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Abstract
Transcription factor of the Rel/NF-κB family are known to play different roles in immunity and
inflammation, although the putative role of c-Rel in transplant tolerance and GVHD remains
elusive. We report here that T cells deficient for c-Rel have a dramatically reduced ability to cause
acute graft-versus-host disease (GVHD) after allogeneic bone marrow transplantation (BMT)
using major and minor histocompatibility mismatched murine models. In the study to understand
the underlying mechanisms, we found that c-Rel-/- T cells had reduced ability to expand in
lymphoid organs and to infiltrate in GVHD target organs in allogeneic recipients. c-Rel-/- T cells
were defective in the differentiation into Th1 cells after encountering alloantigens, but were
enhanced in the differentiation towards Foxp3+ regulatory T cells (Tregs). Furthermore, c-Rel-/- T
cells had largely preserved activity to mediate graft-versus leukemia (GVL) response. Taken
together, our findings indicate that c-Rel plays an essential role in T cells in the induction of acute
GVHD, and suggest that c-Rel can be a potential target for therapeutic intervention in allogeneic
HCT in clinic.
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Introduction
Members of Rel/NF-κB family have been well recognized as key regulators of innate and
adaptive immunity. c-Rel is a member of the Rel/NF-κB family of eukaryotic transcription
factors, which also includes the proteins RelA (p65), RelB, NF-κB1 (p105/p50), and NF-
κB2 (p100/p52) [1]. Unlike other members that are constitutively expressed in multiple cell
types, c-Rel is expressed primarily in lymphoid tissues by lymphoid and myeloid cells [2]. It
has been well established that c-Rel plays an important role in mediating proliferation,
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differentiation, and cytokine production of T cells. c-Rel regulates the production of IL-2
and expression of IL-2Rα (CD25) in T cells, which are crucial for cell division and immune
function [3, 4]. In activated T cells, c-Rel signaling (downstream of TCR and CD28) may
also be essential for secretion of other IL-2 dependent cytokines. IL-2 is known to be
required for optimal IL-4 and IFN-γ expression by T-helper cells and for expression of
granzyme and perforin by cytotoxic T lymphocytes [5]. T cells deficient for c-Rel fail to
initiate autoimmune encephalomyelitis due to their inability to mount an optimal Th1
response. The Th1 deficiency appears to be caused by selective blockade of IL-12
production by c-Rel deficient antigen-presenting cells, as well as by a complete abrogation
of IFN-γ expression in c-Rel–deficient T cells. Interestingly, c-Rel deficiency does not affect
T-bet expression, suggesting that c-Rel may act downstream of T-bet during Th1 cell
differentiation [6]. Two recent studies have provided evidence that c-Rel is required for
RORγt expression in T cells [7, 8]. Therefore, c-Rel, expressed by CD4+ T cells and by
myeloid cells, contributes to the differentiation and maintenance of Th17 cells [8], as well to
the generation of regulatory T cells (Tregs) [9-11]. However, the role of c-Rel in regulating
various effector functions in T cell response to alloantigen has not yet been characterized.
Based on previous findings by us and others, both Th1 and Th17 T cells contribute to the
development of graft-versus-host disease (GVHD), but either lineage is sufficient to induce
GVHD [12, 13]. Disruption of T cell differentiation towards Th1 and Th17 pathways by
targeting T-bet and RORγt can effectively prevent GVHD while preserving GVL effect [14].
c-Rel acts downstream of T-bet and RORγt causes defects in Th1 and Th17 immune
response [7, 15]. Based on these observations, we hypothesize that c-Rel is required for the
development of GVHD. Here we provide evidence that c-Rel is involved in regulating
GVHD after allogeneic BMT. Our study demonstrates that c-Rel could be a novel
therapeutic target to affect T-cell differentiation and subsequently reduce GVHD mortality
following allogeneic bone marrow transplantation (BMT) in mice.

Results
Deficiency of c-Rel in donor T cells significantly reduces GVHD after allogeneic BMT

To examine the role of c-Rel in donor T cells in mediating acute GVHD, we first compared
the ability of WT and c-Rel-/- T cells to induce GVHD using MHC mismatched BMT
model: B6 (H2b) → BALB/c (H2d). Recipients were lethally irradiated and reconstituted
with 5 × 106 allogeneic TCD-BM and 2 × 106 purified T cells from either WT or c-Rel-/-

donors. As shown in figure 1 A and B, the recipients of c-Rel-/- T cells had significantly
reduced GVHD mortality with only moderate weight loss. GVHD severity was confirmed
with pathologic analysis, which showed that pathology scores were significantly lower in
lung, liver, small intestine and colon of the recipients transplanted with c-Rel-/- T cells than
those given WT T cells (Fig.1C).

In clinic HCT, most patients receive grafts from MHC-matched and multiple minor
histocompatibility antigens (miHA)-mismatched donors. miHAs are peptides derived from
allogeneic proteins that exist in various isoforms and can affect the fate of a graft by
provoking cell mediated immune responses [16, 17]. In an effort to mimic a clinical scenario
and understand the role of c-Rel in regulating T cell responses to miHAs in vivo, we used
the C57BL/6 → BALB.B (both H2b) model, in which donor and recipient mice differ from
one another by at least 29 different miHA loci [18]. Lethally irradiated BALB.B mice
received TCD-BM alone or plus WT or c-Rel-/- T cells. As expected, the recipients of BM
alone showed no signs of GVHD, whereas the recipients with WT T cells developed severe
GVHD. In contrast, c-Rel-/- T cells failed to induce GVHD as 100% recipient survived long-
term with little weight loss (Figure 1, D and E). Taken together, we found that the
expression of c-Rel on donor T cells is required for the development of acute GVHD.
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c-Rel is required for optimal expansion of alloreactive donor T cells
We performed in vitro experiments where purified T cells from c-Rel-/- and WT B6 mice
were stimulated with TCD splenocytes from BALB/c. T cells deficient for c-Rel proliferated
profoundly less than WT T cells (Fig. 2A). To evaluate the role of c-Rel in T-cell expansion
in vivo, we isolated T cells from c-Rel-/- or WT B6 mice, labeled them with CFSE, and
adoptively transferred them into lethally irradiated BALB/c recipients. At day 3, we
observed that both CD4+ and CD8+ c-Rel-/- T cells significantly reduced proliferation (Fig.
2B), and furthermore CD4+ c-Rel-/- T cells had higher apoptosis rate than WT counterparts
(Fig. 2C). At day 4, both WT and c-Rel-/- T cells underwent strong cell divisions in response
to alloantigen, but c-Rel-/- T cells produced significantly less IFNγ than WT T cells (Fig.
2D). Although both cell types proliferated at similar levels at day 4, the total number of c-
Rel-/- T cells recovered from allogeneic recipients was much lower than WT T cells (Fig.
2E). We reasoned that c-Rel-/- T cells had reduced ability to proliferate early after cell
transfer, and compromised ability to survive in vivo as reported by others that c-Rel plays an
important role in T-cell survival [15].

c-Rel deficiency in donor T cells leads to reduced Th1 and Th17 differentiation in vitro with
diminished Th1 response in vivo

To directly test whether c-Rel-/- T cells are intrinsically defective in their Th1 and Th17
differentiation, WT and c-Rel-/- T cells were polarized into Th1 and Th17 differentiation in
vitro. IL-2 was added in culture to ensure sufficient activation and proliferation of c-Rel-/- T
cells and thus to exclude the possibility that defect differentiation might be due to
compromised activation. As shown in figure 3A, WT T cells can differentiate into either
Th1 or Th17 cells depending on the culture conditions. In contrast, much less IFN-γ
producing cells were generated from c-Rel-/- T cells under Th1 conditions and very few
IL-17 producing cells were generated under Th17 conditions. These results suggest that c-
Rel-deficient T cells are intrinsically defective in their Th1 and Th17 differentiation in vitro,
which may be attributable to the reduced ability of c-Rel-/- T cells in the induction of
GVHD. To further investigate the underlying mechanism by which c-Rel regulates T-cell
response and GVHD development in vivo, we analyzed intracellular cytokine profiles in
recipients of c-Rel-/- versus WT donor cells on day 5 after BMT (Fig. 3B). Donor T cells
deficient for c-Rel produced significantly lower levels of Th1 cytokine than WT T cells in
recipient spleen, liver and lung (Fig. 3C). In recipient serum, the level of TNFα was
significantly lower in the recipients of c-Rel-/- than those of WT T cells (Fig. 3D). As
expected, very few donor T cells differentiated into Th17 cells during the development of
acute GVHD after allogeneic BMT. We did not detect significant differences of c-Rel-/-

versus WT donor cells in IL-17 production. Taken together, these data demonstrate that
absence of c-Rel impairs Th1 differentiation after allogenic BMT.

Generation of Foxp3+ regulatory T cells was increased from c-Rel-/- T cells in vivo
Regulatory T cells (Tregs, CD4+CD25+Foxp3+) have been reported to prevent or delay the
onset of GVHD in animal models [19], and the presence of Tregs in GVHD target organs
has been shown to correlate negatively with the severity of GVHD [20]. Since c-Rel
deficiency in donor T cells resulted in reduced GVHD and impaired Th1 differentiation, we
asked whether c-Rel also affected on Treg expansion or generation in vivo. CD25-depleted T
cells were isolated from WT or c-Rel-/- mice and transferred together with TCD-BM into
lethally irradiated BALB/c mice. We compared the presence of Tregs in the recipients 14
days after BMT, and found significantly more Tregs were derived from c-Rel-/- than WT T
cells in recipient peripheral blood, spleen and liver (Fig. 4 A-C). Given Treg-depleted T
cells were included in donor graft, we conclude that increased Tregs in the absence of c-Rel
was due to enhanced Treg-generation from conventional CD4+ T cells under condition of
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allogeneic BMT. To further ask whether Tregs are functional in the absence of c-Rel, we
generated TGFβ-induced Tregs from WT and c-Rel-/- CD4+CD25- T cells, and compare
their activity in suppressing T-cell response to alloantigen in vitro. Allogeneic response was
inhibited equally by WT or c-Rel-/- iTregs (data not shown).

T cells deficient for c-Rel express lower levels of chemokine receptors and have
decreased homing to GVHD target organs

The development of GVHD requires donor T cell-migration into target organs. We thus
examined the presence of donor T cells in recipient liver and lung as well as in spleen.
Consistent with the data presented in figure 3, significant lower numbers of donor CD4 or
CD8 T cells were found in the recipients of c-Rel-/- T cells compared to those of WT T cells
(Fig. 5 A and B). Similarly, significantly reduced numbers of donor T cells were also
observed in the liver and lung of the recipients with c-Rel-/- T cells (Fig. 5 A and B). These
data indicate that, in the absence of c-Rel, T cells have reduced ability to expand and likely
had reduced potential to migrate into GVHD target organs as well. Migration of activated
donor T cells to GVHD target organs is one of the critical steps in the pathophysiology of
GVHD. G protein coupled receptors, including the chemokine receptors, play an important
role in orchestrating the migration of leukocytes to peripheral organs. Thus, we measured
the expression of CXCR3, CCR4, CCR6 on donor T cells as they are Th1, Th2 and Th17-
associated chemokine receptors, respectively [21, 22]. c-Rel-/- donor T cells expressed much
lower levels of liver-homing receptors CXCR3 in liver and lung (Fig. 5 C and D). c-Rel-/-

donor T cells also expressed significantly higher levels of CCR6 than WT T cells in the
lung. Because chemokine receptors are required for infiltration of alloreactive T cells into
GVHD targeted organ, the distinct expression of those receptors on different types of cells
likely contributed to the reduced migration of c-Rel-/- T cells in recipient liver and lung
compared to WT T cells.

c-Rel -/- T cells had partially preserved GVL activity
When HCT is used as a therapy for hematological malignances, an important role for donor
T cells is to prevent relapse of the original disease through GVL effects. Therefore, it is
critically important to determine whether T cells lacking c-Rel retain such beneficial GVL
effect. To this end, we compared the ability of WT versus c-Rel-/- T cells in mediating GVL
response against A20 B cell lymphoma in B6 → BALB/c allogeneic BMT. The A20
lymphoma cell line was transduced with luciferase reporter and lymphoma growth was
monitored by in vivo bioluminescence imaging (BLI). As expected, when A20 cells were
infused, all the recipients of TCD-BM alone died due to tumor relapse since these recipients
had less body weight loss but very strong BLI signals (Fig. 6 A and B). The recipients of
BM plus WT T cells had severe GVHD with significant weight loss but little or no BLI
signals (Fig. 6). In contrast, the majority of recipients given 5 × 106 c-Rel-/- T cells survived
through the observation period (Fig. 6 A) with modest weight loss but with weak BLI signal
(Fig. 6 C), 2×106 c-Rel-/- T cells had relatively lower protective ability against tumor
compared to 5 × 106 c-Rel-/- T cells. These results indicate that, in the absence of c-Rel,
donor T cells still largely preserved GVL activity although severely impaired in the
induction of GVHD.

Discussion
The transcription factor c-Rel has emerged to be an important molecule that can mediate
proliferation, differentiation, and cytokine production of T cells. The extent how c-Rel
regulates T-cell activation and function varies considerably. Previous studies have shown
that NF-κB specific or non-specific inhibitor, PS-1145 and bortezomib significantly
alleviated GVDH in allogeneic HCT [23-25]. The potential concern with bortezomib is that
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it may accelerate GVHD due to its gut toxicity when administered after the activation of
allogeneic T cells or for a longer duration [23]. In the current study, we found that another
NF-κB family member, c-Rel, also plays a key role in the pathophysiology of GVHD. c-Rel
deficient T cells elicit much less GVHD than WT counterparts in both MHC and miHA
mismatched BMT. Substantial evidence suggests that Th1, Th2, and Th17 CD4 T cells
preferentially affect different tissues and organs in GVHD; for instance Th1 cells
preferentially cause damages in intestines [14, 26]. The role for Th1 cells in the
development of GVHD is supported by clinical data showing that IFN-γ-producing CD4+ T
cells have been identified in patients with acute GVHD [27], and increased levels of IFN-γ
protein and mRNA were also found in chronic GVHD patients [28-30]. Our current results
indicate that c-Rel is a crucial transcription factor for Th1 cell differentiation after allo-HCT.
However, unlike NF-κB1, which is required for Th2 cell differentiation, c-Rel appears to be
required for Th1 but not Th2 cell differentiation. The mechanisms of c-Rel regulation of Th1
cell differentiation in vivo are not fully understood. Subsequent differentiation of T cells into
Th1 cells is thought to occur via two pathways: 1) Upregulation of IL-12Rβ2 expression by
T-bet, which amplifies the effects of IL-12 and strengthens signaling through STAT4 [31];
2) Activation of STAT1 via IFN-γ receptor engagement, which further upregulates T-bet
expression in a positive feedback loop [32]. The net effects of T-bet, STAT4, and STAT1
activation drive high-level production of IFN-γ by Th1 cells. We speculate that c-Rel,
STAT-1, STAT-4, and T-bet may act in concert to regulate Th1 differentiation. Downstream
c-Rel target genes that are involved in regulating Th1 cell differentiation will remain to be
further studied [33].

A distinct population of CD4+ T cells, Th17 subset, has been shown to be sufficient but not
necessary in the development of GVHD [12, 34]. Our data showed that c-Rel-/- T cells are
defective in Th17 responses in vitro, which is consistent with the findings by others8. Given
Th1-differentiation is a predominant pathway during acute GVHD, the frequency of IL-17-
producing cells is typically low after allogeneic BMT. We also found low IL-17+ cells and
no difference between WT and c-Rel donor T cells. In order to further investigate that Th17
cells migrated to the GVHD targeted organ, we measured expression of CCR6, a
characteristic homing marker of Th17 cells [21]. Consistent with few IL-17-producing cells,
the proportion of CD4+ T cells expressing CCR6 was not significantly different between
WT and c-Rel-/- recipients in their liver and spleen. The higher CXCR6 expression in c-
Rel-/- T cells in lung did not lead to more severe tissue damage since there were much fewer
c-Rel-/- T cells infiltrated in lung.

The development of acute GVHD is often associated with reduced Tregs and thus a dramatic
increase in the ratio of T effectors to Tregs that favor Th1 and Th17 differentiation. A
decline in Tregs as a critical factor in the pathophysiology of chronic GVHD is also
supported by several studies showing a direct correlation between a reduction in the number
of Foxp3+ Tregs in both the peripheral blood and intestinal tract and the presence of chronic
GVHD [35-38]. Our data showed that Foxp3+ Tregs were increased in the recipients of c-
Rel-/- T cells compared to those of WT T cells, so mounting a regulatory response to the
underlying inflammatory process could be a favorable factor to ameliorate GVHD
development. Recent reports showed that c-Rel controls the natural Treg development in the
thymus [9-11]. But in terms of the generation of induced Tregs in periphery, c-Rel is not
necessary [9]. Hence, the role of c-Rel on Treg generation and expansion may differ in
thymus and the periphery.

Migration of activated donor T cells to GVHD target organs is a critical step in the
pathophysiology of GVHD. The interaction of chemokines and their receptors play an
important role in orchestrating the migration of leukocytes to these organs [39, 40]. Donor-
specific Th1 cells migrate to gastrointestinal tract and liver via chemokine receptors
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CXCR3, CCR9 and CCR5. Th2 cells migrate to the lung via CCR4, where they secrete IL-4,
IL-5 and IL-13. IL-4 and IL-13 act upon the lung epithelium, causing inflammation and
tissue remodeling that ultimately leads to pulmonary fibrosis. We found decreased levels of
CXCR3 in c-Rel-/- deficient donor T cells at day 5 after BMT. CXCR3 has a major role in
directing the migration of progenitors during hematopoiesis and a minor role in T cell
activation, proliferation and migration to peripheral lymph nodes [41]. Thus, CXCR3 down-
regulation in c-Rel-/- T cells might contribute to a reduction in the inflammatory function/
phenotype and migration of these cells. CXCR3 down-regulation in donor T cells suggests
that alterations in cell trafficking and homing could be one of the mechanisms by which c-
Rel modulates the severity of GVHD.

Our data also indicates that TNFα production was reduced in c-Rel-/- recipient. TNFα is a
key cytokine in the effector phase of GVHD following experimental and clinical allogeneic
HCT [42, 43]. High level of TNFα was found in the serum of patients who developed lung
injury after HCT [44] and in the lungs of animals with GVHD [45-49]. Furthermore,
neutralization of TNFα by Etanercept after BMT significantly reduced the severity of
experimental or clinical idiopathic pneumonia syndrome [49]. Therefore, reduced TNFα
production from c-Rel-/- T cells could contribute to the diminished GVHD.

Given that allogeneic HCT is primarily utilized to treat hematologic malignancies, it is
important to evaluate the contribution of donor T cells to GVL effects because
transplantation would not be as beneficial for patients with a malignant disease if T cells had
no activity against malignant cells. Our study shows that T cells deficient for c-Rel have
preserved GVL activity against A20 lymphoma (Fig. 6). The present study indicates that T
cells deficient in c-Rel induce diminished GVHD while maintaining GVL effects. Taken
together, our current work provides strong evidence that c-Rel plays a pivotal role in GVHD
immunopathology and set a rationale to target c-Rel for GVHD prevention or treatment after
allogeneic HCT in patients.

Material and Methods
Mice

C57BL/6 (B6) (H-2b), B6.Ly5.1 and BALB/c (H-2d) mice purchased from NCI/NIH, and
the founder of BALB.B (H-2b) mice were purchased from the Jackson Laboratory. c-Rel
knock out B6 mice(c-Rel -/-) were generated and described previously [50]. All animals
were housed in the American Association for Laboratory Animal Care–accredited Animal
Resource Center at Moffitt Cancer Center. Experiments were all carried out under protocols
approved by the Institutional Animal Care and Use Committee.

Antibodies and Flow cytometry
The following antibodies were purchased from eBioscience: anti-CD4–FITC, or -APC
(L3T4), anti-CD8α-FITC, -APC, APC-cy7 or -Alexa Fluor 700(Ly-2), anti-CD45.1-FITC,
or -APC (A20), anti-B220-PE (RA3-6B2), anti-CD25-PE (PC61.5), anti-H-2Kb-FITC, -PE,
or -biotin (AF6), anti-Foxp3-PE (FJK-16s; eBioscience) and the appropriate isotype
controls. Anti-CD4-Pacific blue (RM4-5), anti–IFN-γ–PE or Per-cp 5.5 (XMG1.2) and
streptavidin APC-cy7 or APC, anti-TNFα-PE, or PE-Cy7 were purchased from BD
Biosciences. Cells were analyzed on an LSR II (BD Biosciences). Data were analyzed using
FlowJo (TreeStar). Intracelluar cytokine staining and serum cytokine analysis were carried
out as described in our previously published report [51]
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T cell purification, proliferation and differentiation in vitro
T cells were purified through negative selective using magnetic bead system as previously
described [51]. Purified T cells isolated from WT or c-Rel-/- mice were stimulated at 2 × 105

per well with 6 × 105 irradiated T-cell depleted (TCD) splenocytes from BALB/c mice for 5
days in a 96-well plate. 1μCi per well [3H]-TdR was added to cell culture 8 hours before the
end of culture. Cells were then harvested to the glass fiber filters (PerkinElmer). The [3H]-
TdR incorporation was measured by liquid scintillation counting. If T cells were CFSE
labeled, then the dilution of CFSE was used to indicate T cell proliferation. Differentiation
of Th1 and Th17 cells was carried out by stimulating naïve CD4 T cells under polarization
culture conditions as described in our previous paper [51].

BMT
Bone marrow was flushed from donor femurs and tibias with RPMI-1640 with 1% FBS and
passed through sterile mesh filters to obtain single-cell suspensions. BM was T cell-depleted
(TCD) in vitro with anti-Thy1.2 monoclonal antibody plus low-toxicity rabbit complement
(C-6 Diagnostics). Host mice were conditioned with total body irradiation administered at
800-900 cGy (a single dose) for BALB/c and BALB.B using a Shepherd Mark I Cesium
Irradiator (J.L. Shepherd and Associates). Irradiated recipients received a single intravenous
injection through a lateral tail vein of 5 × 106 WT B6 BM cells with or without 2 × 106 B6
WT or c-Rel -/- T cells.

Histological analysis
Representative samples of liver, colon, small intestines and lung were obtained from
transplanted recipients and histological study was done as previously described [53]

Leukemia/lymphoma models and bioluminescence imaging (BLI)
To examine the GVL effects of donor T cells, we performed the studies using the B6 →
BALB/c BMT models. A20 B cell lymphoma line transduced with a luc/neo plasmid (A20-
luc) was used to allow for visualization of tumor dissemination. Mice received 800 cGy TBI
on day -1. On day 0, B6 recipients received grafts containing 5 × 106 BM with 2 × 106 T
cells and 2 × 103 A20-Luc tumor cells. Mortality due to GVHD or tumor relapse was
distinguished by BLI. The method for BLI was described in our previous work [51, 52].

Statistic analysis
For comparison of recipient survival among groups in GVHD experiments, the log-rank test
was used to determine the statistical significance. To compare the engraftment and
expansion of donor T cells, cytokine levels and pathology scores, a 2-tailed student’s t-test
was used.
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TCD T cell–depleted

miHA Minor histocompatibility antigen
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Figure 1.
Absence of c-Rel in donor T cells reduces GVHD mortality after allogeneic BMT. Lethally
irradiated BALB/c (n = 10) and BALB.B (n = 10) mice were transplanted with 5 × 106

TCD-BM alone or with 2 × 106 purified T cells from WT or c-Rel-/- B6 mice. (A) Mice
survival in B6 → BALB/c BMT. (B) Percentage of original body weight over time in B6 →
BALB/c BMT. (C) Pathological score mean ± SE in BALB/c recipients indicates the
damage in small bowel, large bowel, liver, and lung using a semi-quantitative scoring
system at day 28. (D) Mice survival in B6 → BALB.B BMT. (E) Percentage of original
body weight over time in B6 → BALB.B BMT. The data showed was the combination of 2
independent experiments. Log-rank test was used to compare mice survival and 2 tailed
student’s-t test was used for other analysis. Asterisk indicates statistical significance. **P <
0.01; ***P < 0.001.
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Figure 2.
c-Rel is required for T-cell proliferation in response to alloantigen. (A) 2 × 105 purified T
cells from c-Rel-/- and WT B6 mice were stimulated with 6 × 105 irradiated TCD-
splenocytes from BALB/c mice. [3H]-TdR was added to cell culture 8 hours before the end
of culture. Cell proliferation was measured at day 5 by [3H]-TdR incorporation. (B-E) CFSE
labeled c-Rel-/- or WT T cells from B6 donors were adoptively transferred into lethally
irradiated BALB/c mice. CSFE annexin V profiles and intracellular IFNg expression was
measured by flow cytometry on gated live T cells 3 days (B and C) or 4 days (D and E) after
BMT. One representative experiment from 3 independent experiments was shown. Panels A,
C and E were presented as means ± 1SD of 4 to 5 samples per group. 2 tailed student’s-t test
was used for statistical analysis. *P < 0.05; ** P < 0.01; *** P< 0.001.
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Figure 3.
c-Rel-/- donor T cells produce lower levels of inflammatory cytokines. (A) CD4+CD25- cells
isolated from WT or c-Rel-/- mice were stimulated in the presence of APCs with anti-CD3
mAb under culture conditions for Th1 and Th17 polarization as described in Material and
Method. Cell phenotype was measured on day 4 with intracellular cytokine staining of IFNγ
and IL-17 expression on gated live CD4+ cells. (B) Lethally irradiated (800 cGy) BALB/c
mice were transplanted with 2 × 106 purified WT and c-Rel-/- T cells from B6 donors.
Intracellular cytokine profiles of splenic CD4+ T cells are shown in 5 days after BMT.
Representative contour plot depicts the percentages of IFN-γ- and/or TNF-α-secreting cells
in the gated H-2Kb+CD4+ cells in recipient spleen, liver and lung. (C) Absolute number of
IFN-γ- and/or TNF-α-secreting cells from spleen, liver and lung of recipients transplanted
with WT or c-Rel-/- T cells on gated live cells. (D) Serum cytokine profile in recipients
transplanted with WT and c-Rel-/- donor T cells. Lethally irradiated BALB/c mice were
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transplanted with TCD-BM plus 2 × 106 purified T cells from WT or c-Rel-/- B6 donors.
Indicated cytokines were measured in recipient serum on day 14 after BMT. Similar data
was obtained from 3 independent experiments and the result from one experiment was
shown. Panel C and D were presented as means ± 1SD of 5 to 6 samples per group. 2 tailed
student’s-t test was used for statistical analysis *P < 0.05; **P < 0.01; ***P < 0.001. n.s, no
significant difference.
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Figure 4.
Absence of c-Rel in donor T cells leads to augmented Tregs in BMT recipient. Lethally
irradiated BALB/c mice were transplanted with TCD-BM (ly5.1+) plus WT or c-Rel-/- T
cells from B6 donors. Fourteen days after BMT, recipient spleen, liver and peripheral blood
were harvested and measured for expression of CD4, CD25, Foxp3, ly5.1 and H-2Kb.
Expression and percentage of CD25 and Foxp3 are shown on gated donor CD4+ cells
(H2Kb+ly5.1-) of spleen, liver and peripheral blood (A, B). (C) Summary of absolute
number of donor Tregs (CD4+CD25+Foxp+) in recipient spleen. Panel B and C were
presented as means ± 1SD of 4 to 5 samples per group. 2 tailed student’s-t test was used for
statistical analysis. *P < 0.05; **P < 0.01. n.s, no significant difference.
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Figure 5.
c-Rel regulates chemokine receptor expression of donor T cells after allogeneic BMT. (A)
Percentage and (B) absolute number of H2Kb+CD4+ T cells and H2Kb+CD8+ T cells in
spleen, liver and lung of the recipients transplanted with WT or c-Rel-/- donor T cells 14
days after BMT are shown. Mean ± SE is presented (n = 9), and data are from combined 3
replicate experiments. (C) Five days after BMT, splenocytes from recipients were stained
for H-2Kb, CD4 and chemokine receptors. Gated H-2Kb+CD4+ T cells are shown in CD4
versus chemokine receptors. (D) Summary of the expression of chemokine receptors on
CD4 T cells. Panel B and D were presented as means ± 1SD of 4 to 5 samples per group. 2
tailed student’s-t test was used for statistical analysis. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 6.
T cells deficient for c-Rel have reserved GVL activity. Lethally irradiated BALB/c mice
received TCD-BM cells alone or plus 2 × 106 naïve T cells from WT or c-Rel-/- donors.
Recipients were given 2 × 103 A20 tumor cells with luciferase transgene at the same time of
transplantation. Overall survival (A) and the percentage of original body weight over time
(B) are shown. (C) Tumor growth in recipients was monitored with in vivo BLI; data
represent 1 of 2 replicate experiments. Log-rank test was used for survival analysis and 2
tailed student’s-t test was used for analyzing other experiments. Asterisk indicates statistical
significance between WT and c-Rel-/- recipients. *P < 0.05.
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