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Depleting	host	immune	elements	with	nonmyeloablative	regimens	prior	to	the	adoptive	transfer	of	tumor-
specific	CD8+	T	cells	significantly	enhances	tumor	treatment.	In	the	current	study,	superior	antitumor	efficacy	
was	achieved	by	further	increasing	the	intensity	of	lymphodepletion	to	a	level	that	required	HSC	transplan-
tation.	Surprisingly,	the	HSC	transplant	and	not	the	increased	lymphodepletion	caused	a	robust	expansion	
of	adoptively	transferred	tumor-specific	CD8+	T	cells.	The	HSC-driven	cell	expansion	of	effector,	but	not	of	
naive,	CD8+	T	cells	was	independent	of in	vivo	restimulation	by	MHC	class	I–expressing	APCs.	Simultaneously,	
HSCs	also	facilitated	the	reconstitution	of	the	host	lymphoid	compartment,	including	inhibitory	elements,	
not	merely	via	the	production	of	progeny	cells	but	by	enhancing	the	expansion	of	cells	that	had	survived	lym-
phodepletion.	Profound	lymphodepletion,	by	myeloablation	or	by	genetic	means,	focused	the	nonspecific	
HSC	boost	preferentially	toward	the	transferred	tumor-specific	T	cells,	leading	to	successful	tumor	treatment.	
These	findings	indicate	that	CD8+	T	cell–mediated	tumor	responses	can	be	efficiently	driven	by	HSCs	in	the	
myeloablative	setting	and	have	substantial	implications	for	the	design	of	new	antitumor	immunotherapies.

Introduction
The adoptive cell transfer (ACT) of ex vivo activated autologous 
tumor-reactive T cells is currently one of the most promising 
approaches for the treatment of patients with advanced mela-
noma (1–3). Immunization with therapeutic cancer vaccines can 
substantially increase the number of circulating tumor-reactive 
CD8+ CTLs and trigger tumor reduction in some cases, but nei-
ther the numbers nor the functions of these cells correlate with 
objective clinical responses (4). These findings may indicate that 
the T cells induced by vaccination are functionally tolerized. The 
growth of tumor-reactive T cells ex vivo, unencumbered by the 
mechanisms that enforce functional tolerance in vivo, enables 
these self/tumor antigen–specific cells to become fully activated 
(5, 6). The ex vivo preparation of tumor-specific T cells for adop-
tive transfer also makes it possible to deplete host lymphocytes 
prior to the administration of antitumor T cells. Lymphodeple-
tion prior to the transfer of tumor-reactive CD8+ T cells has been 
shown to enhance tumor destruction in mice (7–10). When these 
findings were translated to human trials, 51% of the patients 
experienced an objective response (11). In the setting of adoptive 
transfer for the treatment of solid tumors, the current lymphode-
pleting regimens are termed “nonmyeloablative” because they 
transiently deplete lymphocytes and do not lethally damage the 
host bone marrow and thus do not require HSC transfer (9, 12).

A lymphopenic environment can be induced by depleting 
endogenous immune cells via total body irradiation (TBI) or che-
motherapy. The numbers of endogenous lymphocytes are tightly 
regulated by the host, and destruction of lymphocytes triggers the 

homeostatic correction of the size of the lymphocyte compart-
ment (13, 14). CD8+ T cells that are expanding into a lymphope-
nic environment acquire a memory-like phenotype and express 
high levels of CD44, Ly6C, and CD122 (15, 16). Lymphocyte 
activation after immunodepletion is also seen in the setting of 
adoptively transferred T cells, where this activation is due, in part, 
to the increased availability of homeostatic cytokines that result 
from the removal of endogenous host cells acting as competi-
tors for these cytokines (9). The specific homeostatic cytokines 
that play major roles include IL-7 and IL-15, cytokines that uti-
lize the common γ chain receptor (γC) (14). Decreases in levels of 
host inhibitory elements, such as CD4+CD25+Foxp3+ Tregs, also 
facilitate the activation of adoptively transferred T cells (17, 18). 
Evidence for the increased activation of adoptively transferred T 
cells into immunodepleted hosts includes results of ex vivo analy-
ses of IFN-γ release and tumor cytolysis and in vivo measurement 
of tumor destruction (9, 15, 16). The signal strength required to 
trigger proliferation and activation is considerably reduced, and 
low-affinity antigens such as self antigens and tumor antigens 
become sufficient triggering signals (16, 19, 20).

Although ACT is a promising approach for the treatment of 
advanced melanoma patients, there is substantial opportunity 
for improvement (1, 21). Since nonmyeloablative lymphodeple-
tion prior to ACT has been shown to improve tumor treatment 
outcome in mice and humans, we sought to explore whether we 
could significantly augment tumor destruction by increasing the 
intensity of lymphodepletion beyond the level currently used in 
ACT clinical trials. We employed the pmel-1 TCR-Tg mouse model 
wherein CD8+ T cells recognize the mouse gp100 tumor antigen, 
as this antigen is often a target in human clinical trials (6). As a 
tumor model, we treated established B16 tumors, which express 
the gp100 melanoma antigen. Prior to the adoptive transfer of 
pmel-1 CD8+ T cells, the intensity of the lymphodepletion used 
to precondition the host was increased to a level that required an 

Nonstandard	abbreviations	used: ACT, adoptive cell transfer; β2m, β2-microglobu-
lin; MSC, myeloid suppressor cell; NT, no treatment; rhIL-2, recombinant human IL-
2; TBI, total body irradiation; TIL, tumor-infiltrating lymphocyte.
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HSC (lin–/c-kit+) transplant to rescue the mice from lethality. We 
found that increasing the intensity of lymphodepletion can result 
in enhanced tumor destruction, a result that has major implica-
tions for the design of current ACT-based immunotherapies. 
Transplantation of HSCs, as part of the myeloablative regimen, 
significantly enhanced the expansion and the antitumor impact 
of adoptively transferred self/tumor antigen–reactive T cells. Based 
upon this central observation, we investigated the requirements of 
HSC-driven lymphocyte expansion.

Results
Myeloablative TBI with HSC transplant significantly enhances adoptive 
T cell therapy. We have previously reported that a nonmyeloabla-
tive conditioning regimen delivered prior to the adoptive transfer 
of antitumor T cells and IL-2 results in a 51% objective response 
in patients with metastatic melanoma (12). We hypothesized 
that the efficiency of adoptively transferred CD8+ T cells would 
be enhanced by increasing the intensity of immunodepletion. To 
maximize lymphopenia, B16 tumor–bearing mice received a mye-
loablative dose of TBI (9 Gy) accompanied by a transplantation of 
105 lin–/c-kit+ syngeneic HSCs. Adoptive transfer of preactivated 
transgenic pmel-1 CD8+ T cells mediated tumor regression that 
was strikingly better after a myeloablative preparative regimen  
(9 Gy) than after a preparative regimen that spared the bone mar-
row (5 Gy) (P = 0.0036, 5 Gy versus 9 Gy; Figure 1A).

Proliferation of transferred CD8+ T cells into a myeloablated host is driven 
by the HSC transplant. To evaluate the mechanism accounting for 
increased tumor treatment in mice receiving ACT after TBI and HSC 
transplant, the persistence of transferred pmel-1 CD8+ T cells in vivo 
was assessed. The numbers of pmel-1 CD8+ T cells recovered from 

the spleens of mice receiving the 9 Gy  
plus HSCs regimen were greater than 
those found in mice receiving 5 Gy 
(Figure 1B). We hypothesized that 
increasing the intensity of lymphode-
pletion would enhance the expan-
sion of the adoptively transferred T 
cells by the more complete elimina-
tion of regulatory host elements and 
cytokine sinks. However, the mere 
reduction in the levels of regulatory 
host elements and cytokine sinks 
was not sufficient to increase T cell 
proliferation (Figure 1B). Instead, it 
appeared that the HSC transplant, 
rather than the increased ablation 
per se, was driving the expansion of 
the adoptively transferred pmel-1  
CD8+ T cells (Figure 1B). We also 
observed that elevated serum levels 
of IL-7 and IL-15, key regulators of 
homeostatic CD8+ T cells expansion, 
were only measurable when HSCs 
were administered in the myeloabla-
tive setting. Increased cytokine levels 
were transient, peaking 5 days after 
the HSC transplant in myeloablated 
animals (Figure 1C). Given our find-
ing that the augmented prolifera-
tion of adoptively transferred pmel-1 

CD8+ T cells was driven not by a more intense lymphodepletion but 
by the activities of the HSCs after the 9-Gy regimen, we sought to 
further analyze the requirements for this proliferation.

HSC-driven T cell proliferation and tumor response are not affected 
by the activation state of transferred T cells. In our previous work, the 
antitumor effectiveness of tumor-specific pmel-1 CD8+ T cells was 
dependent on stimulation with cognate antigen in vivo, regardless 
of whether the pmel-1 CD8+ T cells were naive or activated prior 
to their adoptive transfer (6, 22, 23). While lymphodepletion with 
a nonmyeloablating (5-Gy) regimen prior to ACT improved the 
efficacy of tumor treatment, antigen stimulation in vivo by a vac-
cine remained an absolute requirement for tumor treatment (9). 
However, vaccine was not necessary in order to induce significant 
tumor treatment when we transferred pmel-1 CD8+ T cells into 
mice receiving a more intensive preparative regimen (9 Gy TBI) 
that were reconstituted with an HSC transplant (Supplemental 
Figure 1; supplemental material available online with this article; 
doi:10.1172/JCI30414DS1). It appeared that adoptively trans-
ferred pmel-1 CD8+ T cells that had been preactivated in vitro 
became functionally activated in the absence of antigen-specific 
vaccination in myeloablated animals. Because the experiments 
represented in Figure 1 employed CD8+ pmel-1 CD8+ T cells that 
had been stimulated with antigen prior to their adoptive transfer, 
it remained unclear whether preactivation in vitro was required for 
HSC-driven expansion. Thus, we evaluated the proliferation and 
the antitumor efficacy of pmel-1 CD8+ T cells that were naive or 
preactivated in vitro. In nonmyeloablated (5 Gy) control mice, little 
proliferation of naive or effector pmel-1 CD8+ T cells was observed 
(Figure 2A, left panel). In contrast, significant proliferation was 
seen in myeloablated hosts when pmel-1 CD8+ T cells were trans-

Figure 1
Myeloablative TBI (9 Gy) with HSC transplant significantly enhances ACT and drives T cell expan-
sion. (A) Increasing a nonmyeloablative regimen to a myeloablative one augmented ACT-mediated 
tumor treatment. C57BL/6 tumor-bearing mice were irradiated with 5 Gy or 9 Gy and received an HSC 
transplant (HSC); were left untreated as a control (NT); or received transfer of 1 × 106 effector pmel-1 
CD8+ T cells and rhIL-2 (PI). Tumor treatment efficacy was strongly improved in myeloablated mice  
(P = 0.0036; 5 Gy PI versus 9 Gy PI HSC). Results for tumor area are the mean of measurements from 
6 mice per group (±SEM). Data are representative of 3 independent experiments. (B) HSC transplant 
drives the proliferation of transferred pmel-1 CD8+ T cells in a myeloablated host. Cultured gene-
marked (Thy1.1+) pmel-1 CD8+ T cells (1 × 106) were transferred with rhIL-2 into a nonmyeloablated 
or myeloablated host with or without an HSC transplant. At indicated days, the absolute numbers of 
adoptively transferred CD8+ T cells in the spleen of tumor-bearing mice were analyzed. Data shown 
represent 3 mice pooled per group. The experiment was performed 3 times, with similar results. (C) 
Increased serum levels of IL-7 and IL-15 were measured on day 5 after the HSC transplant in C57BL/6 
mice by LINCOplex analysis. Data represent 3 mice pooled per group per time point. The experiment 
was performed twice, with similar results.
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ferred independently of the in vitro preactivation (Figure 2A, right 
panel). In the nonmyeloablated (5 Gy) host, neither in vitro stim-
ulated nor naive pmel-1 CD8+ T cells induced significant tumor 
treatment (Figure 2B, left panel). However, both naive and effector 
pmel-1 CD8+ T cells mediated tumor treatment with comparable 
effectiveness in the myeloablative setting (9 Gy/HSC: P = 0.0003, 
no treatment [NT] versus treatment with naive pmel CD8+ T cells 
and recombinant human IL-2 [rhIL-2] [PI]; 9 Gy/HSC: P = 0.0002, 
NT versus effector PI; 9 Gy/HSC: P = 0.76, naive versus effector 
PI; Figure 2B). This indicated that pmel-1 CD8+ T cells did not 
require in vitro preactivation to reach their full antitumor capacity 
in the myeloablated setting. It is important to note that complete 
cures were not always observed. Even in the treatment groups in 
the 9 Gy/HSC setting, the tumor eventually grew. In addition to 
the intensity of lymphodepletion, the number of cells as well as 
their differentiation stage significantly impact the tumor treat-
ment capacity of adoptively transferred T cells (22).

HSC-driven pmel-1 CD8+ T cell expansion requires in vitro or in vivo TCR 
engagement. The antitumor activity of pmel-1 CD8+ T cells in non-
myeloablated mice was absolutely dependent on vaccine-induced 

antigen presentation through MHC class I–express-
ing APCs (22). However, as shown above (Figure 1), in 
myeloablated mice, ACT mediated tumor destruction 
in the absence of in vivo vaccination, even when naive 
pmel-1 CD8+ T cells were transferred. Because the anti-
tumor reactivity was vaccine independent, we evaluated 
whether the expression of host MHC class I by endog-
enous host cells, HSCs, or their progeny APCs was 
required. We tested this question in mice that lack β2-
microglobulin (β2m) and are virtually devoid of func-
tional MHC class I (24). Transgenic in vitro activated 
pmel-1 CD8+ T cells were transferred into 9 Gy–irradi-
ated β2m-deficient hosts that had been reconstituted 
with HSCs derived from WT or β2m-deficient donors. 
The expansion of in vitro activated antitumor T cells 
was robust in the presence or absence of β2m (Figure 3A,  
left panel). Most importantly, significant tumor treat-
ment was observed in HSC-transplanted, myeloablated 
hosts in the absence of β2m (Figure 3A, right panel;  
9 Gy in β2m–/– mice: P = 0.001, NT versus effector PI). 
This tumor treatment efficacy was comparable to that 
seen in myeloablated WT mice that received an HSC 
transplant (Figure 3A, right panel; 9 Gy effector PI:  
P = 0.9, WT versus β2m–/–).

We next tested the in vivo activities of naive CD8+ 
T cells compared with antigen-experienced effector 
CD8+ T cells in myeloablated mice lacking β2m expres-
sion transplanted with β2m–/– HSCs (Figure 3B). In 
sharp contrast to the functional activities of preacti-
vated effector cells adoptively transferred into hosts 
lacking β2m (Figure 3A), adoptively transferred naive 
pmel-1 CD8+ T cells did not proliferate (Figure 3B, left 
panel) and did not mediate a measurable therapeutic 
impact in the tumor-bearing setting (Figure 3B, right 
panel; P = 0.96, NT versus naive PI). Thus, while acti-
vated cells can proliferate and destroy tumor in the 
absence of host β2m expression, naive cell proliferation 
and function were dependent on the expression of β2m 
by the host. This result showed that the HSC-driven 
proliferation and antitumor function required MHC 

class I–dependent TCR triggering of the transferred pmel-1 CD8+ 
T cells and that TCR triggering of pmel-1 CD8+ T cells could be 
accomplished either in vivo or in vitro.

HSCs drive pmel-1 CD8+ T cell expansion but not tumor response in 
nonmyeloablated mice. HSC-driven proliferation of pmel-1 CD8+ T 
cells was observed after 9 Gy TBI, in which case these HSCs were 
required for host survival after myeloablation (Figure 1B), but it 
was unclear whether HSCs would drive the expansion of CD8+ 
T cells when they were given after a nonmyeloablative prepara-
tive regimen, where they were not required to rescue mice from 
lethality. HSCs were transplanted after 5 Gy TBI, and levels of 
transferred pmel-1 transgenic T cells in the spleen were analyzed. 
HSCs increased the proliferation of pmel-1 CD8+ T cells in the 
nonmyeloablative (5-Gy) setting (Figure 4A). This proliferation 
was equivalent to that seen in mice receiving an HSC transplant 
after 9 Gy TBI. The kinetics of HSC-driven pmel-1 CD8+ T cell 
expansions were similar to those seen in the 9-Gy TBI setting. 
These results were seen reproducibly upon analysis of individual 
mice (Figure 4B; P = 0.02, 5 Gy versus 5 Gy/HSC; P = 0.0009, 9 Gy 
versus 9 Gy/HSC; P = 0.24, 5 Gy/HSC versus 9 Gy/HSC). Surpris-

Figure 2
HSCs drive the proliferation and antitumor activity of naive and effector pmel-1 
CD8+ T cells in mice treated with a myeloablative preparative regimen and an 
HSC transplant. (A) The expansion of naive and effector pmel-1 CD8+ T cells is 
comparable in myeloablated hosts with HSC transplant. Gene-marked (Thy1.1+) 
naive or effector pmel-1 CD8+ T cells (1 × 106) were adoptively transferred with 
rhIL-2 into a nonmyeloablated host (left panel) or a myeloablated host receiving 
an HSC transplant (right panel). The absolute numbers of pmel-1 CD8+ T cells in 
the spleens of treated animals were enumerated on the days indicated. Spleens of 
3 mice per group were pooled at each time point. This experiment was performed 
3 times, with similar results. (B) Naive and effector pmel-1 CD8+ T cells elicit a 
similar tumor treatment in myeloablated hosts with HSC transplant. Naive or effec-
tor pmel-1 CD8+ T cells (1 × 106) were transferred with rhIL-2 in nonmyeloablated 
(left panel) or myeloablated hosts with HSC transplant (right panel). Both naive 
and effector pmel-1 CD8+ T cells mediated significant tumor treatment (9 Gy/HSC:  
P = 0.0003, NT versus naive PI; 9 Gy/HSC: P = 0.0002, NT versus activated PI; 9 
Gy/HSC: P = 0.76, naive versus effector PI), but no tumor treatment was seen in 
nonmyeloablated animals. Results for tumor area are the mean of measurements 
from 5 mice per group (±SEM).
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ingly, the HSC-driven expansion observed in the nonmyeloablative 
setting did not result in enhanced antitumor activity (Figure 4C; 
P = 0.22, 5 Gy versus 5 Gy/HSC). Thus, the HSC-induced spike 
in antitumor T cell number was not associated with measurable 
tumor destruction. Although myeloablation was not essential for 
HSC-driven T cell proliferation, it was important for the transla-
tion into effective tumor treatment. We previously reported that 
Tregs and cellular sinks for cytokines could inhibit the antitumor 
activities of adoptively transferred CD8+ T cells (9, 17). We hypoth-
esized that HSCs might not only cause the expansion of adoptively 
transferred T cells, but might also provide support for host cells 
that survive 5 Gy TBI, including cells capable of restraining the 
antitumor immune response.

HSCs drive host cells surviving TBI that hinder the effectiveness of anti-
tumor T cells. To determine the impact of HSCs on host immune 
cells that survived lymphodepletion, we analyzed the number of 
a variety of cellular subsets in the spleen after nonmyeloablative 
(5 Gy) and myeloablative (9 Gy) irradiation. Myeloablative con-
ditioning regimens reduced the number of cells present 5 days 
after irradiation compared with the nonmyeloablative condition 
(Figure 5A). We observed that an HSC transplant increased the 

numbers of CD4+ T cells, Gr1+ 
cells, NK cells, and B cells 
in both the 5-Gy and 9-Gy  
settings. Thus, HSCs sup-
ported the expansion of not 
only adoptively transferred 
CD8+ T cells but a variety of 
endogenous host cells as well 
(Figure 5A). Because HSCs 
can differentiate into each 
of the above-mentioned cell 
types (25), we sought to deter-
mine whether these different 
immune cells were deriva-
tives from the HSCs or were 
host cells that had survived 
TBI. Studies using congenic 
markers indicated that virtu-
ally all lymphocytes obtained 
7 days after the transplant 
were derived from host cells 
that survived TBI (Figure 5B).  
Thus, HSCs drove the prolif-
eration of adoptively trans-
ferred transgenic CD8+ T 
cells and increased the num-
bers of splenic lymphocytes 
not via progeny cells but by 
promoting the expansion 
of endogenous host cells. 
These expanded endogenous 
lymphocyte compartments 
included inhibitory elements 
such as CD4+CD25+Foxp3+ 
Tregs, as well as endogenous 
CD8+ T cells and NK cells. 
CD4+CD25+Foxp3+ Tregs 
have been shown to negatively 
modulate the functionality of 

adoptively transferred tumor-reactive CD8+ T cells, resulting in 
diminished treatment efficacy (17, 18, 26, 27). Endogenous CD8+ 
T and NK cells can act as cellular sinks for homeostatic cytokines 
and compete for these cytokines with the adoptively transferred 
tumor-reactive CD8+ T cells, thereby reducing the efficacy of tumor 
treatment mediated by the transferred tumor-reactive CD8+ T cells 
(9, 28–30). Thus, HSC transplantation increased the levels of sur-
viving endogenous host cells that might have abrogated pmel-1 
CD8+ T cell antitumor efficacy.

To directly test whether these surviving host cells were capable 
of negatively influencing pmel-1 CD8+ T cell–mediated tumor 
destruction, we measured the treatment efficacy of adoptively 
transferred pmel-1 CD8+ T cells in WT hosts and hosts that were 
genetically deficient in lymphocyte subsets. Biological differences 
in the tumor treatment efficacy emerged when suboptimal num-
bers of adoptively transferred T cells were transferred (Figure 5C). 
Treatment was improved in myeloablated mice that were knock-
outs for CD4 (P = 0.017, 9 Gy PI WT versus 9 Gy CD4–/–), CD8  
(P = 0.004, 9 Gy PI WT versus 9 Gy CD8–/–), as well as RAG (P = 0.0017,  
9 Gy PI WT versus 9 Gy RAG–/–) (Figure 5C). These findings indicated 
that surviving host cells, even after 9 Gy TBI, were able to reduce the 

Figure 3
HSCs drive effector, but not naive, pmel-1 CD8+ T cell expansion and tumor treatment in the absence of host 
β2m. (A) HSC-driven effector pmel-1 CD8+ T cell expansion and tumor treatment is MHC class I independent. 
Effector pmel-1 CD8+ T cells (1 × 106) were transferred together with rhIL-2 into 9-Gy irradiated β2m–/– or WT 
mice that had received the matched HSC transplant and had 10-day established B16 tumors. T cell expansion 
(left panels) and tumor treatment (right panels) were evaluated at the indicated days. Control groups were 
left untreated. Effector pmel-1 CD8+ T cells showed similar proliferation and tumor treatment in β2m–/– and 
WT mice (9 Gy effector PI: P = 0.9, WT versus β2m–/–; 9 Gy in β2m–/–: P = 0.001, NT versus effector PI). (B) In 
β2m–/– mice, only effector, but not naive, pmel-1 CD8+ showed HSC-driven T cell expansion and tumor treat-
ment. Effector or naive pmel-1 CD8+ T cells were transferred into myeloablated tumor-bearing β2m–/– mice 
receiving a β2m–/– HCS transplant. Naive pmel-1 CD8+ T cells showed neither proliferation nor significant 
tumor treatment (P = 0.96, NT versus naive PI). Proliferation curves represent the numbers of gene-marked 
pmel-1 CD8+ T cells found in the spleens of 3 mice pooled per group per time point. Results for tumor area 
are the mean of measurements from 5 mice per group (±SEM). The data shown are representative of 3 
independently performed experiments.
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effectiveness of pmel-1 CD8+ T cell tumor treatment. Endogenous 
CD4+ T cells, which contain Tregs, and endogenous CD8+ T cells 
were able to negatively impact the pmel-1 CD8+ T cell tumor treat-
ment capacity. An inhibitory role for NK1.1+ cells was not detected 
in the myeloablative setting (data not shown) but was revealed 
by their depletion in nonmyeloablated RAG–/– hosts (P = 0.01;  
5 Gy PI RAG–/– ISO versus 5 Gy PI RAG–/– α-NK; Figure 5D). Thus, 
endogenous host cells strongly influenced the tumor treatment 
capacity of transferred CD8+ T cells even when they were present in 
small numbers as a result of TBI-mediated immunodepletion.

The antitumor T cell/host cell ratio determines tumor treatment out-
come. We evaluated the impact of the nonmyeloablative (5-Gy) and 
myeloablative (9-Gy) preparative regimens on the ratios of effector 
pmel-1 CD8+ T cells to remaining inhibitory elements (Foxp3+CD4+ 
cells, CD8+ cells, and NK1.1+ cells). Three congenic markers were 
used to identify the ablated host cells (Thy1.2+) in mice that 
received TBI followed by HSC transplantation (Thy1.1+) with the 
adoptive transfer of preactivated pmel-1 CD8+ T cells (Ly5.1+)  
(Figure 6, A and B, left and right panels). We found that compared 
with mice receiving a nonmyeloablative regimen without HSC 
transplant, mice receiving myeloablative TBI with HSC transplant 
had significantly higher ratios of transferred pmel-1 effector CD8+ 
T cells to host regulatory elements including Foxp3+CD4+ Tregs  
(P = 0.0006, 5 Gy versus 9 Gy/HSC), CD8+ T cells (P = 0.003, 5 Gy 
versus 9 Gy/HSCs), and NK1.1+ cells (P = 0.0006, 5 Gy versus 9 Gy/
HSC) (Figure 6B). When HSCs were transferred into the nonmye-
loablated and myeloablated animals, the ratios of antitumor T cells 
to host immunoregulatory cells still remained greater after 9 Gy TBI. 
Although the total number of pmel-1 CD8+ T cells was comparable 
in myeloablated and nonmyeloablated animals with an HSC trans-
plant, the ratios were significantly in favor of the transferred pmel-1  
CD8+ T cells in the myeloablated animals, measured for pmel-1 
CD8+ T cells versus Foxp3+CD4+ Tregs (P = 0.0005, 5 Gy/HSC ver-

sus 9 Gy/HSC), CD8+ T cells 
(P = 0.002, 5 Gy/HSC versus 
9 Gy/HSC), and NK1.1+ cells  
(P = 0.0005, 5 Gy/HSC versus 
9 Gy/HSC) (Figure 6B). These 
findings were consistent with 
the observation that HSCs 
enhanced the adoptively trans-
ferred T cells as well as endo-
genous host cells (Figure 5A).  
Thus, although the absolute 
numbers of transferred pmel-1  
CD8+ T cells were compa-
rable in the 5-Gy and 9-Gy 
settings (Figure 4, A and B), it 
appeared that the numbers of 
host immunoregulatory cells 
limited the therapy in the 
nonmyeloablated setting.

HSC transplant augmented 
tumor treatment capacity of 
pmel-1 CD8+ T cells upon the 
reduction of host inhibitory ele-
ments. We evaluated whether 
the increased number of 
transferred T cells observed 
after an HSC transplant could 

result in an enhanced tumor treatment if there are no or few inhib-
itory elements to be driven by the HSC transplant. In this scenario, 
the HSC transplant increases the number of transferred T cells 
but not of inhibitory elements, since they are genetically removed. 
Pmel-1 CD8+ T cells were transferred with an HSC transplant into 
RAG–/– hosts, which are genetically lymphodepleted (Figure 6B). 
Giving an HSC transplant in RAG–/– mice significantly augmented 
the efficacy of tumor-reactive pmel-1 CD8+ T cells in a nonmy-
eloablated (5-Gy irradiated) host (P = 0.038, 5 Gy PI RAG–/– versus 
5 Gy PI RAG–/– HSC; Figure 6B) but not in control WT mice in 
the same experiment (data not shown). These results confirmed 
the hypothesis that enhanced treatment can be achieved by focus-
ing HSC support on transferred pmel-1 CD8+ T cells in an envi-
ronment where regulatory elements are genetically reduced. The 
antitumor capacity of the transferred pmel-1 CD8+ T cells corre-
lated with the amount of autoimmune vitiligo resulting from the 
destruction of normal melanocytes that express gp100, the target 
antigen of pmel-1 CD8+ T cells (Figure 6C). Thus, HSCs drove the 
expansion of transferred tumor-reactive T cells in both 5-Gy and 
9-Gy regimens but 9 Gy TBI mediated a more complete depletion 
of endogenous host cells, focusing the HSC-mediated lymphocyte 
expansion on the adoptively transferred antitumor cells.

Discussion
Endogenous host cells can impact the functionality of adop-
tively transferred tumor-reactive T cells and can negatively 
influence their tumor treatment capacity (9, 17, 18). A regimen 
in which endogenous host cells are removed by nonmyeloabla-
tive, lymphodepletion conditioning has been used successfully 
in mice and in patients to enhance the antitumor efficacy of 
adoptively transferred T cells (9, 12). Increasing the lymphode-
pletion to achieve a myeloablative regimen requiring an HSC 
transplant significantly augmented tumor treatment. The aug-

Figure 4
HSCs drive pmel-1 CD8+ T cell expansion in nonmyeloablated and myeloablated mice, but tumor treatment 
is only achieved in myeloablated mice. (A and B) HSC transplantation–driven transgenic T cell expansion 
is not dependent on the intensity of immunodepletion. Mice received a preparative regimen of either 5 Gy 
or 9 Gy TBI, which was followed by effector pmel-1 CD8+ T cells (1 × 106) and rhIL-2 with or without HSC 
transplantation. (A) Absolute numbers of adoptively transferred congenic marked pmel-1 CD8+ T cells in the 
spleen were enumerated on the days indicated. Results shown were derived from pooled splenocytes of 3 
mice per group per time point (A) or from 3 individual mice (±SEM) assessed on day 6 (B) (P = 0.0009, 9 Gy 
versus 9 Gy/HSC; P = 0.02, 5 Gy versus 5 Gy/HSC; P = 0.24, 5 Gy/HSC versus 9 Gy/HSC). (C) HSC-driven 
expansion of pmel-1 CD8+ T cells is therapeutically effective in myeloablated, but not in nonmyeloablated, WT 
mice. Animals bearing tumors established for 10 days were either left as controls (NT) or received, prior to the 
transfer of 1 × 106 effector pmel-1 CD8+ T cells and rhIL-2, either 5 Gy TBI, 5 Gy TBI and an HSC transplant, 
or 9 Gy TBI and an HSC transplant. Results for tumor area are the mean of measurements from 5 mice per 
group (±SEM). Results for each of the panels are representative of data from 3 independent experiments.
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mented tumor treatment efficacy was associated with increased 
antitumor T cell expansion. The reason for the increased T cell 
proliferation was not merely the lymphopenic environment in 
myeloablated animals but the HSC transplant, which induced 
the expansion of transferred tumor-reactive pmel-1 CD8+ T 
cells. This was also the case in the nonmyeloablative setting, 
but tumor treatment was only seen when the HSCs were trans-
ferred into myeloablated animals. The expansion of antitumor 
T cells with tumor destruction can also be triggered by antigen-
specific vaccination (6). While vaccination preferentially drives 
the expansion of antitumor T cells, HSCs drive tumor-specific T 
cells and endogenous host immunoregulatory cells with equal 
vigor. Even in very small numbers, these host cells inhibit the 
antitumor activity of pmel-1 CD8+ T cells. Thus, myeloabla-
tion significantly reduces the number of surviving host cells, 
drastically shifting the ratio of tumor-reactive pmel-1 CD8+ T 
cells to endogenous host cells in favor of the pmel-1 CD8+ T 

cells, allowing improved tumor treatment. The ratio of effector 
to suppressor cells has been recently proposed to be a predic-
tor of tumor treatment outcome in mice (31) and survival in 
patients with ovarian cancer (32, 33). Besides CD4+CD25+Foxp3+ 
Tregs, CD11b+Gr1+ myeloid suppressor cells (MSCs) have been 
described to suppress the functionality of tumor-specific T 
lymphocytes (34–36). By increasing the intensity of ablation, 
the level of MSCs in the tumor might be decreased, leading to 
improved tumor treatment. In addition to lowering levels of 
suppressive elements, intensive lymphodepletion also reduces 
the numbers of endogenous host cells such as CD8+ and NK 
cells, which consume homeostatic cytokines, thereby leading to 
elevated levels of IL-7 and IL-15. Additionally we showed that 
an HSC transplant in 9-Gy irradiated animals also increased the 
level of theses cytokines in the serum. IL-7 and IL-15 are main 
inducers of homeostatic T cell proliferation and activation and 
can impact the transferred T cells. Thus, the interaction of the 

Figure 5
HSCs drive expansion of host cells surviving TBI, hindering the effectiveness of antitumor T cells. (A) HSC transplants increase the numbers of 
splenic CD4+ T cells and Gr-1+, NK, and B cells found in irradiated mice. Absolute numbers of splenic CD4+, Gr1+, NK1.1+, or B220+ cells were 
determined 5 days after mice received 5 Gy or 9 Gy TBI with or without HSC transplant. Mice received 1 × 106 pmel-1 CD8+ T cells and rhIL-2. (B) 
HSC-driven recovery is derived from host cells, not HSC progeny. Thy1.1+ HSCs were transplanted into Thy1.2+ hosts that had received either 5 
Gy or 9 Gy TBI and rhIL-2. Data shown are from 3 pooled spleens per group at day 7. (C and D) Returning host cells can abrogate pmel-1 CD8+ 
T cell tumor treatment. (C) Tumor-bearing myeloablated WT, CD4–/–, CD8–/–, or RAG–/– mice with a syngeneic HSC transplant were left untreated 
as control or received suboptimal amounts (5 × 105) of effector pmel-1 CD8+ T cells with rhIL-2. P = 0.017, 9 Gy PI WT versus 9 Gy CD4–/–;  
P = 0.004, 9 Gy PI WT versus 9 Gy CD8–/–; P = 0.0017, 9 Gy PI WT versus 9 Gy RAG–/–. (D) Tumor-bearing nonmyeloablated WT or RAG–/– mice 
were left untreated as control or received 1 × 106 effector pmel-1 CD8+ T cells and rhIL-2. NK1.1 cell–depleting (α-NK) or isotope control (ISO) 
antibodies were given every 5 days, starting at day 0 and ending on day 20 (P = 0.01, 5 Gy PI RAG–/– ISO versus 5 Gy PI RAG–/– α-NK). Results 
for tumor area are the mean of measurements from 5 mice per group (±SEM). Data are representative of 3 experiments.
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HSC transplant with the adoptively transferred T cells is likely 
to impact the quality of the T cells, but the exact changes in the 
quality of the transferred T cells remain to be elucidated.

TBI may facilitate tumor destruction by a variety of factors 
in addition to immune depletion. Irradiation, especially inten-
sive radiation, can directly damage tumor cells and supporting 
tumor stroma. However, we have previously shown that local 
irradiation of the B16 tumor up to 10 Gy does not significantly 
impact on the tumor growth and does not improve the activity 
of adoptively transferred TCR-restricted T cells (9). Furthermore, 

chemotherapeutic agents as well as irradiation are described to 
modulate the immunogenicity of tumor cells in mouse and 
human. Irradiation reportedly upregulates the expression of 
surface molecules such as MHC class I, Fas, and ICAM-1 (37), 
which can enhance tumor recognition by adoptively transferred 
T cells. In addition, irradiation can modify the peptide reper-
toire, increase peptide production and antigen presentation, 
and enhance MHC class I expression by tumor cell lines (38). 
This might have particular relevance to tumor recognition by 
endogenous host cells with an open repertoire. Thus, increas-

Figure 6
The antitumor effectiveness of HSC-driven CD8+ T cell proliferation is dependent on the reduction of host inhibitory elements. (A and B) Ratios 
of adoptively transferred effector pmel-1 CD8+ T cells (CD8+Ly5.1+) relative to returning host Treg cells (Foxp3+CD4+), host CD8+Th1.1+ cells, 
and host NK1.1+ cells are shifted toward pmel-1 CD8+ T cells in myeloablated mice. Thy1.2+ host mice received a preparative regimen of 5 Gy 
or 9 Gy with an HSC transplantation from Thy1.1+ mice, which was followed by the adoptive transfer of 1 × 106 effector (Ly5.1+) pmel-1 CD8+ T 
cells and rhIL-2. Control mice received 5 Gy TBI in the absence of an HSC transplant. Splenocytes obtained 1 week after HSC transplant were 
simultaneously analyzed for adoptively transferred gene-marked pmel-1 CD8+ and reconstituting host cells (left panel). Flow cytometry data 
from pooled splenocytes from 3 mice were used to calculate the ratios of adoptively transferred pmel-1 CD8+ T cells, and cumulative results 
from 3 independent experiments (3 mice per experiment) are shown in the right panel. The ratios of transferred pmel-1 T cells to host immune 
cell subsets were significantly higher after 9 Gy TBI with an HSC transplant than after 5 Gy irradiation with or without an HSC transplant. The 
levels of significance are as follows: for of NK cells (P = 0.0006, 5 Gy versus 9 Gy/HSC, P = 0.0005, 5 Gy/HSC versus 9 Gy/HSC), Foxp3+CD4+ 
Tregs (P = 0.0006, 5 Gy versus 9 Gy/HSC, P = 0.0005, 5 Gy/HSC versus 9 Gy/HSC) and CD8+ T cells (P = 0.003, 5 Gy versus 9 Gy/HSC,  
P = 0.002, 5 Gy/HSC versus 9 Gy/HSC). (B) HSC-driven pmel-1 CD8+ T cell proliferation can augment tumor treatment in RAG–/– mice. RAG–/– 
mice bearing 10-day tumors were irradiated with 5 Gy or 9 Gy with or without an HSC transplant and were treated with 1 × 106 effector pmel-1 
CD8+ T cells with rhIL-2. Control mice were left untreated. Data are representative of 3 independent experiments, each with 5 mice per group. 
(C) Tumor treatment efficacy is associated with the severity of vitiligo observed 28 days after pmel-1 CD8+ T cell transfer.
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ing the intensity of the TBI or chemotherapy-based preparative 
regimen may enhance the efficacy of immunotherapies based on 
the adoptive transfer of antitumor T cells through a variety of 
mechanisms; importantly, the use of more intense myeloablative 
regimens must be balanced against their toxicities (39).

Previous work has shown that nonmyeloablative lymphodeple-
tion significantly increased the efficacy of ACT given in combina-
tion with IL-2 (9); however, vaccination with an altered-self ligand–
based vaccine was required. Thus, the lymphopenia induced by the 
regimens previously employed did not activate adoptively trans-
ferred antitumor CD8+ T cells to a level required to mediate the 
treatment of established tumor (6, 9, 17). Surprisingly, vaccina-
tion was not required in the setting of a myeloablative condition-
ing regimen prior to ACT-based immunotherapy (Supplemental 
Figure 1). Why did the requirements for T cell activation change 
so dramatically when the preparative regimen was increased from 
5 Gy TBI to 9 Gy TBI? The most likely scenario was that a more 
intensive lymphodepletion resulted in a more complete depletion 
of cellular cytokine sinks and CD4+CD25+Foxp3+ Tregs. Indeed, 
we found that although cells of hematopoietic origin were deplet-
ed by a nonmyeloablative TBI regimen (5 Gy), the administration 
of a myeloablative dose of TBI depleted host endogenous myeloid 
and lymphoid cells an additional 10-fold.

Vaccine independence may be a critical feature in the translation 
of these findings to ACT-based therapies in humans, as vaccines 
for adoptively transferred, polyclonal T cells are not always avail-
able. In humans, tumor-reactive T cells are usually derived from 
tumor-infiltrating lymphocytes (TILs) that are expanded ex vivo 
using IL-2. TILs are further selected by their ability to specifically 
secrete IFN-γ when cultured with autologous or allogeneic MHC-
matched tumor cell lines. Before tumor-reactive TILs are trans-
ferred into the patient, they are expanded using CD3-specific 
antibodies, IL-2, and irradiated allogeneic peripheral-blood mono-
nuclear feeder cells (1). Approximately 50% of the tumor-reactive 
TILs have specificity against epitopes from unknown cancer anti-
gens. In the absence of suitable vaccines, tumor-reactive CD8+ T 
cells can be activated and expanded in vivo upon transfer into an 
HSC-transplanted, myeloablated host.

In the field of antiviral immunotherapy, valuable experience has 
been gained in the transfer of antigen-specific T cells into highly 
lymphodepleted patients with an autologous bone marrow trans-
plant. Patients who are lymphopenic after organ or bone marrow 
transplant are at high risk for developing CMV- or EBV-mediated 
disease (40, 41). Immunotherapeutic strategies aim to restore 
the virus-specific cellular immunity by transferring allogeneic or 
autologous virus-reactive CTLs (42, 43), which restored the cellu-
lar immune deficiency in highly immune-suppressed patients with 
limited toxicity and efficiently treat CMV- and EBV-associated 
disease (40, 44–46). In myeloma patients treated with high-dose 
chemotherapy and autologous stem cell transplantation, a bet-
ter clinical outcome was associated with more rapid lymphocyte 
recovery after the transplant (47). In order to augment the recovery 
and function of autologous T cells in myeloma patients, June and 
colleagues stimulated antigen-primed autologous T cells ex vivo 
and combined vaccine therapy with adoptive T cell transfer into 
lymphodepleted patients. They were able to raise clinically relevant 
immunity in adults within 1 month after transplantation (48).

HSCs are known to provide new progeny cells (25), and HSC 
transplantation has been used in tumor therapy to rescue bone 
marrow function after high-dose chemotherapy (49). Depending 

on the cell type, the recovery time of HSC-derived progeny can take 
several days to several months, but little is known about how HSCs 
influence the homeostatic proliferation of endogenous host cells 
or transferred T cells. In this study, syngeneic HSCs not only pro-
vided new progeny, but also supported the proliferation and sur-
vival of adoptively transferred self/tumor-reactive CD8+ T cells that 
can mediate tumor destruction. HSC-driven T cell expansion was 
not limited to myeloablated animals but also could be observed 
in nonmyeloablated animals that received HSC transplant. By 
studying the requirements for the HSC-driven T cell expansion, 
we found that both naive and antigen-experienced T cells under-
went HSC-driven expansion similar to homeostatic proliferation 
(13, 15, 16). TCR engagement of naive T cells was required because 
HSC-driven T cell expansion of naive T cells was seen in WT but 
not in β2m–/– animals. In contrast, for antigen-experienced CD8+ 
T cells, HSC-driven expansion did not require MHC class I expres-
sion on host cells. Key regulators of peripheral T cell homeostasis 
are homeostatic cytokines, especially IL-7 (13, 14, 50–52) and IL-15 
(13, 53, 54). While IL-15 mainly regulates memory T cell homeo-
stasis, IL-7 is required for the homeostatic expansion of naive and 
memory T cells. We found elevated serum levels of both IL-7 and 
IL-15 after HSC transplantation in the myeloablative setting. The 
elevation was only transient — the peak occurred on day 5 after the 
HSC transplant — and corresponded with the observed expansion 
of transferred T cells as well as surviving endogenous host cells, 
perhaps indicating that these cells were consuming the homeo-
static cytokines. The exact origin and induction of these cytokines 
after the HSC transplant requires further investigation.

Hematopoiesis has been closely investigated in the field of HSC 
transplantation (55) and could provide insight into the mecha-
nism of HSC support of adoptively transferred T cells. Bone 
marrow–derived lin– cells prolong the survival of myeloablated 
animals via soluble factors (56). HSC support is not limited to 
T cells but is open to a variety of different cell types, such as NK 
cells, B cells, and monocytes. To influence several different cell 
types, HSCs could provide multiple factors or a single pluripotent 
factor that can impact a variety of cell types. One well-studied fac-
tor is IGF-1, which has been reported to enhance hematopoiesis, 
thymopoiesis, as well as T cell and B cell function (57). The IGF-1 
receptor is found on thymocytes, T cells, B cells, and NK cells. 
IGF-1 can be released by HSCs and bone marrow stromal cells 
(58) and has been shown to increase the function of peripheral 
T cells, B cells, NK cells, and macrophages. IGF-1 may also have 
an antiapoptotic effect on peripheral T cells (59, 60), which per-
haps explains the survival of endogenous lymphocytes that have 
received a damaging insult from TBI or chemotherapy. Other 
growth factors and cytokines have been reported to provide radio-
protection when administered either before or shortly after the 
radiation exposure (56). For example, the administration of stem 
cell factor (SCF), Flt-3 ligand, TPO, IL-3, and SDF-1 together sig-
nificantly prolonged the survival of myeloablated mice (61, 62). 
Radioprotection by these factors is probably mediated through an 
antiapoptotic effect on hematopoietic progenitor cells. Recently 
it has been shown that bone marrow lin– cells can release soluble 
factors that prolong the survival of myeloablated animals (56). 
These factors seem to protect endogenous hematopoietic stem 
cells and possibly other surviving host cells. We have shown in this 
study that HSCs can augment the reconstitution of the lymphoid 
compartment not via progeny cells, but by increasing the expan-
sion of host cells that survived and, importantly, of adoptively 
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transferred T cells capable of destroying large tumor burdens in 
the absence of cancer vaccines. The finding that myeloablative 
lymphodepletion enabled HSCs to drive the expansion and func-
tion of adoptively transferred CD8+ T cells in the absence of com-
peting host cells can have substantial implications for the design 
of new antitumor immunotherapies.

Methods
Mice and tumor lines. All mice used in these experiments were bred and 
housed at NIH facilities. Female pmel-1 TCR-Tg mice were crossed with 
C57BL/6-Thy1.1+–Tg or C57BL/6-Ly5.1+–Tg mice (The Jackson Laborato-
ry) to derive pmel-1–Thy1.1+ or pmel-1–Ly5.1+ double-Tg mice (C57BL/6-
pmel-1–Thy1.1+ mice are now available at http://www.jax.org). Female 
C57BL/6, RAG–/–, CD4–/–, CD8–/– (The Jackson Laboratory), and β2m–/– 
mice (Taconic) were used as recipients in ACT experiments. Experiments 
were conducted with the approval of the National Cancer Institute Animal 
Use and Care Committee. B16-F10 (H-2b), a spontaneous, transplantable 
gp100+ murine melanoma, was maintained in culture medium (CM).

In vitro activation of pmel-1 CD8+ T cells. Pmel-1 splenocytes were isolated as 
described previously (23) and cultured in the presence of 1 μM hgp10025–33 

and CM containing 30 IU/ml of rhIL-2 (Chiron). Cells were used for adop-
tive transfer 6–7 days after the start of the culture.

Adoptive transfers. Mice 6–12 weeks of age (n = 5–6 for all groups) were 
injected subcutaneously with 2 × 105 to 5 × 105 B16-F10 melanoma cells and 
treated 10–14 days later with intravenous adoptive transfer of in vitro–acti-
vated pmel-1 CD8+ T splenocytes. Lymphopenia was induced by nonmy-
eloablative (5 Gy) or myeloablative (9 Gy) TBI of tumor-bearing mice on the 
day of HSC transfer, which was 1 day prior to pmel-1 CD8+ T cell transfer. 
HSCs were extracted from the bone marrow by lineage depletion with strep-
tavidin-coated magnetic beads (Dynabeads M-280 Streptavidin; Dynal Bio-
tech) against biotin-labeled antibodies (γδ T cell receptor, αβ T cell receptor, 
CD4, CD8a, NK1.1, Gr-1, B220, Ter-119, CD2, CD11b) (BD Biosciences) fol-
lowed by a c-kit enrichment with CD117 MicroBeads (Miltenyi Biotec) and 
cultured for 18 hours in 10% DMEM with 50 ng recombinant mouse IL-3 
(rmIL-3), 500 ng rmIL-6, and 500 ng rmSCF (PeproTech); 1 × 105 cells were 
administered the following day directly after the irradiation. NK cells were 
depleted by intraperitoneal administration of 100 μg/mouse of NA/LE anti-
NK1.1 antibody (BD Biosciences) every 5 days for a total of 5 doses. NA/LE 

anti-Ig2aK (100 μg/mouse) was used as control antibody (BD Biosciences). 
Mice were vaccinated with 2 × 107 PFU of a previously described (23) recom-
binant fowlpox virus expressing human gp100 (rFPhgp100; Therion Bio-
logics). rhIL-2 (108 μg/dose; Chiron) was administered by intraperitoneal 
injection twice daily for a total of 6 doses. Tumors were measured using 
calipers, and the products of the perpendicular diameters were recorded. 
All experiments were performed in a blinded, randomized fashion and per-
formed independently at least twice, with similar results.

Enumeration of cells in vivo and assessment of cytokine serum levels. At indicated 
time points, spleens were resected, and adoptively transferred CD8+Thy1.1+ 
or CD8+Ly5.1+ pmel-1 CD8+ T cells were enumerated as previously 
described (23). Samples were analyzed by flow cytometry for B220, Gr1, 
CD8a, CD4, NK1.1, and Foxp3 expression (BD Biosciences). Cell numbers 
were calculated by multiplying the total number of live cells by the percent-
age of B220+, Gr1+, CD8a+, CD4+ T, Foxp3+, CD4+, or NK1.1+ cells. Serum 
was collected from the tail vein at day 5 after HSC transplantation and 
assayed by murine LINCOplex cytokine assay (Linco Research).

Statistics. Tumor graphs were compared using ANOVA. P values less than 
0.05 were considered significant.
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