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Current strategies to suppress graft-versus-host disease (GVHD) also compromise graft-versus-tumor (GVT) 
responses. Furthermore, most experimental strategies to separate GVHD and GVT responses merely spare 
GVT function without actually enhancing it. We have previously shown that endogenously expressed TNF-re-
lated apoptosis-inducing ligand (TRAIL) is required for optimal GVT activity against certain malignancies in 
recipients of allogeneic hematopoietic stem cell transplantation (allo-HSCT). In order to model a donor-de-
rived cellular therapy, we genetically engineered T cells to overexpress TRAIL and adoptively transferred 
donor-type unsorted TRAIL+ T cells into mouse models of allo-HSCT. We found that murine TRAIL+ T cells 
induced apoptosis of alloreactive T cells, thereby reducing GVHD in a DR5-dependent manner. Further-
more, murine TRAIL+ T cells mediated enhanced in vitro and in vivo antilymphoma GVT response. More-
over, human TRAIL+ T cells mediated enhanced in vitro cytotoxicity against both human leukemia cell lines 
and against freshly isolated chronic lymphocytic leukemia (CLL) cells. Finally, as a model of off-the-shelf, 
donor-unrestricted antitumor cellular therapy, in vitro–generated TRAIL+ precursor T cells from third-party 
donors also mediated enhanced GVT response in the absence of GVHD. These data indicate that TRAIL-over-
expressing donor T cells could potentially enhance the curative potential of allo-HSCT by increasing GVT 
response and suppressing GVHD.

Introduction
While the safety of clinical allogeneic hematopoietic stem cell 
transplantation (allo-HSCT) has improved significantly in 
recent years, its success is limited by disease relapse and graft-
versus-host-disease (GVHD) (1). Both allo-HSCT and a variety 
of immunotherapeutic strategies have demonstrated that T lym-
phocytes can exert potent antitumor activity. Most genetic engi-
neering strategies have involved directing T cell specificity toward 
tumor-associated antigens using chimeric antigen receptors (2, 3)  
or transgenic T cell receptors (TCRs) (4). These strategies, while 
promising, are limited by requirements for clearly defined 
tumor-associated antigens or epitopes. They may have risks in 
the context of allo-HSCT, potentially by exacerbating GVHD (5) 
or by producing the mispairing of TCRs, leading to neoreactiv-
ity (6). In contrast, currently used strategies to prevent GVHD 
almost uniformly impair T cell function, with deleterious effects 
on graft-versus-tumor (GVT) response.

Among the major cytolytic molecules, TNF-related apopto-
sis-inducing ligand (TRAIL) can induce apoptotic signals in target 
cells expressing TRAIL receptors, which in humans include death 
receptor (DR) 4 and 5 molecules, and in mice include only DR5. 
Expression of DR5 is higher in certain tumors (7, 8); furthermore, 
DR5 expression by tumor cells can be induced by treatment with 

small molecules like proteasome inhibitors (9, 10), rendering them 
susceptible to TRAIL-mediated killing. We have previously demon-
strated that endogenous TRAIL expression in alloreactive T cells 
is an important mediator of GVT effects (11). TRAIL is thus an 
attractive candidate for genetic engineering of donor T cells to 
enhance their antitumor potential. Importantly, in the setting of 
allo-HSCT, TRAIL does not appear to mediate GVHD lethality, 
although we found that TRAIL can contribute to thymic GVHD 
(11, 12). Here, we present our studies of the effects of genetically 
overexpressing TRAIL in allogeneic T cells transferred to murine 
bone marrow transplantation (BMT) recipients. We found that 
these engineered T cells indeed mediated enhanced GVT activity. 
However, to our surprise, these TRAIL+ T cells also ameliorated 
GVHD through the suppression of alloreactive T cells.

Results
TRAIL+  T cells mediate strong GVT effects. To assess the effect of 
constitutive TRAIL expression on donor T cells, we constructed 
the lentiviral vectors pLM-TRAIL-GFP to express murine TRAIL 
with a GFP reporter and, as a control, pLM-GFP (Figure 1A). T 
cells transduced with these vectors are termed TRAIL+ T cells and 
GFP+ T cells, respectively. We determined high transduction effi-
ciencies measured by GFP with both vectors (Figure 1B) and also 
confirmed that murine T cells transduced with our pLM-TRAIL-
GFP vector had increased expression of TRAIL compared with 
cells transduced with control vector (Figure 1C). Expression of 
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TRAIL or GFP did not affect the expression of other cytolytic mol-
ecules, such as perforin, granzyme, or FasL (Supplemental Fig-
ure 1A; supplemental material available online with this article; 
doi:10.1172/JCI66301DS1).

We next sought to determine the effect of TRAIL overexpression 
in T cells on antitumor activity. In vitro, unsorted TRAIL+ T cells 
mediated significantly stronger cytotoxicity against LB27.4 lym-
phoma targets compared with GFP+ T cells (Figure 1D). We also 
evaluated TRAIL+ T cell activity in vivo using the haploidentical 
B6→CBF1 model inoculated with 2 or 1 × 105 cells per recipient 

of LB27.4 lymphoma cells. We found that TRAIL+ T cells (at 0.5 or  
1 × 106 cells per recipient) mediated strong antitumor activity, with 
100% survival of mice inoculated with lymphoma, while mice that 
received control GFP+ T cells succumbed to lymphoma and GVHD 
(Figure 1E and Supplemental Figure 1B). Interestingly, mice that 
received TRAIL+ T cells had tumor-free survival and developed 
minimal signs of GVHD (Supplemental Figure 1C).

We next examined the effects of TRAIL overexpression in a 
clinically relevant model in the absence GVHD by transferring ex 
vivo–generated allogeneic precursor T cells (pre–T cells) in a syn-

Figure 1
TRAIL+ T cells are strong antitumor agents. (A) Representation of pLM-TRAIL-GFP construct: pLM-GFP-2A-TRAIL. (B) Prestimulated B6-de-
rived T cells were transduced and transduction was measured by the expression of GFP. (C) TRAIL overexpression on transduced T cells was 
determined by flow cytometry. (D) TRAIL+ T cells mediate stronger killing against labeled LB27.4 targets in a 51Cr release cytolysis assay. Graphs 
representing 3 independent experiments are shown. (E) Lethally irradiated CBF1 recipients were reconstituted with 5 × 106 cells per recipient 
of WT B6 TCD BM and inoculated with 2.5 × 105 cells per recipient (upper panel) or 1 × 105 cells per recipient of LB27.4 lymphoma cells (lower 
panel). Designated groups were treated with 0.5 × 106 cells per recipient (upper panel) or 1 × 106 cells per recipient (lower panel) of GFP+ or 
TRAIL+ T cells. (F) Transduced allogeneic GFP+ or TRAIL+ pre–T cells adoptively transferred into a syngeneic BMT model. RENCA tumor cells 
were inoculated s.c. 2 weeks after BMT. Tumor volume is expressed in centimeters cubed measured as 1/2 × length × (width)2. Pooled data from 
2 independent experiments are depicted. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. hPGK, human phosphoglycerate kinase promoter; 
pA, “self-cleaving” 2A peptides; WPRE, woodchuck hepatitis posttranscriptional regulatory element.
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geneic transplant. We previously reported that adoptively trans-
ferred pre–T cells, generated ex vivo using the OP9-DL1 coculture 
system, undergo maturation and selection in the recipient thy-
mus and mediate antitumor effects across MHC barriers without 
alloreactivity (13). We adoptively cotransferred GFP+ and TRAIL+ 
B6 pre–T cells into syngeneic BMT recipients (BALB/c→BALB/c), 
where they comparably reconstituted the recipient thymus (Sup-
plemental Figure 2A) and spleen at days 14 and 28 (Supplemental 
Figure 2, B and C). After subcutaneous challenge with a renal cell 
carcinoma cell line (RENCA), syngeneic (BALB/c→BALB/c) BMT 
recipients of TRAIL+ B6 pre–T cells had significantly reduced 
tumor burden, with delayed tumor growth compared with bone 
marrow (BM) alone and GFP+ B6 pre-T cell–treated tumor recip-
ients (Figure 1F). We did not observe GVHD in any of the pre– 
T cell experiments. We conclude that TRAIL overexpression can 
enhance the antitumor activity of both mature and pre–T cells in 
BMT recipients in allogeneic and syngeneic settings.

TRAIL+ T cells suppress GVHD. Having observed that TRAIL+ T cells 
produce a surprisingly mild degree of GVHD, we further investi-
gated this in experiments with transplanted mice in the B6→CBF1 
model in the absence of tumor. We again found that mice receiv-
ing TRAIL+ T cells had significantly reduced GVHD mortality at 
T cell doses of 0.5 × 106 (Figure 2A) and 1 × 106 (Figure 2B). Cor-
responding with improved survival, recipients of TRAIL+ T cells 
also showed significantly reduced GVHD-associated weight loss 
(Supplemental Figure 3, A and B) and lower clinical GVHD scores  
(Figure 2, D and E). We then evaluated TRAIL+ T cells in an addi-
tional MHC-disparate BMT model (B10.BR→B6) and again found 
that TRAIL+ T cells similarly protected BMT recipients from 
GVHD mortality and morbidity (Figure 2, C and F). Histologi-

cally, we found that recipients of TRAIL+ T cells had significantly 
less GVHD in target organs, including liver and small and large 
intestines (Figure 3, A and B). Skin GVHD, measured by apoptotic 
scores, was not significantly increased in allo-BMT recipients of 
TRAIL+ T cells. Thymic GVHD manifests as decreased thymic cel-
lularity and reduced numbers of CD4+CD8+ double-positive (DP) 
T cells (12). Thymic GVHD was also not significantly increased in 
recipients of TRAIL+ T cells compared with GFP+ T cells as shown by 
statistically similar cellularity and DP T cell numbers (Figure 3C).  
Overall, these findings in mice demonstrate that overexpression 
of TRAIL by donor T cells diminishes GVHD morbidity, reduces 
organ damage in the liver and intestines, and improves survival in 
clinically relevant BMT models.

Recent studies have indicated that the endogenous induction of 
TRAIL has suppressive effects on other T cells (14, 15). To inves-
tigate whether TRAIL+ T cells can suppress alloreactive T cells, we 
adoptively transferred luciferase-expressing (Luc+) nontransduced 
T cells at a 1:1 ratio with either GFP+ or TRAIL+ T cells (all B6 back-
ground) into CBF1 allo-BMT recipients and measured the expan-
sion of nontransduced Luc+ T cells after transfer. We found that 
Luc+  T cells underwent alloreactive expansion when cotransferred 
with GFP+ T cells, which was significantly attenuated upon transfer 
with TRAIL+ T cells (Figure 3, D and E). In addition, CBF1 recipi-
ents of B6 BM were adoptively transferred with (a) nontransduced T 
cells, (b) nontransduced T cells and GFP+ T cells, (c) nontransduced 
T cells and TRAIL+ T cells. Recipients of TRAIL+ T cells had signifi-
cantly improved survival compared with either those that received 
nontransduced T cells cotransferred with GFP+ T cells or nontrans-
duced T cells alone (Figure 3F). These findings suggest that TRAIL+ 

T cells suppress GVHD by limiting alloreactive T cell expansion.

Figure 2
Adoptive transfer of TRAIL+ T cells does not cause lethal GVHD. (A, B, D, and E) Lethally irradiated CBF1 recipients were reconstituted with  
5 × 106 cells per recipient of WT B6 TCD BM. Designated groups were treated with (A and D) 0.5 × 106 cells per recipient or (B and E) 1 × 106 cells 
per recipient of B6-derived GFP+ or TRAIL+ T cells. Survival was monitored and clinical GVHD scores were recorded weekly in a blinded fashion. 
(C and F) Lethally irradiated B6 recipients were reconstituted with 5 × 106 cells per recipient of WT B10.BR TCD BM. Designated groups were 
treated with 1 × 106 cells per recipient of B10.BR GFP+ or TRAIL+ T cells. Survival was monitored (A–C) and clinical GVHD scores were recorded 
weekly (D–F) in a blinded fashion. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 3
TRAIL+ T cells suppress GVHD. (A and B) Livers and small and large intestines from B6→CBF1 mice treated with GFP+ or TRAIL+ T cells were 
harvested on day 14 after BMT and skin was harvested on day 21 and scored for GVHD pathology. Representative micrographs are shown (original 
magnification, ×200 for liver, small and large intestines; and ×400 for skin). GVHD scores pooled from 2 independent experiments are shown (n = 8–10 
per group). (C) Thymi from B6→CBF1 mice treated with GFP+ or TRAIL+ T cells were harvested on day 21 after BMT. Total cellularity was obtained from 
counts of live thymocyte suspension and numbers of DP T cells were derived from flow cytometric determination of CD4+CD8+ T cell proportions. Data 
pooled from 2 independent experiments are shown (n = 8–10 per group). (D and E) Lethally irradiated CBF1 recipients were reconstituted with 5 × 106 
cells per recipient of B6 TCD BM. Designated groups were treated with 0.5 × 106 cells per recipient of GFP+ or TRAIL+ T cells mixed with nontransduced 
Luc+ T cells. Bioluminescence imaging of the transplanted mice was performed weekly (D) and flux was measured (E). Animals representative of 1 
experiment (n = 7 per group) and flux pooled from 3 independent experiments are shown. (F) Lethally irradiated CBF1 recipients were reconstituted 
with 5 × 106 cells per recipient of B6 TCD BM. Designated groups were treated with 0.5 × 106 cells per recipient of GFP+ or TRAIL+ T cells mixed with 
nontransduced T cells (n = 10 per group). Survival was monitored daily. *P < 0.05; **P < 0.01; ****P < 0.0001. NS, not significant.
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We next examined whether TRAIL-mediated suppression of 
alloreactive T cell expansion can inhibit antiviral responses. We 
assessed viral burden after lymphocytic choriomeningitis virus 
(LCMV) infection in CBF1 recipients of allografts treated with 
GFP+ or TRAIL+ T cells (Supplemental Figure 3C). Recipients of 
GFP+ or TRAIL+ T cells had statistically similar viral burden, which 
was significantly lower than the viral load of allo-BMT recipients 
without adoptive transfer of T cells. These results indicate that 
TRAIL+ T cells do not significantly impair antiviral responses.

TRAIL receptors are induced on host APCs following radiation. To 
explore the potential mechanisms by which TRAIL+ T cells suppress 
the expansion of alloreactive T cells, we first examined the effects of 
TRAIL+ T cells on host APCs. In mice, TRAIL exerts cytolysis through 
its receptor, DR5, which has been reported to be upregulated after 
irradiation (16). We indeed found increased expression of DR5 
transcripts in lymphoid organs, liver, and intestine within 4 hours 
after irradiation (Figure 4A) and significantly increased DR5 cell 
surface expression by splenic APCs, including DCs, macrophages, 
and B cells within 1 to 4 days after irradiation (Figure 4B). To assess 
whether negative regulation by TRAIL+ T cells interacting with DR5+ 

host APCs contributed to the suppression of GVHD, we performed 
experiments with B10.BR TRAIL+ T cells in B6 DR5 KO or B6 WT 
recipients (Figure 4, C and D). DR5 KO recipients had significantly 
increased GVHD morbidity and somewhat greater GVHD mortality, 
although this did not reach statistical significance. Taken together, 
our results demonstrate that DR5 expression is upregulated in host 
tissues following irradiation, and that host DR5 expression plays a 
role in the suppressive effect of TRAIL+ T cells on GVHD.

Fratricidal TRAIL+ T cells suppress GVHD. We next investigated 
whether TRAIL+ T cells suppressed GVHD by directly inhibiting 
other alloreactive donor T cells. Since naive human T cells express 
DR5 on their surface following activation (17), we assessed DR5 
expression on alloactivated murine T cells. Four days after adoptive 
transfer into lethally irradiated CBF1 recipients, the CD25hi alloac-
tivated donor T cells expressed significantly higher levels of cell sur-
face DR5 than the CD25lo T cells (Figure 5A). CD4+  T cells in par-

ticular expressed significantly higher levels of DR5, with a similar 
trend in donor CD8+ T cells. Since activation of DR5 can induce cell 
death, we next studied whether TRAIL+  T cells could cause fratri-
cide of alloactivated T cells. We found that TRAIL+ T cells mediated 
significantly enhanced cytotoxicity against activated T cells in vitro 
compared with GFP+ T cell controls (Figure 5B). To investigate the 
role of DR5 signaling in the suppression of alloreactive T cells by 
TRAIL+ T in vivo, we adoptively transferred donor B6 WT TRAIL+  

T cells or DR5 KO TRAIL+ T cells into our B6→CF1 haploidentical 
model. DR5 KO TRAIL+ T cells, which are impervious to TRAIL-
mediated fratricide, caused significantly greater GVHD mortality 
and morbidity compared with B6 WT TRAIL+ T cells (Figure 5C).  
Similar GVHD mortality and morbidity were observed in groups 
treated with DR5 KO TRAIL+ T and DR5 KO GFP+ T cells  
(Figure 5D). Together these findings suggest that TRAIL+ T cells 
can suppress GVHD by fratricide of alloactivated T cells.

TRAIL+ human T cells can eliminate tumors and alloreactive T cells. 
Given our promising findings in murine BMT models, we inves-
tigated the antitumor and alloactivated T cell–killing potential of 
human T (huT) cells engineered to express TRAIL. We designed 
a human (hu)TRAIL-expressing retroviral vector, SFG-huTRAIL-
IRES-GFP, and its control, SFG-CBRLuc-IRES-GFP (Figure 6A). We 
observed efficient transduction of activated huT cells by the expres-
sion of GFP using flow cytometry (Figure 6B). We then evaluated 
the ability of TRAIL+  huT cells to mediate cytotoxicity. TRAIL+ huT 
cells mediated significantly stronger killing of the human erythro-
leukemia cell line K562 than did GFP+ huT cells (Figure 6C). We 
then further tested the antitumor potential of TRAIL+ huT cells 
against PBMCs obtained from 2 chronic lymphocytic leukemia 
(CLL) patients. Fifty-six percent of PBMCs from patient CLL-1 and 
60% of PBMCs from patient CLL-2 were CD19+CD5+ cells (puta-
tive malignant cells) and had high expression of huTRAIL receptors 
DR4 and DR5 (Supplemental Figure 4). TRAIL+ huT cells medi-
ated stronger cytolytic activity against PBMCs obtained from the 
2 CLL patients compared with the GFP+ huT cells, demonstrating 
enhanced antitumor effects against primary tumors (Figure 6, D 

Figure 4
TRAIL+ T cells can eliminate residual 
host APCs. (A) Tissues from lethally 
irradiated CBF1 mice were harvested 
at designated time points and qPCR 
was performed for DR5. (B) DR5 
was assessed by flow cytometry on 
splenocytes gated on CD11c+ DCs, 
CD11b+ macrophages, and B220+ 
B cells. Representative data from 2 
independent experiments are shown 
(n = 3 per group). *P < 0.05. (C and D)  
Lethally irradiated WT or DR5 KO 
B6 recipients were reconstituted with  
5 × 106 cells per recipient of WT B10.
BR TCD BM. Designated groups 
were treated with 1 × 106 cells per 
recipient of B10.BR TRAIL+ T cells. 
Survival was monitored (C) and clin-
ical GVHD scores were recorded 
weekly (D) in a blinded fashion. 
Graph representative of 2 indepen-
dent experiments is shown. *P < 0.05;  
***P < 0.001; ****P < 0.0001. mLN, 
mesenteric lymph node.
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and E). As we had observed in our murine models, TRAIL+ huT cells 
also mediated significantly enhanced cytotoxicity against activated 
huT cells (Figure 6F). Altogether, these data show that TRAIL over-
expression in huT cells can enhance cytolysis of both tumor cells 
and activated T cells, similar to our findings in murine models.

Discussion
TRAIL is a potent inducer of apoptosis through either the DR4 or 
DR5 receptors (18). These receptors are often expressed on cells 
upon malignant transformation. Systemic administration of recom-
binant TRAIL has had limited success in clinical trials, possibly due 
to the rapid clearance of recombinant TRAIL protein, as well as the 
presence of decoy receptors (19). The relative absence of toxicities 
observed in trials of TRAIL therapies, however, argues that TRAIL 
remains a safe therapeutic option for cancer immunotherapy.

We genetically engineered T cells with a TRAIL overexpression 
vector and found that murine and human TRAIL+ T cells can cause 

strong antitumor effects in vitro and in vivo. Antitumor activity medi-
ated by TRAIL+ T cells is antigen independent and directed against 
malignant cells expressing the TRAIL receptors. While this strategy 
could easily be applied in syngeneic settings for tumor immunother-
apy, we focused on using TRAIL-overexpressing T cells across MHC 
barriers to increase the feasibility and abundance of T cell availability. 
We used donor-derived T cells in the context of allogeneic BMT and 
demonstrated strong antitumor response across MHC barriers. In this 
setting, TRAIL+ T cells have an added benefit of suppressing GVHD, 
leading to improved outcomes. In an additional clinically applicable 
strategy, the adoptive transfer of allogeneic ex vivo–generated pre–T 
cells expressing TRAIL mediated significant antitumor activity in syn-
geneic BMT recipients. The development and persistence of GFP+ and 
TRAIL+ B6 pre-T–derived T cells indicate a relative tolerance toward 
the adoptively transferred allogeneic pre–T cells, consistent with our 
previous studies (13). TRAIL+ pre–T cells can therefore be used as an 
“off-the-shelf” cell therapy in allogeneic and autologous settings.

Figure 5
Adoptive transfer of TRAIL+ T cells leads to suppression of alloactivated T cells. (A) Purified T cells from B6 mice were injected into lethally irradiated 
CBF1 hosts. Single-cell suspension of splenocytes was analyzed by flow cytometry on day 4. DR5 MFI in CD25hi and CD25lo cells was analyzed 
in total donor T cells, CD4+ T cells, and CD8+ T cells. Representative data (n = 4 per group) from 2 independent experiments are shown. (B) Acti-
vated B6 T cells were used as targets of GFP+ and TRAIL+ T cells in a CTL assay. Graph representative of 2 independent experiments is shown.  
(C and D) Lethally irradiated CBF1 recipients were reconstituted with 5 × 106 cells per recipient of WT B6 TCD BM and 1 × 106 cells per recipient of 
B6 WT or DR5 KO B6 TRAIL+ T cells. Survival was monitored (C) and clinical GVHD scores were recorded weekly (D) in a blinded fashion. Graph 
representative of 2 independent experiments is shown. *P < 0.05; **P < 0.01; ***P < 0.001.
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TRAIL+ T cells were also found to suppress GVHD. We found 
a marked improvement in GVHD survival with reduced clinical 
and pathological scores with a variety of T cell doses in 2 different 
GVHD models. Mechanistically, TRAIL+ T cells appear to inhibit 
the proliferation of other alloreactive T cells. While a body of evi-
dence suggests a role for the TRAIL/DR5 pathway in immune reg-
ulation (15, 20), its physiological role in suppressing GVHD has 
not been clear (11). We found that TRAIL receptor DR5 expression 
is induced in APCs postirradiation and that GVHD suppression 
by TRAIL+ T cells is less effective in DR5 KO recipients, suggesting 
that DR5 expression (possibly on host APCs) could play a role in 
GVHD suppression by TRAIL+ T cells. In addition, we found that 
TRAIL-mediated suppression of GVHD was critically dependent 
on the elimination of other alloactivated T cells expressing DR5. 
The GVHD potential of DR5 KO TRAIL+ T cells was similar to 
DR5 KO GFP+ T cells, further suggesting that TRAIL+ T cells sup-
press GVHD by directly inducing apoptosis of alloreactive T cells.

Considering that TRAIL+ T cells suppress alloreactive expansion 
independent of antigen specificity, it is possible that TRAIL+ T cells 
can suppress T cells activated by pathogens. In fact, Brenden et al. 
showed that TRAIL can be involved in the elimination of antiviral 
effector T cells (21). However, in our experiments with LCMV infec-
tion, we did not find significant suppression of antiviral immunity 
by T cells. This could be due to increased cytotoxicity of TRAIL-over-
expressing T cells, as previously shown in an influenza model (22).

We have previously shown that the TRAIL/DR5 pathway is 
required for thymic GVHD mediated by alloreactive T cells (12). In 
this study, we thus evaluated whether TRAIL overexpression could 
result in aggravated thymic GVHD, but did not find evidence for 
this. One possible explanation is that physiological expression of 
TRAIL by alloactivated T cells develops with the coexpression of 

other cytolytic ligands, and isolated overexpression of TRAIL may 
not be adequate to exacerbate thymic GVHD without the contribu-
tion of multiple other cytolytic mediators downstream of the allore-
active activation known to play roles in GVHD and GVT activity (23).

In summary, we demonstrate that overexpression of TRAIL by 
murine or human T cells enhances tumor killing while simultane-
ously having the unexpected benefit of reducing GVHD through 
fratricide of alloactivated T cells (and possibly eliminating host 
APCs). Genetic engineering to induce constitutive TRAIL expres-
sion on allogeneic T cells therefore represents a uniquely promis-
ing strategy to enhance GVT without a requirement for antigen 
specificity, while actively reducing GVHD.

Methods
Lentiviral vectors and mouse T cell transduction. Murine TRAIL (mTRAIL) 
cDNA was obtained from activated T cells and cloned into the lentiviral 
construct pLM-GFP-2A (pLM-GFP) to create pLM-GFP-2A-TRAIL (pLM-
TRAIL-GFP). Lentiviral vectors were produced by tripartite transfection 
of 293T cells with transfer genes (control pLM-GFP or pLM-TRAIL-GFP), 
pCMVΔR8.92, and pUCMD.G53 using TransIT-293 (Mirus Bio). Concen-
trated lentiviral vector supernatants were used for transductions.

Mouse T cells were transduced as described previously (24). Briefly, 
T cells derived from splenocytes were stimulated with Concanavalin 
A (Sigma-Aldrich) in the presence of IL-7 and IL-2 (Miltenyi Biotec). 
Concentrated lentiviral supernatants containing vectors for control 
GFP and TRAIL GFP were used to transduce T cells to obtain GFP+ and 
TRAIL+ T cells, respectively.

Generation of pre–T cells. GFP+ and TRAIL+ pre–T cells were generated ex 
vivo for adoptive transfer (25). Lin–Sca+Kithi (LSK) cells were obtained from 
donor BM and prestimulated with SCF, TPO, IL-3, IL-6 (R&D Systems), 
and Flt3L (Miltenyi Biotec). The prestimulated cells were then transduced 

Figure 6
Genetically engineered TRAIL+ huT cells have increased GVT potential and can suppress activated T cells. (A) Representation of SFG-huTRAIL-
GFP construct: SFG-huTRAIL-IRES-GFP. SFG-CBRLuc-IRES-GFP was used as a GFP control. (B) Prestimulated huT cells were transduced 
and transduction was measured by the expression of GFP. (C–E) 51Cr release assays comparing tumor cytolysis between GFP+ and TRAIL+ huT 
cells against the (C) K562 cell line and PBMCs derived from CLL patients (D) CLL-1 and (E) CLL-2. (F) 51Cr release assay comparing cytolysis 
mediated by GFP+ and TRAIL+ huT cells against activated T cells. Representative graphs of at least 3 assays are shown. *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001. IRES, internal ribosome entry site.
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vival was monitored daily and animals found dead were necropsied to 
determine the presence or absence of tumor. RENCA (H2d) cells were s.c. 
inoculated in recipients 14 days after BMT. Tumors were measured with 
calipers and the volumes are expressed in centimeters cubed measured as 
1/2 × length × (width)2.

Flow cytometry. Flow cytometric analyses of cells were performed with 
fluorochrome-labeled antibodies (all antibodies were purchased from BD 
Biosciences and eBioscience) or TRAIL-R2-FcIg fusion protein (Alexis 
Biochemicals) and used as described previously (11). The cells were 
acquired on an LSR II flow cytometer (BD Biosciences) and analyzed with 
FlowJo software (Tree Star).

LCMV challenge. On day 14 after BMT, mice were challenged i.p. with 
2 × 105 LCMV Armstrong PFUs. Splenocytes were harvested 8 days after 
challenge and weighed. PFU assays were performed as previously described 
(30). The plaques were read the next day.

In vivo bioluminescence imaging. T cells from luciferase-expressing mice (a 
gift from Robert Negrin, Stanford University, Palo Alto, California, USA) 
were admixed with TRAIL+ or GFP+ T cells and visualized using in vivo 
bioluminescence imaging systems (Caliper Life Sciences) (31). The bio-
luminescent flux was analyzed using Living Image software, version 4.3 
(Caliper Life Sciences).

Quantitative PCR. Tissue was harvested, mRNA was extracted, and cDNA 
were prepared at the Memorial Sloan-Kettering Cancer Center Genomics 
Core Facility. Quantitative real-time PCR (qRT-PCR) was performed for 
DR5 expression using a Taqman assay according to the manufacturer’s 
protocols (Applied Biosystems).

Statistics. Calculations were performed using Excel (Microsoft) and 
graphed using Prism V5.0 software (GraphPad Software). Survival curves 
were analyzed with a Mantel-Cox test, and other comparisons were made 
using a Mann-Whitney U test or 2-way ANOVA. Data represent the means 
± SEM. P values less than 0.05 were considered statistically significant.

Study approval. All animal protocols were approved by the IACUC of Memo-
rial Sloan-Kettering Cancer Center. We used samples from 2 CLL patients 
and volunteers who provided signed, informed consent to have their samples 
used for research purposes, in accordance with the Declaration of Helsinki 
and approved by the IRB of Memorial Sloan-Kettering Cancer Center.
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with concentrated lentiviral supernatants. Pre–T cells were generated from 
the transduced LSK cells by coculturing with OP9-DL1 cells in the pres-
ence of IL-7 and FLT3-L (Miltenyi Biotec).

Mice, syngeneic, and allo-BMT. C57BL6 (B6-H2b), BALB/c (H2d) CBF1 
([BALB/c × B6]F1), B10.BR (H2k), and B6-expressing congeneic marker 
Ly5.1 (B6-Ly5.1-H2b) were obtained from The Jackson Laboratory (11). 
DR5 KO (B6 strain) mice and their littermate control mouse colonies were 
set up from cryopreserved spermatozoa (MMRRC-NIH) (16). Animals were 
housed in the Memorial Sloan-Kettering Cancer Center–specific pathogen-
free barrier facilities. For syngeneic BMT, lethally irradiated mice (850 cGy; 
BALB/c) were reconstituted with lineage-depleted BALB/c BM. For allo-
BMT, we used a haploidentical B6→CBF1 model or complete MHC-mis-
matched B10.BR→B6 combinations. Lethally irradiated (1,300 cGy for 
CBF1; 1,100 cGy for B6; and 850 cGy for BALB/c) mice were reconstituted 
with 5 × 106 cells per recipient of B6 WT T cell–depleted donor BM (TCD BM)  
as described previously (11, 25, 26).

Retroviral vectors and huT cell transduction. In the TRAIL-expressing vector 
hTRAIL, cDNA (pORF-hTRAIL; InvivoGen) was placed under the con-
trol of the retroviral long terminal repeat (LTR) promoter followed by the 
IRES-GFP sequence. The final vector was labeled SFG-huTRAIL-IRES-
GFP. The click beetle red luciferase encoding the SFG-CBRLuc-IRES-GFP 
retroviral vector was used as a GFP positive control vector (27). The PG13 
viral producer cell line was transduced with the vectors mentioned above 
and selected based on GFP expression.

T cells from consenting healthy volunteers were isolated from buffy coat 
(New York Blood Center) using the density gradient separation method. 
Forty-eight hours after stimulation with phytohemagglutinin (2 μg/ml; 
Fisher Scientific), T cells were transduced using GALV-pseudotyped ret-
roviral particles obtained from transduced PG13 cells, as described previ-
ously (27), in the presence of human recombinant (hr)IL-2 (20 U/ml; R&D 
Systems). During T cell expansion, the medium was supplemented with 
hrIL-15 at a concentration of 10 ng/ml (R&D Systems).

Cell lines and in vitro cytotoxicity assays. The cell lines K562, LB27.4, and 
RENCA have been described (11, 28). In vitro cytotoxicity assays were per-
formed by measuring chromium-51 (51Cr) release from labeled target cells 
as described previously (11). In some experiments, activated murine T cells 
were generated by incubating splenic T cells in wells coated with anti-CD3 
and anti-CD28 in the presence of IL-2 and IL-7 for 24 hours before the 
assay. For activated human T cells, T cells derived from buffy coat were 
stimulated for 48 hours in the presence of hrIL-2 and hrIL15.

Primary CLL cells. PBMCs from the CLL patients (CLL-1 and CLL-2) were 
isolated using density gradient separation (Ficoll-Paque PLUS; GE Health-
care). No further manipulation was performed. PBMCs were pelleted and 
resuspended in freezing medium composed of 90% FBS (Omega Scientific) 
plus 10% DMSO (Sigma-Aldrich), then frozen and stored in liquid nitro-
gen. The cells were thawed and then washed thrice prior to use.

GVHD and GVT. To model GVHD, GFP+ or TRAIL+ T cells were adoptively 
transferred into allo-BMT recipients as described above. In some experiments 
MACS-purified (Miltenyi Biotec) splenic T cells were admixed with the trans-
duced T cells at a 1:1 ratio and adoptively transferred. All BMT recipients were 
monitored daily for survival and scored weekly on a 10-point scale in a blinded 
fashion for signs of clinical GVHD (11, 29). Animals that scored greater than 
5 were immediately euthanized. For histopathological assessment of GVHD, 
liver, small intestine, and large intestine were harvested 14 days after BMT, and 
skin was harvested 21 days after BMT. The organs were formalin preserved, 
paraffin embedded, sectioned, and stained with H&E. Blinded scoring was per-
formed at Massachusetts General Hospital (Boston, Massachusetts, USA), and 
University of Florida (Gainesville, Florida, USA), as previously described (29).

To study GVT effects, LB27.4 (H2b/d) lymphoma cells were i.v. inocu-
lated separately at the time of allo-BMT and adoptive transfer (11). Sur-
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