counts of graft deficiency
(n=5).
Cases for prediction model 3.Both deficiency (n=12).
(n=240)
[
i v
Training cohort Validation cohort
(n=168) (n=72)
!
Screening variables
I
v v
Model 1:Without T-lymphocyte Model 2: With T-lymphocyte
subsets subsets
l Validation of prediction model:
NRI, IDI and C-index Nomoaram | 1.ROC curve
comparison ¢ 2.Calibration

Figure 1. Patients’ flow diagram.

3.Clinical application

aGvHD, acute graft-versus-host disease; Allo-HSCT, allogeneic hematopoietic stem cell transplantation; IDI, Integrated
Discrimination Improvement Index; NRI, Net Reclassification Improvement Index; ROC, receiver operating characteristic

curve

randomly allocated into training and validation
cohorts at a ratio of 7:3 (Figure 1). The training
cohort was utilized for model development, while
the validation cohort was employed for model
validation. The Least Absolute Shrinkage and
Selection Operator (LASSO) method, utilizing
the “glmnet” package, was employed to select
parameters with nonzero coefficients. Two Cox
regression models were constructed. Performance
improvement due to T-lymphocyte subsets was
evaluated through a comparison of the C-index,
net reclassification improvement index (NRI),
and integrated discrimination improvement index
(IDI). Receiver operating characteristic (ROC)
curve, C-index, calibration curve, and decision
curve analysis (DCA) were employed in both

training and validation sets to assess the perfor-
mance of model.

Statistical analysis

The categorical variables are presented as n (%)
and continuous variables as median (IQR).
Statistical comparisons for categorical variables
were conducted using the Pearson’s Chi-squared
test and Fisher’s exact test, while continuous vari-
ables were compared using the nonparametric
Mann—Whitney U test. Hazard ratios (HR) and
95% confidence intervals (CI) were calculated for
aGvHD risk factor analysis using the Cox propor-
tional hazards model. The cut-off value for
T-lymphocyte subsets was determined through
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restricted cubic spline (RCS) regression, adjusting
for type of transplantation, G-PBSCs infusion,
and donor age. Nonlinear continuous variables
were categorized based on the cut-off values dur-
ing model construction. Data analysis and graph
creation were performed using SPSS 22.0 IBM
Corp., Armonk, NY, USA) and R version 4.2.1
(R Core Team, Vienna, Austria). A p-value of
<0.05 was considered statistically significant.

Results

Patients

During the study period, 407 patients underwent
allogeneic HSCT. Excluding two patients with
prior HSCT and three patients who died within
100days without an outcome event (Figure 1),
the analysis included 402 patients (Table 1). The
median age of the patients was 8years (range
2-20). Among the 402 patients, 146 (36%) devel-
oped aGvHD, with 95 (24%) cases classified as
grade 2-4 aGvHD and 38 (9.5%) as grade 3-4
aGvHD. The median time to aGvHD onset was
29days (range 9-142). The follow-up time is
30.8 (range 0.8-56.8)months. There were 15
deaths, all linked to transplantation, and one case
of secondary graft failure. Among 15 deceased
patients, 11 had aGvHD, and 8 deaths were
aGvHD-related. Cox proportional regression
analysis demonstrated that aGvHD correlated
with adverse outcomes in terms of overall survival
(HR 5.04, 95% CI: 1.61-15.84, p=0.006) and
TFS (HR 4.03, 95% CI: 1.40-11.60, p=0.01).

Clinical risk factors of aGvHD

In the analysis of 402 patients, 146 developed
aGvHD (Table 1). Univariate Cox regression
analysis identified significant differences in trans-
plantation type, HLA mismatch points, donor
and recipient age, graft source, and calcineurin
inhibitor (CNI) type (Table 2). Factors like CNI
type and bone marrow stem cell infusion were
closely linked to transplantation type and thus
excluded from multivariate analysis. Ultimately,
patient age, donor age, ferritin levels, transplanta-
tion type, HLA mismatch points, ABO matching,
CD34+ cells count, G-PBSCs infusion, and
umbilical cord blood stem cell infusion were
included in backward stepwise Cox multivariate
regression. Independent risk factors for aGvHD
comprised unrelated donor (HR 3.63, 95% CI:
2.17-6.05, p<<0.001), haploid-related donor

(HR 4.03, 95% CI: 2.40-6.77, p<0.001),
peripheral blood stem cell infusion (HR 2.11,
95% CI: 1.09-4.11, p=0.03), and donor age
older than 40years (HR 1.53, 95% CI: 1.00—
2.33, p=0.049; Table 2).

Predictors selection

Cases lacking T-lymphocyte subsets were
excluded, leaving 240 datasets meeting inclusion
criteria, randomly divided into training and veri-
fication cohorts at a 7:3 ratio (Figure 1). The
training cohort comprised 168 cases, while the
verification cohort had 72, with no significant
baseline characteristic differences (Table 3). In
the training cohort, LASSO coefficient curves
were generated for 10 characteristics, including
transplant type, donor age group, G-PBSCs,
and T-lymphocyte subsets (CD3+ T cells,
CD4+ T cells, and CD8+ T cells) in graft and
peripheral blood during neutrophil engraftment,
using 10-fold cross-validation. At Lambda.lse
value of 0.05286106, nonzero variables were
identified: matched unrelated donor, haploid-
related donor, peripheral blood stem cell infu-
sion, donor age group, CD4+ T-cell, and CD8+
T-cell count during neutrophil engraftment
(Figure 2).

T-lymphocyte subsets

In 240 patients, we utilized RCS to ascertain the
cut-off values for CD4+ T-cell and CD8+
T-cell counts at engraftment. Following adjust-
ment for transplantation type, peripheral blood
stem cells infusion, and donor age, the distribu-
tion of CD4+ T cells was found to be nonlinear.
The risk of aGvHD escalated when the cell
count exceeded 36 cells/uLL. Conversely, the dis-
tribution of CD8+ T cells exhibited linearity,
with a heightened risk of aGvHD observed when
the count surpassed 43 cells/uLL (Figure 3(a) and
(b)). Cox proportional regression analysis indi-
cated that elevated T-lymphocyte counts ampli-
fied the risk of total aGvHD, grade 2—4 aGvHD,
and grade 3—4 aGvHD (Figure 3(c)).

Nomogram model development

The primary endpoint was the occurrence of
aGvHD within 100 days. Model 1 was constructed
using Cox regression, incorporating the type of
transplantation, peripheral blood stem cell infu-
sion, and donor age. Based on Model 1, Model 2
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Table 1. Patient characteristics.

Variable

Total (N=402)

Non-aGvHD (N=256)

aGvHD (N=146)

Total aGvHD, n (%)
Grade 2-4 aGvHD, n (%)
Grade 3-4 aGvHD, n (%)
Sex, n (%)
Female
Male
Age, years, median (IQR)
Genotype, n (%)
o
p
Serum ferritin, ng/mL, n (%)
Median (IQR)
=2500
<2500
Spleen group, cm, n (%)
Splenomegaly <3
Splenomegaly =3
Splenectomy
Hepatomegaly, cm, n (%)
Liver <5
Liver =5
Type of Allo-HCT, n (%)
Matched sibling donor

Matched unrelated donor

Haploidentical-related donor

Number of HLA mismatch, n (%)

0-1 point
2-3 points

=4 points

146 (36)
95 (24)
38(9.5)

160 (40)
242 (60)
8.38 (5.86, 11.24)

15 (3.7)
387 (96)

3555.32 (2347.56, 5414.97)
288 (72)

114 (28)

293 (73)
57 (14)

52 (13)

380 (95)

22 (5.5)

140 (35)
137 (34)
125 (31)

281 (70)
22 (5.5)
99 (25)

108 (42)
148 (58)
7.97 (5.48, 10.97)

10(3.9)
246 (96)

3323.69 (2230.80, 5058.93)
175 (68)

81(32)

183 (71)
35 (14)

38 (15)

242 (95)

14(5.5)

120 (47)
70 (27)
66 (26)

193 (75)
13(5.1)
50 (20)

146 (100)
95 (65)
38 (26)

52 (36)
94 (64)
9.45 (6.62, 11.74)

5 (3.4)
141 (97)

3942.03 (2606.86, 6121.28)
113 (77)

33 (23]

110 (75)
22 (15)

14.(9.6)

138 (95)

8 (5.5)

20 (14)
67 (46)
59 (40)

88 (60)
9 (6.2)
49 (34)

[Continued)
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Table 1. (Continued)

Variable

Total (N=402)

Non-aGvHD (N=256)

aGVvHD (N=146)

Donor age, n (%)
Age <40

Age =40

Female donor for male recipients, n (%)

No
Yes
Donor/patient ABO-match, n (%)
Match
Mismatch
G-PBSCs, n (%)
G-BM, n (%)
CB, n (%)
CSA-based GvHD prophylaxis, n (%)
TAC-based GvHD prophylaxis, n (%)
Total MNCs, X 108/kg, median (IQR)

Toal CD34+ cells, X10¢/kg, median
(IQR)

Neutropenia, days, median (IQR)

Neutrophil engraftment, days, median

(IQR)

Platelet engraftment, days, median

358 (89)

44.(11)

317 (79)
85 (21)

206 (51)
196 (49)
348 (87)
264 (66)
33(8.2)
140 (35)
262 (65)
11.77 (9.08, 14.93)

8.44 (6.87,11.74)

13.00 (11.00, 14.00)
12.00 (11.00, 14.00)

13.00 (11.00, 18.00)

240 (94)

16 (6.3)

201 (79)
55 (21)

141 (55)

115 (45)

212 (83)

186 (73)

30 (12)

119 (46)

137 (54%)

11.67 (9.03, 14.85)

8.73(7.01, 11.98)

13.00 (11.00, 14.00)
12.00 (11.00, 14.00)

13.00 (12.00, 18.00)

118 (81)

28 (19)

116 (79)
30 (21)

65 (45)

81 (55)

136 (93)

78 (53)

3(2.1)

21(14)

125 (86)
11.81(9.51, 15.32)

8.15 (6.48, 10.64)

12.00(11.00, 15.00)
11.50 (11.00, 14.00)

13.00(11.00, 17.75)

(IQR)

aGvHD, acute graft-versus-host disease; IQR, interquartile range; Allo-HCT, allogeneic hematopoietic stem cell transplantation; HLA, human
leukocyte antigen; G-PBSCs, granulocyte colony-stimulating factor mobilized peripheral blood stem cells; G-BM, granulocyte colony-stimulating
factor mobilized bone marrow;CB, umbilical cord blood; CSA, cyclosporine A; TAC, tacrolimus; GvHD, graft-versus-host disease;

MNC, mononuclear cell.

was developed by adding the CD4+ T-cell group
and CD8+ T-cell at the time of engraftment
(Table 4). In the training set, a comparison of the
C-index between the two models (Model 1 vs
Model 2: 0.69 vs 0.73, p=0.02) revealed a sig-
nificantly higher C-index for Model 2. The NRI
for comparison of models was 0.24 (95% CI
0.09-0.39, p=0.04), and the IDI was 0.08 (95%
CI0.02-0.16, p<0.001). In Model 2, illustrated
in Figure 4, the patient’s type of transplantation,
peripheral blood stem cell infusion status, CD4+

T-cell group, and CD8+ T-cell count were
assigned corresponding points. The total score
derived reflected the patient’s risk score, indicat-
ing the likelihood of aGvHD-free occurrence
within 100 days.

Model performance

ROC curves and C-index assessed Model 2’s pre-
dictive performance. Area under the curves for
total aGvHD, grade 2-4 aGvHD, and grade 3—4
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Table 2. Univariable and multivariable Cox regression analysis of aGvHD in 402 patients.

Characteristic Univariable analysis Multivariable analysis

HR 95% CI ] HR 95% CI p
Age 1.05 1.00-1.09  0.032
Serum ferritin =2500 ng/mL 1.42 0.97-2.10  0.075

Spleen group, cm

Splenomegaly <3 Ref — —
Splenomegaly =3 0.99 0.63-1.57  0.969
Splenectomy 0.67 0.38-1.17 0.157

Hepatomegaly, cm
Liver <5 Ref — —
Liver =5 0.97 0.47-1.97 0.928

Type of Allo-HSCT

Matched sibling donor Ref — — Ref — —
Matched unrelated donor 4.36 2.64-7.18 <0.001 3.63 2.17-6.05 <0.001
Haploidentical related donor 4.26 2.56-7.07 <0.001 4.03 2.40-6.77 <0.001

Number of HLA mismatch

0-1 point Ref — —
2-3 points 1.45 0.73-2.88 0.289
=4 points 1.86 1.31-2.64 <0.001
Donor age =40years 2.38 1.57-3.59 <0.001 1.53 1.00-2.33 0.049
Female donor for male recipient 0.97 0.65-1.45 0.893
Donor/patient ABO-mismatch 1.36 0.98-1.88 0.067
G-PBSCs 2.46 1.29-4.67 0.006 2.1 1.09-4.11 0.03
G-BM 0.53 0.38-0.73 <0.001
CB 0.19 0.06-0.60 0.005
TAC-based GvHD prophylaxis 4.07 2.56-6.47 <0.001
Total MNCs, X 108/kg 1.02 0.99-1.05 0.202
Toal CD34+ cells, x10¢/kg 0.96 0.92-1.00  0.054
Neutropenia, days 0.98 0.93-1.03 0.492
Neutrophil engraftment, days 0.98 0.92-1.05 0.588
Platelet engraftment, days 1.00 0.98-1.02 0.896

Allo-HSCT, allogeneic hematopoietic stem cell transplantation; CB, umbilical cord blood; Cl, confidence interval; HLA, human leukocyte antigen;
HR, hazard ratio; G-PBSCs, granulocyte colony-stimulating factor mobilized peripheral blood stem cells; G-BM, granulocyte colony-stimulating
factor mobilized bone marrow; TAC, tacrolimus; GvHD, graft versus host disease; MNC, mononuclear cell.
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Table 3. Patient characteristics stratified by training cohort and validation cohort.

Variable Training cohort Validation cohort, p?
(N=168) (N=72)
Total aGvHD, n (%) 61 (36) 33 (46) 0.166
Grade 2-4 aGvHD, n (%) 36 (21) 19 (26) 0.402
Grade 3-4 aGvHD, n (%) 16 (9.5) 8(11) 0.707
Type of Allo-HSCT, n (%) 0.878
Matched sibling donor 57 (34) 24 (33)
Matched unrelated donor 58 (35) 23 (32)
Haploidentical-related donor 53 (32) 25 (35)
Donor age, n (%) 0.562
Age <40 147 (88) 61(85)
Age =40 21(13) 11 (15)
G-PBSCs, n (%) 143 (85) 65 (90) 0.281
G-BM, n (%) 110 (65) 48 (67) 0.859
CB, n (%) 14 (8.3) 5(6.9) 0.715
CD3+ T cells of graft source, X 108/kg, median (IQR) 2.08 (1.44, 3.36) 1.99 (1.54, 2.94) 0.873
CD4+ T cells of graft source, X 108/kg, median (IQR) 0.99 (0.55, 1.67) 0.99 (0.75, 1.36) 0.859
CD8+ T cells of graft source, X108/kg, median (IQR) 0.94 (0.64, 1.48) 0.86 (0.62, 1.29) 0.462
CD4+/CD8+ ratio of graft source, median (IQR) 1.07(0.79, 1.41) 1.09(0.77, 1.37) 0.955
CD3+ T cells at neutrophil engraftment, cells/uL, median (IQR) 66.00 (17.75, 175.00) 73.50 (21.50, 140.25) 0.938
CD4+ T cells at neutrophil engraftment, cells/uL, median (IQR) 11.50 (2.00, 42.25) 13.50 (3.75, 28.00) 0.941
CD8+ T cells at neutrophil engraftment, cells/uL, median (IQR) 41.50 (8.75, 95.00) 45.00 (12.75, 94.50) 0.746
CD4+/CD8+ ratio at neutrophil engraftment, median (IQR) 0.32(0.17, 0.54) 0.29(0.13, 0.50] 0.290

aGvHD, acute graft-versus-host disease; Allo-HSCT, allogeneic hematopoietic stem cell transplantation; G-PBSCs, granulocyte colony-stimulating
factor mobilized peripheral blood stem cells; G-BM, granulocyte colony-stimulating factor mobilized bone marrow; CB, umbilical cord blood;

IQR, interquartile range.

aGvHD in the training cohort were 0.802, 0.809,
and 0.846, respectively (Figure 5(a)), with corre-
sponding C-index values of 0.736 (95% CI:
0.736-0.870), 0.755 (95% CI: 0.681-0.850),
and 0.772 (95% CI: 0.6655-0.859), indicating
robust predictive ability. In the validation cohort,
AUCs were 0.777, 0.757, and 0.746 (Figure
5(d)), with corresponding C-index values of
0.691 (95% CI: 0.668-0.882), 0.672 (95% CI:

0.564-0.824), and 0.660 (95% CI: 0.498-0.902).
Calibration curves for both cohorts showed good
fit (Figure 5(b) and (e)), with total Brier scores
below 0.25. The DCA curve illustrated the effec-
tive prediction of aGvHD occurrence within
100days by the nomogram, yielding positive net
benefits across different grades in the training
cohort (Figure 5(c)). Similarly, the DCA curve
for the validation cohort indicated positive net
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Figure 2. Perioperative variables selection using the LASSO regression. (a) The features with nonzero
coefficients were selected by optimal lambda. (b) LASSO coefficient curves of the 10 variables. A coefficient
profile plot was produced against the log (A) sequence. Vertical line was drawn at the value selected using 10-
fold cross-validation, where lambda.min resulted in seven nonzero coefficients, and Lambda.1se resulted in

six nonzero coefficients.
LASSO, Least Absolute Shrinkage and Selection Operator.

benefits for aGvHD of different grades within a
certain range (Figure 5(f)).

Discussion

aGvHD is a major adverse factor impacting post-
transplantation survival.!! Our study found that
patients with elevated counts of CD4+ and CD8+
T lymphocytes at the time of engraftment are at a

higher risk of developing aGvHD. Through Cox
multivariate regression analysis, we also identified
alternative donors, peripheral blood stem cell infu-
sion, and donor age older than 40 years as aGvHD
risk factors. We successfully developed an aGvHD
prediction model that integrates clinical character-
istics with T-cell data. The NRI and IDI metrics
show that the inclusion of T-lymphocyte subsets
significantly enhances the model’s performance.
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Figure 3. Potential nonlinear for the levels of CD4+ T cells and CD8+ T cells during neutrophil engraftment
with aGvHD and measured by restricted cubic spline regression. The red lines and shadows represent the
estimated HR and the 95% ClI, respectively. CD4+ T cells 36 was selected as the reference level. Forty-three
was selected as the CD8+ T cells reference level. (a) CD4+ T cells and total aGvHD in 240 patients (knots=5).
(b) CD8+ T cells and total aGvHD in 240 patients (knots=3). (c] Comparison of different grades of aGvHD at 100
days post-transplantation using Cox proportional regression based on reference values of CD4+ T cells and

CD8+ T cells.

aGvHD, acute graft-versus-host disease.

This is the first aGvHD model that combines
T-lymphocyte data and clinical characteristics,
specifically for thalassemia patients, ensuring dis-
ease consistency and reducing heterogeneity risks.
The model is easy to implement in clinical prac-
tice, providing clinicians with a practical tool to
predict and manage patients.

Both CD4+ and CD8+ T cells play pivotal roles
in the development of aGvHD through immune
regulation, cytokine secretion, and cytotoxicity.8
Our study shows that elevated counts of CD4+
and CD8+ T cells at the time of engraftment are
related to aGvHD occurrence. Although there
was no statistically significant difference in
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Table 4. Multivariate Cox regression analysis of aGVHD in two models based on data in the training cohort.

Variables Model 1 Model 2

HR (95% ClI) P HR (95% CI) P
Matched unrelated donor 4.13(1.78-9.59) <0.001 4.76(1.98-11.42) <0.001
Haploid related donor 5.90 (2.51-13.84) <0.001 9.29 (3.60-24.01) <0.001
G-PBSCs infusion 1.04 (0.54-1.99) 0.92 1.27 (0.65-2.48) 0.48
Donor age over 40years 3.13 (1.09-9.04) 0.03 2.22(0.75-6.58) 0.15
CD4+ T cells over 36 cells/ul — — 1.40(0.72-2.73) 0.32
CD8+ T cells count = — 1.00 (1.00-1.01) 0.007

aGvHD, acute graft-versus-host disease; HR, hazard ratio; Cl, confidence interval; G-PBSCs, granulocyte colony-
stimulating factor mobilized peripheral blood stem cells.
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Figure 4. Prediction nomogram of aGvHD after 100days of transplantation.

aGvHD, acute graft-versus-host disease.
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CD4+T-cell classification in Model 2, consider-
ing the correlation between CD4+ and CD8+
T- cells (r=0.70, p<0.001). So, we still included
both wvariables in the model construction.
Furthermore, RCS regression adjusted by clinical
risk factors revealed that aGvHD risk increases
when CD4+ T cells exceed 36cells/ulL and
CD8+ T cells surpass 43 cells/uL. This is consist-
ent with previous studies showing that patients
with aGvHD had higher CD4+ and CD8+
T-cell counts 32days post-transplantation.?*
Additionally, CD4+ T cells exceeding 38 cells/uLL
at day 28 post-transplantation have been identi-
fied as a risk factor for aGvHD.2° In patients with
thalassemia, research indicates that a rise in
CD4+ T cells on day 14 post-transplantation
serves as a valuable biomarker for predicting
aGvHD. Furthermore, an increase in CD8+ T
cells could be indicative of a more severe case of
aGvHD.?> However, some conflicting findings
exist. There are studies showing that the number
of T cells after transplantation is not parallel to
the occurrence of aGvHD,?¢ and patients lacking
CD4+ T-cell reconstitution before the onset of
aGvHD suggest a worse prognosis.2’ This poten-
tially due to differences in aGvHD prophylaxis
regimens, such as anti-T-lymphocyte globulin
versus  post-transplant  cyclophosphamide.?8
Immune reconstitution and engraftment are
dynamic processes, with neutrophil engraftment
serving as a key early transplantation event. We
focused on thalassemia patients at the time of
neutrophil engraftment, aiming to reduce physi-
ological variation. The relationship between
T-lymphocyte counts and aGvHD is still under-
explored, though our study shows that elevated
T-cell counts at engraftment can predict
aGvHD occurrence. Thus, vigilant monitoring
of immunosuppressive drugs in high-risk
patients is crucial, with adjustments like pro-
longed glucocorticoid administration, while
balancing infection risks.

Clinical features play a pivotal role in the onset of
aGvHD, including transplantation type, HLA
match, graft source, donor and recipient age,
disease remission status, and preconditioning
regimen.%!1:29 Our study conducted under stand-
ardized conditions to ensure uniformity in under-
lying diseases and protocols, identified matched
unrelated donors, haploid-related donors, periph-
eral blood stem cell infusion, and older donors as
independent risk factors for aGvHD. Although

peripheral blood stem cell infusion had no statis-
tically significant difference in the training cohort,
considering the intimate association with
aGvHD?3° and successful screening in LASSO
regression, we still used this indicator to construct
the model. While matched sibling donor and
bone marrow transplantation remain preferred
for TM due to high success rates and low GvHD
incidence,!»* scarcity of sibling donors and
improved efficacy in alternative donor transplan-
tation are leading more patients to choose alter-
natives. For alternative donors, haploid
transplantation often entails HLLA mismatch and
unrelated donor grafts typically comprise periph-
eral blood stem cells, contributing to elevated
GvHD incidence. Despite advancements in
GvHD prophylaxis, grade 2—4 aGvHD incidence
remains high in alternative donors.?%7 Thus,
establishing more effective prophylaxis and
enhancing post-transplantation monitoring are
crucial. Our model empowers clinicians to evalu-
ate the risk of aGvHD in thalassemia patients fol-
lowing transplantation, thereby optimizing
management strategies and enhancing their qual-
ity of life.

We developed a nomogram model for aGvHD
prediction by integrating clinical characteristics.
Additionally, LASSO regression was employed
to screen for T-lymphocyte subsets from graft
sources and at the time of engraftment. This
integration was expected to enhance the model’s
performance, addressing variable collinearity
issues.3! LLASSO regression screening revealed
CDS8+ T cells in the stem cell at Lambda.min,
and CD4+ and CD8+ T cells at neutrophil
engraftment as nonzero variables. However, RCS
regression, adjusted for transplantation type,
peripheral blood stem cell infusion, and donor
age, found no statistically significant relationship
between CD8+ T lymphocytes in stem cells and
aGvHD risk. The impact of T lymphocytes in the
graft on aGvHD risk is unclear, with conflicting
conclusions among studies.?233 The higher
T-lymphocyte content in peripheral blood stem
cells compared to bone marrow by tenfold3* may
explain the lack of significance in CD8+ T cells
post-adjustment. At neutrophil engraftment,
CD4+ and CD8+ T cells continued to indicate
aGvHD risk after RCS regression adjustment,
leading to their incorporation into the model.
CD4+ T cells were treated as a categorical vari-
able based on their nonlinear nature. Both CD8+
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Figure 5. The performance of the nomogram in total aGvHD, grade 2-4 aGvHD, and grade 3-4 aGvHD: (a) receiver operating
characteristic curve in the training cohort, (b) calibration curve in the training cohort, (c) decision curve analysis in the training
cohort, (d) receiver operating characteristic curve in the validation cohort, (e] calibration curve in the validation cohort, and (f)
decision curve analysis in the validation cohort.

aGvHD, acute graft-versus-host disease.

and CD4+ T cells improved the model’s perfor- aiding clinicians in the early identification of

mance, which demonstrated good overall perfor- high-risk aGvHD patients. This enables clinicians

mance with easily obtainable indicators, to optimize patient management, intervene

suggesting clinical utility. Despite the model’s promptly to halt disease advancement, thereby

robust performance, there are limitations. reducing mortality rates following transplantation

Prospective, multicenter studies are needed to in individuals with thalassemia.

further validate it. Additionally, ongoing research

aims to delve deeper into lymphocyte subsets,

including Thl, Th2, Th17, and Treg cells, and Declarations

analyzes lymphocyte cytokines, to both enhance

the model’s predictive capabilities and shed light Ethics approval and consent to participate

on the mechanisms behind aGvHD. The ethics committee of The First Affiliated
Hospital of Guangxi Medical University approved
this paper (Approval Number: No. 2023-S574-

Conclusion 01). Written informed consent to participate in

We developed the first successful aGvHD model this study was obtained from the patients. Adults

for thalassemia transplant patients using (=18) finished the informed consent by them-

T-lymphocyte subsets at engraftment. The model selves. For minors (<18), informed consent was

demonstrates excellent performance, with predic- provided by the guardians on behalf of the minors

tive indicators that are straightforward to obtain, involved in this study.
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