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Acute graft-versus-host disease (GVHD)
remains a significant cause of mortality
after hematopoietic cell transplantation
(HCT). Tumor necrosis factor–alpha
(TNF-�) mediates GVHD by amplifying
donor immune responses to host tissues
and by direct toxicity to target organs. We
measured TNF receptor 1 (TNFR1) as a
surrogate marker for TNF-� in 438 recipi-

ents of myeloablative HCT before trans-
plantation and at day 7 after transplanta-
tion. Increases in TNFR1 levels more than
or equal to 2.5 baseline correlated with
eventual development of GVHD grade 2 to
4 (58% vs 32%, P < .001) and with
treatment-related mortality (39% vs 17%,
P < .001). In a multivariate analysis includ-
ing age, degree of HLA match, donor

type, recipient and donor sex, disease,
and status at HCT, the increase in TNFR1
level at day 7 remained a significant pre-
dictor for outcome. Measurement of
TNFR1 levels early after transplantation
provides independent information in ad-
vance of important clinical outcomes,
such as GVHD and death. (Blood. 2008;
112:1539-1542)

Introduction

Allogeneic hematopoietic cell transplantation (HCT) is an important
therapeutic option for a variety of malignant and nonmalignant disor-
ders. Acute graft-versus-host disease (GVHD) remains a significant
complication of allogeneic HCT and limits the broader application of
this therapy.1 The importance of inflammatory cytokines in the pathogen-
esis of acute GVHD is now well accepted,2-4 particularly tumor necrosis
factor–alpha (TNF-�).5-8 In the absence of complications, TNF-� levels
rise after conditioning-induced tissue damage and return to baseline
levels within 1 week.9 In small numbers of patients with GVHD,
persistent elevation of TNF-� levels has been observed before and
during the onset of disease.10,11 Furthermore, clinical trials have demon-
strated that the inhibition of TNF-� can be effective as initial or salvage
therapy for acute GVHD.12-14 TNF-� binds to its receptors, TNF
receptor 1 (TNFR1) and TNF receptor 2 (TNFR2), on the surface of
multiple cell types15; after ligation, the receptor-ligand complexes are
shed into the plasma, where they are easily measured. Prior work has
shown that TNFR1 levels are elevated in patients with GVHD14 and
correlate with TNF-� levels.16,17 We therefore hypothesized that signifi-
cant increases in TNF-�, as measured bound to its receptor, TNFR1,
would occur before clinical manifestations of GVHD and would be
elevated by day 7 in patients who eventually develop the disease.

Methods

Patient blood samples were obtained under informed consent in patients
undergoing allogeneic HCT after myeloablative conditioning at the Univer-
sity of Michigan between 2000 and 2005 under an Institutional Review
Board–approved protocol. Informed consent was obtained in accordance
with the Declaration of Helsinki.

Samples from 438 patients were collected both before transplantation
(baseline) and 7 days after allogeneic HCT, separated into cellular and
plasma components on the day of collection, and frozen for later analysis.
TNFR1 levels were measured from each sample in duplicate using an
enzyme-linked immunosorbent assay according to the manufacturer’s
protocol (R&D Systems, Minneapolis, MN). Enzyme-linked immunosor-
bent assay plates were read by a microplate reader (Bio-Rad, Hercules,
CA). The day 7 TNFR1 value is presented as a ratio over baseline because
of the wide variability (up to 50-fold differences) in baseline TNFR1 levels.
All ratios are expressed as the mean plus or minus SEM.

Statistical comparisons between patient groups were performed using
Wilcoxon rank sum test with continuous variables and Fisher exact test with
categorical variables. Patients and recipients with single HLA-antigen disparities
by DNA techniques were considered mismatched for purposes of analysis. The
Kaplan-Meier method was used for estimating overall survival (OS), the log-rank
test was used to assess differences in OS among patient groups, and a Cox
proportional hazards model was used to assess the impact of multiple variables on
OS. Unadjusted and adjusted cumulative incidence estimates of treatment-related
mortality (TRM) and GVHD and comparisons between patient groups were
computed using the proportional subdistribution hazard methods of Fine and
Gray.18 In the models of GVHD and TRM, relapse was treated as a competing
risk for both outcomes.

Results and discussion

Patient characteristics, including age, donor match, degree of
match, transplant conditioning regimens, recipient and donor
gender, diagnosis, and status at HCT, are shown in Table 1. All
patients received the same GVHD prophylaxis, consisting of
tacrolimus and mini-methotrexate (5 mg/m2 on days 1, 3, 6, and
11 after transplantation) and either norfloxacin or levofloxacin for
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gut decontamination. The mean day 7 TNFR1 ratio in patients who
never developed clinically significant GVHD (grade 0-1, n � 269,
61%) was 1.91 plus or minus 0.09. This near doubling in TNFR1

level at day 7 over baseline presumably reflects conditioning-
induced tissue damage.19 The day 7 TNFR1 ratio in patients with
GVHD grade 2 (n � 83, 19%) was 2.32 plus or minus 0.20 and for
patients with GVHD grades 3 or 4 (n � 86, 20%) was 2.92 plus or
minus 0.26. The additional elevation in the day 7 TNFR1 ratio thus
strongly correlated with GVHD severity (P � .001). The median
day of onset was 30 in BMT recipients from related donors and 20
in BMT recipients from unrelated donors. The day 7 TNFR1 ratios
were therefore elevated 2 to 3 weeks earlier than the median onset
of clinical symptoms.

GVHD is a major contributor to increased TRM after
allogeneic HCT.20-22 We thus analyzed TRM and overall sur-
vival. We found that multiple ratios between 1.5 and 3.0 were
statistically significant discriminators for likelihood of grades 2
to 4 GVHD, TRM, and OS (data not shown). We next used
Classification and Regression Trees (CART)23 to identify the
day 7 TNFR1 ratios that best discriminated between those
developing and not developing GVHD. CART identified a day 7
TNFR1 ratio of 2.7 as the best fitting threshold. We then
resampled the data 5000 times with replacement and fit CART to
each of these resampled datasets to derive a bootstrap distribution of
plausible thresholds. The interquartile range of this distribution was 2.4
to 2.9. We then selected a day 7 TNFR1 ratio of 2.5 for data presentation
because this ratio was statistically valid and clinically optimal given that
it divided patients such that the smaller group (those with ratios � 2.5)
still comprised a considerable portion of the study population and
roughly corresponded to the mean TNFR1 ratio in patients with grades 2
to 4 GVHD.

Figure 1. Day 7 TNFR1 ratio corre-
lates with cumulative incidence of
GVHD and OS. (A) Patients (n � 438)
with TNFR1 ratio more than or equal to
2.5 (�) experienced increased inci-
dence of GVHD grades 2 to 4 compared
with those with a ratio less than 2.5 (O;
P � .001). Similar differences were ob-
served when the patients were further
subdivided by donor type: (B) related
donor (RD; n � 267, P � .001) and
(C) unrelated donor (URD; n � 171,
P � .001). (D) Patients with TNFR1 ra-
tio more than 2.5 experienced increased
incidence of treatment-related mortality
compared with those with a ratio of less
than 2.5 (P � .001). Similar differences
were observed when the patients were
further subdivided by donor type:
(E) RD (P � .007) and (F) URD
(P � .01). (G) Patients with TNFR1 ratio
more than 2.5 were more likely to die
within the first year after transplantation
compared with those with ratio less than
2.5 (P � .001). Similar differences were
observed when the patients were fur-
ther subdivided by donor type: (H) RD
(P � .12) and (I) URD (P � .05).

Table 1. Patient characteristics (n � 438) for patients who
underwent myeloablative allogeneic transplantation at the
University of Michigan from January 2000 to December 2005

Characteristic Value

Median age, y (range) 42 (0-65)

Conditioning, no. (%)

Busulfan-based 298 (68)

BCNU-based 88 (20)

TBI-based 52 (12)

Donor source/match, no. (%)

6/6 related 247 (56)

5/6 related 20 (5)

6/6 unrelated 124 (28)

5/6 unrelated 47 (11)

Sex (donor3 recipient), no. (%)

Male3male 164 (37)

Female3male 101 (23)

Male3 female 107 (24)

Female3 female 66 (15)

Diagnosis, no. (%)

Malignant 415 (95)

Nonmalignant 23 (5)

Status at transplantation, no. (%)

Standard risk 264 (61)

Advanced risk 151 (34)

Nonmalignant 23 (5)
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The 110 patients (25%) with a TNFR1 ratio more than or equal
to 2.5 were almost twice as likely to develop grades 2 to 4 GVHD (58%
vs 32%, P � .001, Figure 1A) and were more than twice as likely to die
of transplant-related causes within 1 year (39% vs 17%, P � .001,
Figure 1D). This increase in 1-year TRM translated into inferior 1-year
survival (50% vs 64%, P � .001, Figure 1G).

Donor type (related vs unrelated) is a major predictor for GVHD
risk,24,25 and we therefore tested whether the relationship between the
day 7 TNFR1 ratio correlated with GVHD rates, TRM, and OS within
specific donor groups. Mean day 7 TNFR1 ratios were 2.4 plus or minus
0.2 for recipients of unrelated HCT and 2.0 plus or minus 0.1 in
recipients of related donor HCT (P � .04). Recipients of related donor
HCT (n � 267) with a TNFR1 ratio more than or equal to 2.5 were more

likely to develop GVHD (50% vs 26%, P � .001, Figure 1B) and more
likely to die of TRM within one year (29% vs 11%, P � .007, Figure
1E) than patients with a ratio less than 2.5 (n � 210). Although OS
trended downward in these patients (60% vs 69% at 1 year, P � .12,
Figure 1H), this difference was not statistically significant. Results were
virtually identical for recipients of unrelated donor transplants (n � 171;
Figure 1C,F,I). In a multivariate analysis, including age (treated as a
continuous variable), degree of HLA-match, donor type, recipient and
donor sex, disease, and status at HCT, a day 7 TNFR1 ratio more than
2.5 strongly correlated with significant GVHD (P � .001), TRM
(P � .001), and OS (P � .03), confirming that the day 7 TNFR1 ratio is
an independent predictor for these outcomes (Table 2). As expected,24,25

donor type remained a strong independent predictor for GVHD

Table 2. Results of multivariate models of time to GVHD, time to treatment-related mortality, and overall survival using threshold day 7
TNFR1 ratio

GVHD TRM OS

Variable Category HR P HR P HR P

Day 7 TNFR1 ratio � 2.5 Ref — Ref — Ref —

� 2.5 2.44 �.001 2.40 �.001 1.39 .03

Donor type MRD Ref — Ref — Ref —

MUD 1.87 �.001 3.25 �.001 1.49 .006

Match Yes Ref — Ref — Ref —

No 1.93 .01 1.09 .79 1.25 .28

Recipient age* 1.05 .35 1.28 .002 1.10 .03

Donor3 recipient Male3male Ref — Ref — Ref —

Female3male 1.29 .19 1.26 .39 1.02 .90

Sex Male3 female .63 .04 .69 .19 .88 .46

Female3 female .80 .54 .75 .57 1.01 .98

Diagnosis and disease status Nonmalignant Ref — Ref — Ref —

Standard risk 1.65 .36 .96 .96 4.26 .05

Advanced risk 1.74 .31 1.31 .70 7.67 .005

Preparative regimen Non-TBI Ref — Ref — Ref —

TBI 1.14 .63 .61 .20 1.18 .45

GVHD indicates graft-versus-host disease; TRM, treatment-related mortality; OS, overall survival; HR, hazard ratio; TNFR1; TNF receptor 1; Ref, reference group; —, not
applicable; MRD, matched related donor; MUD, matched unrelated donor; Standard risk, lymphoma with chemosensitive disease, leukemia in complete remission (ie, CR1,
CR2, or CR3), or untreated myelodysplastic syndrome at the time of transplantation; Advanced risk, leukemia not in remission, or lymphoma with stable or progressive disease
at the time of transplantation; and TBI, total body irradiation.

*For recipient age, the HR reflects the change in hazard for every 10 years.

Table 3. Results of multivariate models of time to GVHD, time to treatment-related mortality, and overall survival using continuous day 7
TNFR1 ratio

GVHD TRM OS

Variable Category HR P HR P HR P

Day 7 TNFR1 ratio 1.14 �0.001 1.17 �0.001 1.08 .02

Donor type MRD Ref — Ref — Ref —

MUD 1.90 �0.001 3.37 �0.001 1.50 .006

Match Yes Ref — Ref — Ref —

No 1.99 0.005 1.07 0.83 1.24 .29

Recipient age* 1.05 0.39 1.29 �0.001 1.11 .03

Donor3 recipient Male3male Ref — Ref — Ref —

Female3male 1.20 0.34 1.21 0.48 1.03 .87

Sex Male3 female 0.62 0.03 0.71 0.23 0.89 .54

Female3 female 0.85 0.67 0.79 0.62 1.00 �.99

Diagnosis and disease status Nonmalignant Ref — Ref — Ref —

Standard risk 1.70 0.32 0.94 0.93 4.17 .05

Advanced risk 1.66 0.35 1.25 0.74 7.42 .006

Preparative regimen Non-TBI Ref — Ref — Ref —

TBI 1.08 0.80 0.63 0.23 1.19 .42

GVHD indicates graft-versus-host disease; TRM, treatment-related mortality; OS, overall survival; HR, hazard ratio; TNFR1; TNF receptor 1; Ref, reference group; —, not
applicable; MRD, matched related donor; MUD, matched unrelated donor; Standard risk, lymphoma with chemosensitive disease, leukemia in complete remission (ie, CR1,
CR2, or CR3), or untreated myelodysplastic syndrome at the time of transplantation; Advanced risk, leukemia not in remission, or lymphoma with stable or progressive disease
at the time of transplantation; and TBI, total body irradiation.

*For recipient age, the HR reflects the change in hazard for every 10 years.
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(P � .001), TRM (P � .001), and OS (P � .003) with the risk associ-
ated with a day 7 TNFR1 ratio more than 2.5 comparable with the risk
associated with receiving an HCT from an unrelated donor. Other
findings from the multivariate analysis were also consistent with
expectations.26 Asingle antigen mismatch predicted for increased risk of
GVHD (P � .005), whereas younger age at transplantation conferred
protection against TRM (P � .001) and death (P � .04). The presence
of advanced disease status at transplantation had the greatest impact on
survival of all variables tested (HR 7.78, P � .005). For further
verification of our findings, we repeated the multivariate analysis with
the day 7 TNFR1 ratios treated as a continuous variable and found
similar results (Table 3).

Our data indicate that the magnitude of rise in TNFR1 levels 2 to
3 weeks in advance of clinical symptoms strongly correlates with the
severity and incidence of GVHD, 1-year TRM, and 1-year OS even
within risk groups stratified by donor source. The specificity of a day 7
TNFR1 ratio more than or equal to 2.5 for predicting GVHD was 83%.
However, the sensitivity of a TNFR1 ratio more than or equal to 2.5 to
predict GVHD is only 38% because the majority of patients who
develop grades 2 to 4 GVHD have a TNFR1 ratio less than 2.5.
Nevertheless, in patients with a TNFR1 ratio more than or equal to 2.5,
the likelihood of developing significant GVHD is sufficiently high
(58%) to justify the study of preemptive treatment strategies. A recent
study has shown that patients with GVHD who are treated with the
TNF-� inhibitor etanercept in addition to standard, high-dose steroids
experience higher complete response rates than patients treated with
steroids alone.14 One logical strategy to treat patients at high risk for
GVHD would therefore be to initiate preemptive TNF-� blockade in
patients with high day 7 TNFR1 ratios in an attempt to prevent the
occurrence of GVHD in this high-risk group. The identification of
additional biomarkers that predict GVHD may further refine risk groups

and thereby aid in the development of preemptive strategies that could
ultimately reduce transplantation-related toxicity.
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