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Abstract
Clinical graft-versus-host disease (GVHD) symptoms are the result of a complex set of
interactions between cellular and soluble factors. One of the key soluble factors is the
proinflammatory cytokine, TNF-a, which participates in the initiating events that culminate in
GVHD as well as amplifies the disease process once established. The importance of TNF-a in this
process has been supported by a series of clinical experiments demonstrating strong correlation
between TNF receptor-1 levels and GVHD. TNF-a has both indirect effects, through activating
and proliferation pathways of T cells, the main cellular effector of GVHD, and direct effects
leading to apoptosis, on GVHD target tissues. Accordingly, TNF-a has been used as a therapeutic
target in experimental GVHD prevention and treatment strategies with promising clinical results.
TNF-a can be pharmacologically inhibited using soluble TNF receptors or monoclonal antibodies.
The optimal dosing and duration of TNF inhibition to prevent or treat GVHD remains under
investigation.
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Introduction
The introduction in the early 1990s of a new paradigm for graft-versus-host disease (GVHD)
pathophysiology1 that incorporated both cellular factors (such as donor T cells) and soluble
factors (such as TNF-α) led to major changes in the overall approach to acute GVHD
diagnosis, prevention, and management. Over the past two decades, this model of GVHD
pathophysiology has been continuously updated as new experimental data became
incorporated into the overall understanding of GVHD2. The key to understanding this model
of GVHD pathophysiology rests on two key underlying principles. First, clinical GVHD
symptoms reflect the culmination of exaggerated but normal inflammatory mechanisms
mediated by donor lymphocytes transplanted into the recipient where they function
appropriately, given the foreign environment they encounter. Second, recipient tissue
damage as a consequence of underlying disease, prior infections, and/or the transplant
conditioning regimen facilitates the process of donor lymphocyte activation against host
tissue.2 The production of proinflammatory cytokines and chemokines by damaged recipient
tissues that that then increase the expression of receptors on antigen presenting cells (APCs)
involved in the cross-presentation of polypeptide proteins, such as minor histocompatibility
antigens, to the donor lymphocytes that mediate GVHD is a key step in this process. GVHD
pathophysiology can best be conceptualized in three sequential steps or phases: (1)
activation of the APCs; (2) donor T cell activation, proliferation, differentiation and
migration; and (3) target tissue destruction (Figure 1).
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Phase I: Activation of APCs
The first step involves the activation of APCs by the underlying disease and the transplant
conditioning regimen. As mentioned above, host tissues respond to damage by producing
“danger” signals, including proinflammatory cytokines (such as TNF-α), chemokines, and
increased expression of adhesion molecules, MHC antigens and costimulatory molecules on
host APCs.3–6

Phase II: Donor T Cell Activation
In the second phase of GVHD, donor T cells proliferate and differentiate in response to host
APCs. This step is augmented by enhanced interaction at the immune synapse between
APCs like dendritic cells and T cells when exposed to pro-inflammatory cytokines like
TNF-α7. Once T cells are activated, a rapid intracellular biochemical cascade ensues
resulting in increased production of large amounts of Th1 cytokines such as IFN-γ, IL-2 and
TNF-α. The traditional focus of pharmacologic GVHD prevention strategies has been
interference with IL-2 production leading to the widespread clinical use of calcineurin
inhibitors such as cyclosporine and tacrolimus8,9. Daclizumab, a humanized monoclonal
antibody against the interleukin 2 (IL-2) receptor, has been tested as a treatment for acute
GVHD. In a randomized trial of 102 patients with new onset acute GVHD, patients treated
with high dose corticosteroids plus either daclizumab or placebo, found no difference in
GVHD response rates10. The trial was halted early due to inferior survival in the daclizumab
treated patients who experienced high rates of both GVHD-related and relapse-related
deaths. This finding was difficult to explain but one theory was that antibody targeting of the
IL-2-receptor may have eliminated critical populations of conventional T cells (required for
graft-versus-malignancy effect) and regulatory T cells (required for GVHD control). In fact,
newer data indicate that IL-2 plays an important role in the generation and maintenance of
regulatory T cells, suggesting that prolonged interference with IL-2 may actually prevent the
development of long term tolerance after allogeneic HCT.11

Phase III: Cellular and Inflammatory Effector Phase
In the third phase of GVHD, cellular mediators such as cytotoxic T lymphocytes (CTLs) and
NK cells and inflammatory mediators such as TNF-α, IFN-γ, IL-1 synergize to amplify
local tissue injury and further promote inflammation and target tissue destruction12,13.
Important among these mediators is the microbial product, lipopolysaccharide (LPS), which
can leak through intestinal mucosa or skin damaged by the pre-HCT conditioning regimen.
LPS can stimulate the secretion of inflammatory cytokines through toll-like receptors
(TLRs)5,14,15. Among the acute GVHD target organs, the gastrointestinal tract appears
especially susceptible to damage from TNF-α, creating an amplification loop that
propagates the “cytokine storm” characteristic of acute GVHD5. Inhibition of TNF-α in
experimental allogeneic HCT models ameliorated the apoptosis characteristic of GVHD
related damage to the GI tract16,17.

In summary, TNF-α plays a role in all phases of GVHD pathophysiology from the early
phase of host APC activation through to both direct tissue damage (as its name implies) and
indirect tissue damage mediated by cytotoxic lymphocytes.

HUMAN STUDIES OF TNF-α IN GVHD
TNF-α in GVHD Prediction and Prevention

The experimental data supporting a key role for TNF-α in the pathophysiology of GVHD
has been supported by human studies of allogeneic HCT recipients. Although human studies
do not allow for the careful dissection of each GVHD phase described by the model
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described above, observations from human studies have been consistent with the expected
results predicted by the GVHD model. Chief among these are clinical studies that have
developed strong evidence supporting the correlation between TNF-α levels following
hematopoietic cell transplantation (HCT) and GVHD18–20. The largest of these studies
measured TNF-receptor-1 (TNFR1) levels pre-transplant and on day 7 post-transplant in 438
recipients of myeloablative related and unrelated hematopoietic cell transplants (HCT).
TNFR1 levels have become accepted as a surrogate for direct measurement of TNF-α. TNF-
α binds to its receptors, TNFR1 and TNFR2 on the surface of multiple cell types21. After
binding, the receptor-ligand complex is shed into the plasma where it can be measured by
enzyme-linked immunosorbent assay (ELISA). In this clinical study, the magnitude of
change in the early post-transplant TNFR1 levels compared to pre-transplant baseline levels
was performed by creating ratios of the day 7 level divided by the baseline level. These day
7 TNFR1 ratios were then used to compare groups of patients. This strategy simplified the
handling of the wide variability in pre-transplant baseline levels, which otherwise would
have made statistical comparisons more difficult. Several important findings, consistent with
predictions from the GVHD model derived from animal studies, were made. First, patients
who never developed clinically significant GVHD (grade 0-I) nearly doubled their TNFR1
levels by the end of the first week post-transplant (day 7 TNFR1 ratio 1.91, n=269). The
increase in TNFR1 levels as a result of tissue damage related to intense chemotherapy/
radiation therapy as part of the pre-HCT conditioning regimen occurred as predicted in prior
animal and human studies4,18. In patients who do not develop serious complications, the
levels return to near baseline. Second, patients who went on to develop clinically significant
GVHD had higher day 7 TNFR1 ratios (grade II, day7 TNFR1 ratio 2.32, n=83 and grade
III/IV day 7 TNFR1 ratio 2.92, n=86). The correlation of day 7 TNFR1 ratios with GVHD
severity was highly statistically significant (p<0.001). In this study, the median onset of
GVHD was day 30 in related donor recipients and day 20 in unrelated donor recipients.
Therefore, the magnitude of increase in TNFR1 levels was able to be measured 2–3 weeks
in advance of the median onset of clinical symptoms, thereby suggesting that the events that
culminate in significant GVHD are underway well in advance of their detection by such
factors as skin rash, gastrointestinal symptoms, or jaundice. The third important finding was
the strong correlation between day 7 TNFR1 levels, time to onset of GVHD, transplant-
related mortality (TRM), and overall survival. Patients in the highest quartile of day 7
TNFR1 ratios (day 7 TNFR1 ratio >2.5) developed GVHD earlier and more often, had
higher rates of TRM, and were less likely to be alive one-year after HCT than the other
patients. The correlation between the day 7 TNFR1 ratio and these clinical outcomes was
highly statistically significant (p<0.001) for each of the outcomes. Because donor type
(related vs unrelated) is a well-known predictor for these same clinical outcomes, it is
noteworthy that the day 7 TNFR1 ratio correlated with these important outcomes in both
related (n=267) and unrelated donor (n=171) HCT recipients when these groups were
analyzed separately, although the difference in survival at one-year did not meet statistical
significance in the related donor recipients. In multivariate analysis, which included donor
type, degree of HLA-match, recipient age, gender, disease and disease status at transplant,
and conditioning regimen, the day 7 TNFR1 ratio was an independent predictor of GVHD,
TRM, and overall survival when treated as either a continuous variable or using a threshold
day 7 TNFR1 ratio. The hazard ratios using a day 7 TNFR1 ratio threshold are shown in
Table 1. Day 7 TNFR1 ratios continued to correlate with clinical outcomes when children
were analyzed separately20.

In the above studies, the analyses were restricted to recipients of myeloablative
conditioning, a setting in which tissue damage and subsequent TNF-α release is most likely
to occur. Accordingly, one would expect a reduction in GVHD following reduction of
conditioning intensity, a finding that has been observed across several studies although in
some work the reduction in GVHD has been primarily observed as a delay in GVHD
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onset22–24. Not surprisingly, correlations between day 7 TNFR1 levels and GVHD have also
been observed in studies of non-myeloablative conditioning25. In a study of 106 patients
who received non-myeloablative conditioning regimens of 2 Gy TBI alone (n=15), 2 Gy
TBI plus fludarabine 90 mg/m2 (n=73), or 4 Gy TBI plus fludarabine 90 mg/m2 (n=18),
TNFR1 levels increased significantly from baseline to day 7 (p<0.0001) with the largest
increases in the day 7 TNFR1 ratio seens in those conditioned with the highest dose of
radiation. Multivariate analysis confirmed the independent correlation of the day 7 TNFR1
ratio with GVHD incidence and severity, but a statistically significant relationship between
day 7 TNFR1 ratios and survival was not observed. These findings are supported by a study
from the United States National Cancer Institute where percentage of monocytes producing
TNF-α were serially measured in 17 patients undergoing reduced intensity allogeneic
HCT26. Patients who developed GI GVHD had rises in the percentage of TNF-α producing
monocytes, measured by flow cytometry, preceding the clinical development of GVHD and
peaking at the time of GVHD onset. In further support, the level of TNF-α messenger RNA
levels in T cells climbed in the period preceding the onset of GVHD, peaking at the onset of
GVHD in 8 of 9 patients who developed grade II-IV GVHD but not in 8 allogeneic patients
who did not develop clinically significant GVHD, 1 syngeneic HCT recipient, or 4
autologous controls27. Taken together, plasma protein levels, RNA transcription levels, and
flow cytometry results all convincingly support the premise that rises in TNF-α precede the
onset of the GVHD and peak at the time of its development. The subsequent declines in
TNF-α may be attributed to GVHD treatment

These findings suggest that it may be possible to predict GVHD occurrence based on early
measurement of GVHD biomarkers such as TNFR1. Although measurements of TNFR1
alone appear to be inadequate for this purpose, recent unpublished work from the Paczesny
laboratory at the University of Michigan suggests that using multiple GVHD biomarkers
may allow for GVHD prediction. In this study, plasma samples were prospectively collected
at three time points (day 0, 7, and 14) from 513 unrelated donor HCT patients transplanted
over a 10 year time period. The patients were randomly divided into training and validation
sets and the plasma samples were then assayed for levels of three GVHD biomarkers that
had been previously validated in other studies – IL-2-receptor-α (IL2Rα, TNFR1, and
elafin)28,29. A logistic regression model using the levels of the three biomarkers at days 0
and 7 was able to risk stratify patients into high and low risk groups for future development
of GVHD. Patients who were categorized as low risk and had not yet developed GVHD
were re-analyzed at day 14 for the purpose re-assessing their risk for GVHD development.
The model was able to correctly predict the occurrence or absence of grade II-IV GVHD in
66% of patients. A clinical trial is being designed to pre-emptively treat GVHD (similar to
the practice currently used to preemptively treat cytomegalovirus infections in allogeneic
HCT recipients) using these results. In other unpublished work, etanercept has been used to
augment GVHD prophylaxis and thereby improve survival after myeloablative unrelated
donor HCT in a phase II clinical trial of 71 patients conducted at the University of Michigan
and Loyola University Medical Center. All patients received chemotherapy-alone
conditioning regimens. Etanercept (0.4 mg/kg, max 25 mg was given twice weekly from the
start of conditioning to day 56 in addition to standard GVHD prophylaxis using tacrolimus
and methotrexate (5 mg/m2 on days 1, 3, 6, 11). When compared to 29 case-matched
controls who received standard GVHD prophylaxis alone the etanercept treated patients had
only a 21% increase in TNFR1 levels at day 7 which was significantly lower than the
control patients (p=0.002) although baseline TNFR1 levels were similar in both groups. The
incidence of grade II–IV GVHD was 47%, similar to expected, but response to treatment
with high dose corticosteroids was high (73%), non-relapse mortality at six months was low
(14%) and two-year overall survival was high (55%). These results await validation in a
larger multicenter randomized study, which is currently planned through the Blood and
Marrow Transplant Clinical Trials Network. In a small study of 19, mostly related donor,
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myeloablative HCT recipients, infliximab was given prior to conditioning and then on days
0, +7, +14, +28, and +42 together with standard cyclosporine and methotrexate
prophylaxis30. The cumulative incidence of GVHD grades II-IV (37%) was no different
than that observed in 30 case-matched historical controls. There was no improvement in
survival and there were more bacterial and fungal infections in the infliximab treated
patients compared to case control patients. The small size of the study makes interpretation
difficult, but this study does not increase enthusiasm for incorporation of infliximab in
GVHD prevention strategies.

TNF-α in GVHD Treatment
The GVHD pathophysiology model above predicts that TNF-α, and by corollary TNFR1
levels, will be elevated at the onset of GVHD. Multiple studies over the past 15 years have
confirmed the accuracy of this prediction26,28,31,32. Based on these results, several clinical
studies have targeted TNF-α as part of a treatment strategy for acute GVHD. Although there
are several ways to inhibit TNF-α, most of the clinical trials have used either etanercept, a
soluble dimeric TNF-α receptor 2, that competes for TNF-α binding with cellular receptors,
or infliximab, a monoclonal antibody that binds TNF-α. A major difference between
etanercept and infliximab is that infliximab can induce systemic elimination of monocytes
and macrophages that express membrane-bound TNF, whereas etanercept does not33. This
elimination of monocytes and macrophages may explain, at least in part, the high rates of
invasive Aspergillus infections seen in some studies using infliximab34,35, but not in clinical
trials of etanercept31,36. Additionally, changes in fungal prophylaxis to include agents with
Aspergillus coverage may also explain some of the differences observed in terms of
undesirable outcomes with these two different TNF-inhibitors. These differences in
mechanism of action may also explain some of the differences in clinical outcomes seen
when using these drugs.

TNF-inhibition has shown some promise as a treatment for new onset acute GVHD. In one
study, 61 patients with new onset acute GVHD grades II–IV were prospectively treated with
daily high dose corticosteroids (methylprednisolone 2 mg/kg/d) and etanercept (0.4 mg/kg/
dose, maximum dose 25 mg) twice weekly for eight weeks31. A high rate of complete
resolution of GVHD symptoms (69%) was observed by day 28 after initiation of treatment,
which compares favorably to the expected 35% rate previously reported in the literature
when using high dose corticosteroids alone37. When compared to 99 contemporaneous case-
matched patients with GVHD grades II–IV treated initially with high dose corticosteroids
alone, the etanercept treated subjects had a statistically superior rate of resolution of GVHD
symptoms (69% vs 33%; p<0.001) and superior survival at six months from GVHD onset
(69% vs 55%; p= 0.08), although this latter finding did not meet statistical significance.
Interestingly, the apparent benefit of etanercept was most clearly seen in recipients of
unrelated donor HCT, a group of patients for whom the higher rate of early resolution of
GVHD appeared to translate into a survival advantage at six months post treatment
initiation.(73% vs 52%, p=0.05). In contrast, although related donor HCT recipients treated
with etanercept were more likely to quickly resolve their GVHD recipients than similar
patients treated with high dose steroids alone, ultimately large proportions of both groups
achieved a complete response to treatment. Thus, it was not surprising that there was no
survival advantage observed for related donor recipients whose new onset acute GVHD was
treated with the combination of etanercept and high dose steroids. In all patients, TNFR1
levels were elevated at the onset of GVHD and significantly declined in those whose GVHD
responded to treatment. Similar results, were seen when TNF-inhibition with etanercept was
incorporated into the treatment of new onset acute GVHD. In a multicenter prospective
study, 180 patients with new onset acute GVHD were randomized to eceive
methylprednisolone 2 mg/kg per day plus either etanercept, mycophenolate mofetil (MMF),
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denileukin diftitox (denileukin), or pentostatin36. The study was intended to select one agent
for a prospective, randomized, placebo controlled trial of GVHD treatment and was
therefore not powered, nor did it detect, any statistically significant differences between the
four drugs tested. Patients who randomized to the etanercept arm had lower rates of early
complete resolution of GVHD symptoms compared to the single center study or the other
three drugs tested, but ultimately similar response rates were achieved with all agents.
Survival at nine months from initiation of treatment was best for MMF (64%), while
etanercept, denileukin, and pentostatin treated patients all experienced essentially identical
rates of survival (47%, 49%, and 47%, respectively). Importantly, in these studies there has
been no indication of an increase in the rate of infectious complications or relapse, and no
serious complications were attributed to the use of etanercept. In a prospective, randomized
study of 63 patients treated with high dose corticosteroids±infliximab (10 mg/kg/dose
weekly for four doses), patients on the infliximab arm experienced high rates of resolution
(55%) or improvement (7%) in GVHD symptoms by day 28 from initiation of treatment, but
the steroid alone arm performed equally well, and no statistically significant differences
between the treatment groups was found for either response to treatment or survival38.

Other studies, usually small prospective trials testing infliximab, have shown some promise
for TNF-inhibition as a treatment for steroid-refractory GVHD34,39–42. When taken
together, this published literature contains over 100 patients with steroid-refractory GVHD
treated with TNF-inhibition. Reported response rates range from 52–82% with a median
reported response rate of 63% in this difficult to treat population. Complete responses were
seen in the majority of responders and long-term survival was around 40%. Interestingly,
and particularly with the infliximab treated patients, steroid refractory gastrointestinal
GVHD appeared to respond best to the addition of anti-TNF therapy to the treatment
regimen. Infection rates were high as expected in this patient population.
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SUMMARY

TNF-α is implicated in all stages of GVHD pathophysiology, making anti-TNF therapy
an attractive modality to explore in GVHD prevention and treatment. Clinical trials in
this area continue to produce some promising results, but overall none of the outcomes
have been definitively supportive of the utility of TNF-inhibition in the management of
GVHD. The most encouraging results to date have been with the use of infliximab to
treat steroid-refractory gastrointestinal GVHD, where the response rates have been good
and consistent across multiple small studies. As a prevention or early treatment strategy,
TNF-inhibition remains an area of exploration. Fortunately, larger, more definitive
clinical trials are planned with accrual expected to begin this year. Perhaps the greatest
implication of TNF-α in the pathogenesis of GVHD may be its role as a predictive
GVHD biomarker together with other biomarkers, which could then allow for pre-
emptive treatment strategies.

Levine Page 9

Int J Hematol. Author manuscript; available in PMC 2012 November 05.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 1.
Model of graft versus host disease. GVHD develops in three phases. (I) Release of
inflammatory cytokines activate antigen presenting cells. (II) Donor T cells are activated by
host antigen presenting cells. (III) Cellular and plasma effectors cause target organ
apoptosis.
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