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BACKGROUND. Cytokine biomarkers have already been used to predict acute graft-versus-host
disease (aGVHD) onset, nonrelapse mortality, and overall survival in human and mouse models,
but the consistency of the consequences between patients and mice has not been evaluated.
Furthermore, no study about any biomarker or biomarker panel for aGVHD grading or steroid
sensitivity of aGVHD patients simultaneously has been reported.

METHODS. Here we established an aGVHD mouse model and explored the relation between aGVHD
onset and variations of some cytokines. Based on the results and latest progress, we selected

16 cytokines and compared their serum variations in aGVHD patients and non-aGVHD patients
after allogeneic hematopoietic stem cell transplantation. Using protein microarray, we explored
the relation between the cytokine levels and aGVHD-related events (onset, grading, and steroid
sensitivity).

RESULTS. The increase of chemokine levels in murine aGVHD was very consistent with that of
patients. We found obviously higher levels of IL-2, IL-4, Elafin, sST2, TLR4, and TNF-a, and lower
levels of TGF-f in both aGVHD mouse models and aGVHD patients. In addition, patients with severe
aGVHD showed increased IL-6, TLR4, TNF receptor 1(TNFR1), and Elafin and decreased TGF-§.
TLR4 and TNFR1 were significantly increased in steroid-refractory aGVHD patients compared with
steroid-effective patients (P < 0.05).

CONCLUSION. A combination of TLR4, TNFR1, TGF-$, and Elafin could be a new 4-biomarker panel
to assist aGVHD diagnosis, grading, and evaluation of steroid sensitivity for clinical aGVHD patients.
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Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is one of the most effective methods to
treat a variety of hematological malignancies. Acute graft-versus-host disease (aGVHD) is one of the major
complications of allo-HSCT, with a high incidence of 30%-50% and a 14% fatality rate. With acute onset
and rapid progression, aGVHD is one of the major factors affecting the success rate of allo-HSCT. Clas-
sically, aGVHD develops within the first 100 days after HSCT; donor T cells mediate a cytotoxic effect
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Figure 1. Flow diagram of the study design.

against multiple target organs, including the skin, gastrointestinal tract, and liver (1-3). Early diagnosis and
treatment are crucial to prevent disease onset and deterioration, especially for severe aGVHD. At present,
the diagnosis of aGVHD depends mainly on the clinical manifestation and pathological biopsy of target
organs, which lacks disease specificity and clinical feasibility, respectively. So it is urgent to find new strate-
gies with precise, noninvasive, and fast monitoring properties for early recognition of aGVHD.

The use of serum cytokines as aGVHD biomarkers has emerged for diagnosis and prognosis in both
mouse models and human patients (4-6), but hardly any studies have discussed or explored the similarities
and differences in the cytokine levels between human patients and mice. As the secretory products of specific
immune cell subsets, cytokines reflect the systemic immune response as well as the functions of different
immune cell populations related to aGVHD in both target organs and blood. Besides, exploring cytokine
changes is also beneficial to explore aGVHD pathogenesis. Although multiple cytokines and cytokine combi-
nations have been presented in mouse and human studies to predict aGVHD development, high risk for lethal
GVHD, nonrelapse mortality, and even overall survival rate (7-9), little has been reported about a biomarker
or biomarker panel for evaluating the grading and steroid sensitivity of patients with aGVHD simultaneously.

In this study, 22 common and novel cytokines were chosen as target candidates by comprehensively
searching and analyzing recent articles and data (4-12). We measured the concentrations of these cytokines
in mice with aGVHD and control mice with ELISA kits. Based on the results of animal experiments, we
selected 16 cytokines and observed dynamically, with protein microarray technology, variations of them in
blood samples of patients after allo-HSCT. We analyzed the distinctions of biomarkers for early aGVHD
diagnosis of mice and patients, assessed the relation between these cytokines and aGVHD-related events
(@aGVHD onset, grading, and steroid sensitivity), and finally established a cocktail of cytokines with the abili-
ty to evaluate aGVHD onset, severity level, and steroid sensitivity in patients after allo-HSCT early (Figure 1).

Results
aGVHD evaluation in mice. To select appropriate biomarkers to assist with aGVHD diagnosis, we first built
an aGVHD mouse model with BALB/c mice as recipients and C57BL/6 mice as donors. The weight of
the aGVHD group (n = 3) and control group (n = 3) experienced an acute decline after transplantation,
then recovered after 7 days in both groups, but the weight of the aGVHD group did not increase to the
pretransplantation level, while the control group did (Figure 2A). The clinical scores of the aGVHD group
were obviously higher than those of the control group (P < 0.01), especially from day +5 to day +10 (Figure
2B). The survival rate of the control group was significantly higher than that of the aGVHD group (P <
0.0001) (Figure 2C). Besides, diarrhea, wet fur, hunch, and weakness were also observed from day +7 after
allogeneic bone marrow transplantation.

Routine blood examinations of each group were conducted on days +1, +3, +5, +7, +10, +14, +21,
and +28 after transplantation. Hematopoietic reconstitutions of each group started from day +7 to day
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+14 after transplantation. The aGVHD group recovered more slowly compared with the control group,
with significant differences in hemoglobin and WBC (P < 0.05) (Figure 2, D-G). Meanwhile, we used
fluorescence in situ hybridization (FISH) to evaluate the implantation of donor hematopoietic stem cells
in mice of the 2 groups at day +14 after transplantation. The results showed that a large number of donor
stem cells were detected in both groups, with a chimeric rate of 97.2% (control group) and 96.8% (aGVHD
group) (Figure 2, H and I). Skin, liver, intestine, and bone marrow of mice in each group were obtained on
day +14 after transplantation, and the fixed tissues were paraffin embedded, sectioned, and observed with
H&E staining. The results showed that compared with the control group, mice in the aGVHD group had
obvious villi destruction and mucosal injury in intestines. The liver showed a large number of infiltrating
lymphocytes and liver cell necrosis. Bone marrow hyperplasia was inactive, with decreased parenchyma
cells and increased vacuoles. No significant skin difference was observed between the 2 groups (Figure 2J).
Taken together, these results indicated that the aGVHD model was successfully established.

Screening of biomarkers for aGVHD diagnosis in mouse model. Because many cytokines have been demon-
strated as being aGVHD biomarkers, we used ELISA to test serum levels of the selected 22 cytokines in
blood samples of the 2 groups (Table 1). As shown in Figure 3, at day +14 after allo-HSCT, we observed
significantly higher levels of IL-2, IL-4, IL-6, IL-12p40, IL-33, IFN-y, Elafin, sST2, and REG3a and sig-
nificantly lower levels of IL-5, IL-10, IL-35, and TGF-$ in aGVHD mice. Among the increased cytokines,
IL-6, IL-12p40, sST2, and REG3a showed a 2-fold increase compared with the control group (P < 0.05).
These results demonstrated that after allo-HSCT, proinflammatory cytokines rose up quickly to a high lev-
el, while antiinflammatory cytokines slightly increased or even decreased (Figure 3).

Hematopoietic reconstitution for patients after allo-HSCT. To study whether there is consistency of cytokine
expression in human and mouse models of aGVHD, we enrolled patients with (#z = 20) and without (n =
20) aGVHD after allo-HSCT and collected blood samples at different time points. Basic information of
the patients is included in Table 2. The median time of neutrophil reconstitution greater than 0.5 x 10°/L
in the aGVHD group after allo-HSCT was 15.5 days (10-26 days), while in the control group the median
time was 17 days (11-32 days). The median time of platelet reconstitution greater than 20 x 10°/L in the
aGVHD group and control group after allo-HSCT was 15.5 days (10-27 days) and 17 days (11-34 days),
respectively. There was no significant difference in hematopoietic reconstitution time between the 2 groups
(P> 0.05) (Table 3).

Screening of biomarkers for aGVHD diagnosis in human patients. Based on the results of the animal exper-
iment, we wanted to know whether these cytokines were also expressed in human patients. We chose
16 cytokines to be tested in human patients based on the results of the mouse experiment and the latest
progressions of aGVHD, including IL-2, IL-4, IL-6, IL-10, IL-12p40, IL-17A, IL-21, IL-22, IL-2, TNF-a,
TGF-B, IFN-y, sST2, Elafin, TLR4, and TNFR1. Expression of IL-2, IL-4, IL-10, IL-21, IL-17A, IL-23,
TLR4, TNFRI1, sST2, and Elafin in patients with aGVHD was significantly increased, while TGF- was
decreased compared with the control group (P < 0.05) (Table 4 and Figure 4). In particular, IL-2, IL-4,
IL-10, IL-21, IL-17A, and IL-23 increased by more than 30%; the result was slightly different from that in
mice. IL-10 level decreased in aGVHD mice, and no statistical difference was found in IL-17A, IL-21, and
IL-23 levels between aGVHD mice and control mice.

Increased Elafin, TLR4, TNFRI, and IL-6 and decreased TGF-f3 were observed in patients with IIT/IV aGVHD.
To further elucidate the role of the 16 cytokines, we explored the relation between these cytokines and
aGVHD-related events. Patients with aGVHD were divided into I/II and III/IV groups according to Fred
Hutchinson Cancer Research Center criteria. We found that IL-2, IL-4, IL-10, IL-17A, IL-21, and IL-23
seemed to be lower in patients with III/TV aGVHD, but there was no statistical significance. IL-6 level was
extremely high in patients with III/TV aGVHD compared with I/11 aGVHD (1885 * 200.3 pg/mL vs. 15,070
+ 7355 pg/mL; P < 0.05), although high level of IL-6 is common in severe inflammatory response (13). No
statistical difference was observed between patients with and without aGVHD. Interestingly, expression of
TGF-B was significantly higher in patients with III/IV aGVHD compared with I/II aGVHD (3497 + 224.6
pg/mL vs. 2755 £ 155.5 pg/mL; P < 0.05), while in patients with aGVHD the total level was decreased.
Remarkable differences in TLR4, TNFR1, and Elafin were found between I/1I and III/IV aGVHD patients
(P < 0.05), which could be regarded as an indication of aGVHD severity (Table 5 and Figure 5).

TLR4 and TNFR1 were significantly increased in patients with steroid-refractory aGVHD. To determine wheth-
er these cytokines could be involved in the preevaluation for the standard therapeutic regimen, 20 patients
with aGVHD were treated with the standard first-line regimen of 2 mg/kg/d methylprednisone. For patients
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Figure 2. Observation of aGVHD mouse model. (A) Body weight loss rate (percentage) of aGVHD mice and control mice after allogeneic HSCT (allo-HSCT).
(B) Clinical scores of aGVHD and control mice within 30 days after HSCT. (C) Survival curve of aGVHD and control mice within 30 days after HSCT. (D-G)
Blood examination of aGVHD mice and control mice after HSCT. *P < 0.05; **P < 0.01, based on 2-tailed unpaired t test. (H) Chimeric state of donor mice in
the control group by FISH. (I) Chimeric state of donor mice in the aGVHD group by FISH. Original magnification, x1000 (H and I). (J) Pathology of different
organs in aGVHD and control mice at day +14 after HSCT. Original magnification, x200 (small intestine), x400 (liver), x100 (skin), x400 (bone marrow).

PLT, platelets. *P < 0.05; **P < 0.01.
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Table 1. Concentration of multiple cytokines between aGVHD and non-aGVHD mice (pg/mL) at day +14 after allogeneic bone marrow

transplantation

IL-2
-4
IL-5
IL-6
1.7
IL-10
IL-12p40
IL-15
IL-17A
IL-21
1L-22
1L-23
IL-33
IL-35
TNF-a
TGF-B
IFN-y
Elafin
sST2
REG3a
TNFR1
TLR4

aGVHD Non-aGVHD P value
171.68 + 413 145.62 + 3.39 0.0023
100.93 +1.64 95.62 +3.39 0mz
40.63 £4.33 60.04 + 6.41 0.0238
51.24 £10.27 15.10 +4.58 0.0105
5.60 +1.04 6.11+2.23 0.7812
25.80 +1.81 35.60 + 2.94 0.016
35.31+9.52 13.45 + 0.69 0.0317
41.36 + 6.00 38.06 £10.20 0.713
2.65+049 2.56 + 0.46 0.8649
45.07+ 21 35.35+7.76 0.1623
15.08 +3.43 15.56 + 3.86 0.9025
51.34 + 6.63 49,57 +15.08 0.7377
60.30 £ 7.06 43.54 +4.44 0.0468
1163.14 £ 65.98 2181.49 + 208.59 0.0028
4413 + 3.55 4146 +1.66 0.3886
550.02 + 4.46 602.44 +19.81 0.0218
457.93 £ 14.35 275.99 + 20.10 0.0005
781718 + 836.22 4261.04 £ 1169.83 0.025
73.97 +13.64 30.33 +4.51 0.0127
11415 +13.80 34.09 +2.28 0.0013
125.26 £ 13.66 57.60 + 8.46 0.004
35,321.34 + 2049.70 20,808.43 + 1566.64 0.0014

IL-2, interleukin 2; IL-4, interleukin 4; IL-4, interleukin 4; IL-5, interleukin 5; IL-6, interleukin 6; IL-7, interleukin 7; IL-10, interleukin 10; IL12p40, interleukin
12p40; IL-15, interleukin 15; IL-17A, interleukin 17A; IL-21, interleukin 21; IL-22, interleukin 22; IL-23, interleukin 23; IL-33, interleukin 33; IL-35, interleukin 35;
TNF-0, tumor necrosis factor-a; IFN-y: interferon-y; sST2, soluble suppression of tumorigenicity 2; REG3a, recombinant regenerating islet-derived protein
30; TNFR1, TNF receptor 1; TLR4, Toll-like receptor 4.

insight.jci.org

who had a poor response (aGVHD was exacerbated 3 days after treatment, aGVHD could not be controlled
and stabilized 7 days after treatment, or aGVHD could not be totally controlled 14 days after treatment)
after standard treatment, extra anti-CD25 antibodies, tacrolimus, or mesenchymal stem cells were added.
Among 20 patients with aGVHD, 12 of them (60%) were sensitive to steroid treatment, and the methylpred-
nisone was gradually reduced and finally discontinued. Eight patients (8/20, 40%) showed poor efficacy
after standard treatment. Among patients with additional drugs, 7 of them showed improved response, and
only 1 patient died because of uncontrolled aGVHD (Table 2). The expression levels of TLR4 and TNFR1
in patients who were not sensitive to standard treatment were significantly increased compared with ste-
roid-effective aGVHD patients (3333 + 190.1 pg/mL vs. 2752 + 136.9 pg/mL, and 20,862 * 2274 pg/mL
vs. 15,444 + 1249 pg/mL, respectively. P < 0.05) (Table 6 and Figure 6). These data suggested that TLR4
and TNFRI in patients can be used as a preevaluation index for drug treatment.

Variation of 4 cytokines in patients with and without aGVHD. We recorded concentration changes of all
cytokines at multiple time points and presented results of the 4 cytokines: Elafin, TGF-B, TLR4, and TNFR1
(Table 7 and Figure 7). As shown in Figure 7, we found there were obvious differences between patients with
and without aGVHD in their serum levels of TGF-B, TLR4, and TNFRI1 at the same time points within
100 days after transplantation, although the difference in the concentration of Elafin was not significant.
‘We considered that Elafin is a specific biomarker of skin aGVHD because not all aGVHD patients had skin
symptoms, and some patients without aGVHD who suffered from rashes also showed elevated Elafin levels.

Discussion

aGVHD, a severe complication after allo-HSCT, remains a major cause of morbidity and mortality.
Although early diagnosis and prompt treatment are crucial for effective therapy, there is no unified pre-
judgment standard and consensus for clinical practice. In this study, we first compared the cytokine levels
between a mouse model and human patients and screened 4 suitable biomarkers for both mice and humans
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Figure 3. Concentration of 20 cytokines
in control mice (n = 3) and aGVHD mice
(n = 3) at day +14 after allogeneic bone
marrow transplantation. Significant-
ly increased IL-2, IL-6, IL12p40, IL-33,
IFN-v, Elafin, sST2, REG3a, TNFR1, and
TLR4 and significantly decreased IL-5,
IL-10, IL-35, and TGF-$ were measured
in serum samples of aGVHD mice when
compared with non-aGVHD mice at

day +14 after transplantation based on
2-tailed, unpaired t test. (A) IL-2, P =
0.0023; (B) IL-5, P = 0.0238; (C) IL-6, P =
0.0105; (D) IL-10, P = 0.016; (E) IL-12p40,
P =0.0317; (F) IL-33, P = 0.0468; (G)
IL-35, P = 0.0028; (H) TGF-B, P = 0.0218;
(1) IFN-y, P = 0.0005; () Elafin, P =
0.025; (K) sST2, P = 0.0127; (L) REG3a,
P =0.0013; (M) TNFR1, P = 0.004; (N)
TLR4, P =0.0014. *P < 0.05; **P < 0.07;
***Pp < 0.001.
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Table 2. Patient characteristics (n = 40)

aGVHD (n = 20) Non-aGVHD (controls, n = 20)

Age median 19 31
Age range 7-45 5-55
Female 8 (40%) 10 (50%)
Male 12 (60%) 10 (50%)
Indication for HSCT (%)

AML 12 (60%) 6 (30%)

ALL 4 (20%) 4 (20%)

SAA 4 (20%) 4 (20%)

MDS 0 4 (20%)

NHL 0 2 (10%)
Donor type (%)

Related 18 (90%) 14 (70%)

Unrelated 2 (10%) 6 (30%)
HLA match (%)

Matched 2 (10%) 12 (60%)

Mismatched 18 (90%) 8 (40%)
Stem cell source (%)

PBSCs 8 (40%) 12 (60%)

PB + BM 12 (60%) 8 (40%)
GVHD prophylaxis (%)

ATG 14 (70%) 8 (40%)

No ATG 6 (30%) 12 (60%)
aGVHD grade (%)

Al 8 (40%) 0

1/1v 12 (60%) 0

AML, acute myelogenous leukemia; ALL, acute lymphoblastic leukemia; SAA, severe aplastic anemia; MDS,
myelodysplastic syndrome; NHL, non-Hodgkin’s lymphoma; HLA, human leukocyte antigen; PBSCs, peripheral blood
stem cells; BM, bone marrow hematopoietic stem cells; ATG, antithymocyte globulin.

as a combination panel for early diagnosis of aGVHD. This 4-biomarker panel can reflect aGVHD sever-
ity and efficacy of glucocorticoid treatment well for patients with aGVHD and is presented to evaluate
aGVHD grading and steroid sensitivity for the first time to our knowledge in our study.

Because of the social ethics and experimental methods, it is necessary to select appropriate animal
models for the study of human diseases. Because pathogenesis of aGVHD leads to a series of cytokine
storms in recipients and ultimately causes organ damage, we detected the expression of cytokines in mouse
and human aGVHD to show the consistency between the 2 species. In the mouse model, we found obvi-
ously higher levels of IL-2, IL-4, IL-12p40, IL-33, IFN-y, Elafin, sST2, REG3a, TLR4, and TNF-a and
lower levels of IL-10, IL-35, and TGF-p at day +14, when aGVHD develops. Based on the results of
our animal research and previous articles, considering pathogenic correlation as well as novelty of cyto-
kines, we selected 16 candidate cytokines to be tested in patient samples, including IL-2, IL-4, IL-6, IL-10,
IL-12p40, IL-17A, IL-21, IL-22, IL-23, TNF-a, TGF-B, IFN-y, Elafin, sST2, TLR4, and TNFRI1.

In human patients, we found that most human cytokines showed very similar expression trends com-
pared to aGVHD onset in mice, such as expression of IL-2, IL-4, Elafin, and TGF-, but there still exist-
ed some differences in cytokine levels. IL-17A, IL-21, IL-22, and IL-23 were significantly increased in

Table 3. Hematopoietic reconstitution time between aGVHD group and control group

aGVHD (n = 20) Controls (n = 20) P value
Reconstitution of neutrophils (days) 16.40 £ 5.38 19.20 +7.32 0.42
Reconstitution of platelets (days) 1710 £ 5.72 19.30+7.32 04
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Table 4. Concentration of multiple cytokines between aGVHD and non-aGVHD patients (pg/mL)
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aGVHD (n = 20) Non-aGVHD (n = 20) Pvalue
1L-2 3661+ 150.0 2693 +159.0 <0.0001
IL-4 2559 +100.6 1921+ 96.32 <0.0001
IL-6 5585 + 1683 4561 + 1255 0.6278
IL-10 3724 + 510.5 2497 +160.4 0.0240
IL-12p40 13,596 + 1291 12,384 + 1122 0.4803
IL-17A 3378 +£153.0 2380+128.4 <0.0001
1L-21 6315 + 336.4 4615 + 24811 <0.0001
IL-22 27,064 + 1661 25,163 + 1597 0.4114
1L-23 10,795 + 471.7 8133 + 316.2 <0.0001
TNF-a 3306 +136.1 3165 +137.0 0.4672
TGF-B 3046 +119.4 3635 + 269.1 0.0468
IFN-y 2635 + 237.6 2778 £124.7 0.5956
Elafin 40,812 + 634.9 38,267 + 1160 0.0493
sST2 6500 + 595.9 4037 £ 532.2 0.0027
TLR4 2984 +118.0 2545 +110.8 0.0079
TNFR1 17,611 £ 1224 12,154 + 659.5 0.0002

aGVHD patients but not in aGVHD mice (14, 15). The Th17 lineage is distinct from Thl and Th2 with
characteristic cytokines IL-17A, IL-21, IL-22, and IL-23. The role of Th17 cells is debated. Circulating
Th17 cells in patients with aGVHD are increased early after allo-HSCT but decrease in the peripheral
blood because they migrate into the aGVHD target tissue. Although in aGVHD mice, Th17 seemed not
to increase obviously in the peripheral blood, it could be detected in target tissues, such as the lung and
liver, where they trigger damage. IL-6 level in aGVHD mice grew at least twice as high as that in control
mice, but there was no significant difference between patients with and without aGVHD. Because IL-6 is a
proinflammatory cytokine, patients who underwent allo-HSCT were generally given immunosuppressors
for aGVHD prophylaxis whereas mouse models were not. Interestingly, we detected an increased IL-10
level in patients with aGVHD; however, IL-10 is an antiinflammatory cytokine. It is secreted mainly by Th2
cells and inhibits production of IL-2 and TNF-a. We speculated that the difference may come from random
error and the limited sample size.

To further explore the role of the cytokines, we analyzed the level changes of the cytokines in patients
with I/1I and ITII/1IV aGVHD and found increased level of Elafin, TLR4, TNFR1, IL-6, and TGF-p in 111/
IV patients with statistical significance. When comparing cytokine levels in steroid-effective and steroid-re-
fractory patients, only TLR4 and TNFRI1 increased in steroid-refractory patients. Unlike some already
recognized biomarkers, such as Elafin, sST2, REG3o, and classical proinflammatory cytokines, such as
IL-2, IL-6, and TNF-a, TGF-B, TLR4, and TNFR1 were less reported but could be potential biomarkers
for patients with aGVHD. Dynamic variations of the 4 cytokines are also shown in Figure 6. We found
obvious gaps between the aGVHD group and non-aGVHD group when comparing dynamic concentration
curves of TGF-, TNFR1, and TLR4 at the same time points. This gives us some inspiration to create
biomarker panels that can be tested at a fixed time point. The 4 cytokines showed similar variation in both
aGVHD patients and the aGVHD mouse model, and our results were consistent with the previous reports
(4, 5, 8). By comprehensive analysis, we presented a panel composed of 4 cytokines (Elafin, TLR4, TGF-,
and TNFR1) for aGVHD diagnosis and grading and glucocorticoid sensitivity evaluation in patients. In
this study we used TLR4 as 1 component of this aGVHD panel for the first time to our knowledge, whereas
previous clinical or animal experiments have not noticed its specificity.

The 4 cytokines have their own characteristics. Elafin (elastase inhibitor) is a classic skin aGVHD bio-
marker (16). It is overexpressed in inflamed epidermal tissues rather than the aGVHD effector organs (gas-
trointestinal tract, liver, skin), but the level is high enough to be detected in systemic circulation. Elafin is the
best single discriminator for distinguishing skin aGVHD from other etiologies of rash, such as engraftment
syndrome, leukemia cutis, and drug rash (17). TGF-B has already been found to be decreased in patients
with aGVHD (18). It is crucial to induce proliferation of CD4"'CD25*Foxp3* regulatory T cells, and the
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Figure 4. Statistical analysis of cytokines between allo-
HSCT patients with aGVHD (n = 20) and without aGVHD
(n = 20) when patients were diagnosed with aGVHD for
the first time. Significant differences of 11 serum cytokine
levels between allo-HSCT patients with and without
aGVHD are listed below based on 2-tailed, paired t test.
(A) IL-2, P < 0.0007; (B) IL-4, P < 0.0001; (C) IL-10, P =
0.0240; (D) IL-17A, P < 0.0007; (E) IL-21, P < 0.0007; (F)
IL-23, P < 0.0001; (G) TGF-B, P = 0.0468, (H) Elafin, P =
0.0493; (1) sST2, P = 0.0027; ()) TLR4, P = 0.0079; (K)
TNFR1, P = 0.0002. The box plots depict the minimum and
maximum values (whiskers), the upper and lower quar-
tiles, and the median. The length of the box represents the
interquartile range. *P < 0.05; **P < 0.01; ***P < 0.001.
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Table 5. Concentration of multiple cytokines between patients with I/11 and 111/IV aGVHD (pg/mL)

1/11 aGVHD (n = 8) 11/IV aGVHD (n = 12) P value
IL-2 3809 + 262.1 3563 +180.3 0.4262
-4 2738 £191.1 2442 +110.0 0.1586
IL-6 1885 + 200.3 15070 + 7355 0.0438
IL-10 4039 + 1105 3606 +44S3.6 0.6850
IL-12p40 13,441 + 2046 13,700 + 1692 0.9231
IL-17A 3470 + 2444 3317 £198.7 0.6276
IL-21 6861+ 525.3 5938 £ 431.5 01802
1L-22 26,193 + 2480 27,645 + 2248 0.6729
IL-23 11,081+ 7521 10,605 + 613.6 0.6254
TNF-a 3232 + 2081 3356 +181.7 0.6620
TGF-B 2755 £155.5 3497 + 224.6 0.0200
IFN-y 2075 +£79.73 3274 £ 5331 0.0463
Elafin 36,260 + 1925 40,568 + 810.7 0.0241
sST2 5893 + 830.8 6904 +799.5 0.41M
TLR4 2586 +146.4 3250 +154.2 0.0047
TNFR1 13,288 £ 1135 20,493 £1715 0.0030

latter are able to maintain immune homeostasis and prevent autoimmune disease (19). Although TGF-f
provides much inspiration for treatment, it is seldom used as an aGVHD biomarker (20). Our data also
showed a marked decrease in TGF-3 concentration in patients with aGVHD. However, the expression level
of TGF-B was higher in patients with severe aGVHD than that in patients with mild aGVHD, which could
be due to the use of adequate steroids in patients with severe aGVHD, because steroids prompt TGF-f secre-
tion, according to some studies. TNFR and its ligand TNF are 2 important cytokines involved in many auto-
immune diseases. TNFR1 has already been reported to be used in a biomarker panel for aGVHD diagnosis
(4, 8), but its ligand TNF-a was not sensitive and accurate enough to predict aGVHD and aGVHD-related
events. Researchers have measured TNFR1 as a surrogate marker for TNF-o. A systemic review suggested
that single TNFR1 is not adequately accurate to predict aGVHD); combining it with other biomarkers may
strengthen its screening performance (17). TLRs are a series of transmembrane proteins expressed mainly
in antigen-presenting cells, such as dendritic cells and macrophages (21). TLR4 seemed to be involved in the
pathogenesis of gastrointestinal aGVHD (22, 23). Little research on TLR4 for aGVHD prediction has been
reported in human patients. We found that the serum level of TLR4 in patients with aGVHD was increased,
and it was likely to have tight correlations with severe aGVHD and steroid-refractory aGVHD. Despite the
small sample size of our study, TLR4 is a potential biomarker for aGVHD prediction.

Though there are many types of biomarkers for aGVHD, including miRNA, cellular biomarkers,
and proteomic biomarkers (4, 6, 24), cytokine biomarkers are preferable because of adequate founda-
tions of clinical and fundamental research on aGVHD pathology. Generally speaking, multiple bio-
markers are more informative in aGVHD diagnosis (25). We screened 4 cytokines related to the devel-
opment and progression of aGVHD and helped lay the foundation for early clinical intervention and
prognosis evaluation of patients with aGVHD. The 4-biomarker panel has high specificity, sensitivity,
convenience, and speed, which can be adequate for aGVHD diagnosis and grading and glucocorti-
coid sensitivity evaluation in patients. As the next step, multicenter clinical studies would be helpful to
expand the sample size to validate the clinical role of our chemokine panel. Early warning and inter-
vention will be provided by this panel to reduce the incidence of aGVHD, improve the survival rate of
patients, and ensure the safety of transplantation.

Methods

Mice preparation and bone marrow transplantation. C57BL/6 (H-2b) male mice and BALB/c (H-2d) female mice
were purchased from Laboratory Animal Center of Third Military Medical University (Chongging, China).
The induction and scoring of aGVHD were performed as previously described (26). BALB/c female mice with-
in 8-10 weeks old were divided into the aGVHD group and control group randomly. All BALB/c mice were
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Figure 5. Statistical analysis of obviously changed cytokines between patients with /11 aGVHD (n = 8) and patients with 111/IV aGVHD (n = 12) at the
peak of aGVHD. Increased levels of IL-6, TGF-, IFN-y, Elafin, TLR4, and TNFR1 were measured in patients who were diagnosed with I11/1V aGVHD based on
2-tailed, paired t test. (A) IL-6, P = 0.0438; (B) TGF-B, P = 0.0200; (C) IFN-y, P = 0.0463; (D) Elafin, P = 0.0241; (E) TLR4, P = 0.0047; (F) TNFR1, P = 0.003.
The box plots depict the minimum and maximum values (whiskers), the upper and lower quartiles, and the median. The length of the box represents the
interquartile range. *P < 0.05; **P < 0.01.

housed in specific pathogen—free conditions in our animal facility at a temperature of 25°C * 1°C. Pathogen-free
diet and antibiotic-containing water (gentamicin and polymyxin) were given 2 weeks before bone marrow
transplantation. Male C57BL/6 (H-2b) donors were housed in a common facility with normal diet and water.
BALB/c (H-2d) recipients were exposed to total body irradiation (650 cGy ®Co gamma rays) from Institution
of Combined Injury, State Key Laboratory of Trauma, Burn and Combined Injury (Third Military Medical
University). Mice in the aGVHD group were transplanted with 5 x 10° C57BL/6 bone marrow (BM) cells and 1
x 10° C57BL/6 spleen cells, while mice in the control group were transplanted with 5 X 10° C57BL/6 BM cells
only. Body weight, clinical scores, and survival rate were monitored daily after transplantation. Hematopoietic
reconstitution was monitored at days +1, +3, +5, +7, +10, +14, +21, and +28 after transplantation.

Analysis of chimerism. The FISH was performed in BM cells from the femur and tibia of recipient
mice on day +14 after transplantation. Appropriate numbers of cells were prepared and stained with
mouse Y chromosome dyeing probe (orange) (Metasystems) and X chromosome dyeing probe (green)
(Metasystems) in a hybridization instrument at 73°C for 5 minutes for melting and 37°C for 16 hours for
hybridization. Then, 10 mL DAPI dye solution (Metasystems) was added to the sample before taking
images with a fluorescence microscope (Olympus).
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Table 6. Concentration of multiple cytokines between patients with steroid-effective and steroid-
refractory aGVHD (pg/mL)

Steroid-effective (n = 12) Steroid-refractory (n = 8) P value
IL-2 3809 + 219.5 3366 +187.7 0.1586
IL-4 2597 £143.2 2502 £134.1 0.6477
IL-6 4241 + 1059 7600 + 3915 0.3333
IL-10 3611+ 748.2 3893 + 629.2 0.7900
IL-12p40 14,385 + 1872 12,414 + 1613 0.4604
IL-17A 3537+194.4 3140 + 243.7 0.2069
1L-21 6732 + 4444 5387 + 534.2 0.0599
1L-22 26,472 + 2147 27,952 + 2677 0.6670
1L-23 10,917 + 625.7 10,613 £ 731.9 0.7557
TNF-a 3244 +1771 3400 * 216.2 0.5784
TGF-B 3103 £ 151.2 3364 + 302.8 0.4019
IFN-y 2339 +126.7 3079 + 556.7 0.1285
Elafin 38,850 + 1422 38,698 + 1030 0.9378
sST2 5796 + 609.0 7555 + 1159 0.1502
TLR4 2752 +£136.9 3333 +190.1 0.0142
TNFR1 15,444 + 1249 20,862 + 2274 0.0286

Histopathology. Skin, liver, intestine, and BM were harvested from recipients of the aGVHD group and
control group at day +14 after transplantation. The tissues were fixed, then paraffin embedded, sectioned,
and stained with H&E (Solarbio). Images of slides were taken with an optical microscope (Olympus).

ELISA for murine model. Blood samples of aGVHD model mice and control mice were collected by
eye bleeding into a heparin-containing tube at day +14 after transplantation. The supernatant serum
was separated, collected, and stored at —80°C for testing. Serum concentrations of IL-2, IL-4, IL-5,
IL-6, IL-7, IL-10, IL-12p40, IL-15, IL-17A, IL-21, 1L-22, 1L-23, 1L-33, IL-35, TNF-a, TGF-B, IFN-y,
Elafin, TNFR1, TLR4, sST2, and REG3a were measured using ELISA kits according to the manufac-
turers’ instructions (R&D Systems and Antibodies). ELISA kits for IL-2, IL-4, IL-5, IL-6, IL-7, IL-10,
IL-12p40, IL-22, IL-23, IL-33, TNF-a, TGF-B, and IFN-y were purchased from R&D Systems. ELISA
kits for IL-15, IL-17A, 1L-21, IL-35, Elafin, sST2, REG3a, TNFR1, and TLR4 were purchased from
Antibodies. All serum samples were assessed simultaneously in duplicate 3 times. Absorbance was
detected using Model 680 microplate reader (Bio-Rad) set to 450 nm, and results were analyzed with
Microplate Manager 5.2 software (Bio-Rad).
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Table 7. Conclusion of relationship between cytokines and aGVHD-related events

aGVHD onset

IL-2

aGVHD grading

Steroid
sensitivity

-4
<0.001 <0.001

IL-6 IL-10 IL-12p40 IL-17A  IL-21  IL-22  IL-23 TNF-a TGF-f IFN-y Elafin TLR4 TNFR1 sST2

<0.05 <0.001 <0.001 <0.001 <0.05 <0.05 <0.01 <0.001 <0.01
<0.05 <0.05 <0.05 <0.05 <0.01 <0.01
<0.05 <0.05

Conceration of TNF R1 (pg/mL)

Patient recruitment. The patients of this study were enrolled from Xingiao Hospital from November
2014 to November 2016. This study involved 20 patients who developed aGVHD (aGVHD group)
and 20 patients who did not develop aGVHD (control group). These patients had allo-HSCT because
of hematological malignancies, including AML, ALL, MDS, and severe aplastic anemia. All patients
were pretreated with a conditioning regimen according to their protopathy, HSCT type, and degree of
HLA match. Calcineurin inhibitor with methotrexate (MTX) and mycophenolate mofetil (MMF) for
HLA-matched patients and FK506 with MTX and MMF for HLA-mismatched patients were used to
prevent aGVHD. Patients who developed aGVHD were treated with 2 mg/kg/d methylprednisone, and
an additional 20 mg anti-CD25 monoclonal antibody on days +1 and +4 was used while aGVHD could
not be controlled. aGVHD was diagnosed and staged according to Fred Hutchinson criteria. Detailed
clinical data are outlined in Table 2.

Sample preparation. Serum samples were drawn on days -7, +7, +14, +28, +56, and +100 before
and after allo-HSCT. Besides the times mentioned above, we collected serum when the disease was first
diagnosed, at aGVHD peak, and after treatment from patients in the aGVHD group. All samples were
collected in a sterile and dry centrifuge tube without anticoagulant. After 2 hours at room temperature,

A B
g 45001 --¥-- aGVHD = 80000+ "7v-r aGVHD
£ Confrol E —e— Control
& 40004 —e— Contro S
[ = 60000 -
& 3500- ke
5 ' 40000-
© 3000+ °
0 o
© T 200004
T 2500+ o
Q o
5 5
(&) 2000 T T T T T 1 ] 0 T T T T T 1
0 -7 +7 +14 +28 +56 +100 0 -7 +7 +14 +28 +56 +100
Days after HCT Days after HCT
c D
25000 . g 4000+
--¥-- aGVHD 5
200004 —=— Control £ 3000+
<
15000 &
F 20004
10000 5
S I
5000 4 T 1000 ¥ aGVHD
g —e— Control
O 1 1 1 1 T 1 g
0 -7 +7  +14 +28 +56 +100 O 0 T T T T T 1
Days after HCT 0 -7 +7 +14  +28 +56 +100

Days after HCT

Figure 7. Variation of candidate aGVHD biomarkers. Significant gaps between aGVHD patients and non-aGVHD patients were shown when compar-
ing the serum concentrations of TNFR1and TLR4. (A) TGF-B, (B) Elafin, (C) TNFR1, and (D) TLR4 over time in human patients using 2-tailed, paired
t test. *P < 0.05.
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blood samples were centrifuged at 2191 g for 10 minutes to obtain serum. Supernatant liquid was trans-
ferred to an Eppendorf tube and then stored at —80°C until testing.

Preparation of protein microarray. All samples (50 uL) were diluted with 1x PBS solution in a 1:1 ratio.
Serum concentrations of these cytokines were measured by RayBiotech microarray dotted with the 16 anti-
bodies mentioned above according to the protocols of the manufacturer. Each sample was tested 3 times.

Statistics. We used GraphPad Prism software for statistical analysis. Statistical significance was ana-
lyzed with 2-tailed, paired ¢ test between 2 experimental groups. All statistical data are presented as mean *
SEM. A P value less than 0.05 was considered significant. *P < 0.05; **P < 0.01; and ***P < 0.001.

Study approval. This study was approved by the ethics committee of Third Military Medical University;
all procedures were in accordance with the ethical standards of the ethics committee of Third Military
Medical University and the Declaration of Helsinki.
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