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Impaired immunity is a fundamental obstacle to successful alloge-
neic hematopoietic cell transplantation. Mature graft T cells are
thought to provide protection from infections early after trans-
plantation, but can cause life-threatening graft-vs.-host disease.
Human CMV is a major pathogen after transplantation. We
studied reactivity against the mouse homologue, murine CMV
(MCMV), in lethally irradiated mice given allogeneic purified
hematopoietic stem cells (HSCs) or HSCs supplemented with T
cells or T-cell subsets. Unexpectedly, recipients of purified HSCs
mounted superior antiviral responses compared with recipients of
HSC plus unselected bulk T cells. Furthermore, supplementation of
purified HSC grafts with CD8+ memory or MCMV-specific T cells
resulted in enhanced antiviral reactivity. Posttransplantation lym-
phopenia promoted massive expansion of MCMV-specific T cells
when no competing donor T cells were present. In recipients of
pure HSCs, naive and memory T cells and innate lymphoid cell
populations developed. In contrast, the lymphoid pool in recipi-
ents of bulk T cells was dominated by effector memory cells. These
studies show that pure HSC transplantations allow superior pro-
tective immunity against a viral pathogen compared with unse-
lected mature T cells. This reductionist transplant model reveals
the impact of graft composition on regeneration of host, newly
generated, and mature transferred T cells, and underscores the
deleterious effects of bulk donor T cells. Our findings lead us to
conclude that grafts composed of purified HSCs provide an opti-
mal platform for in vivo expansion of selected antigen-specific
cells while allowing the reconstitution of a naive T-cell pool.
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Hematopoietic stem cells (HSCs) are the only cells capable of
sustaining lifelong blood formation and thus are the only

indispensable component of a graft for hematopoietic cell
transplantation (HCT) (1). The current clinical practice of HCT
uses mixed cellular grafts that contain rare HSCs, multipotent
progenitors, and mature blood cells. Acute graft-vs.-host disease
(GVHD), a complication caused by graft donor T cells, has
a mortality rate of 10% to 20% (2–4) and could be eliminated by
transplantation of pure HSCs. However, because donor T cells
are thought to provide protection against life-threatening infec-
tions that occur in the posttransplant period, such as those
caused by CMV (5, 6), pure HSC transplantations have not been
vigorously pursued.
Major strides have been made in the isolation, genetic ma-

nipulation, activation, and/or expansion of T-cell clones that
target defined antigens. Such clones have been developed to
protect recipients against infectious pathogens or cancer cells.
However, to date, the achievement of stable and persistent
engraftment of these typically small populations has been
challenging.
In this study, we examined the use of grafts composed of pure

HSCs plus defined lymphocyte subsets to provide protective im-
munity to allograftedmice challengedwithmurineCMV(MCMV).

We compared the degree of antiviral protection provided by the
transfer of unselected bulk mature donor T cells vs. transferred
donor CD8+ subsets. We further assessed the antiviral potency of
new cells arising from HSCs after transplantation, and residual
host T cells. As T-cell function depends on an organized micro-
environment, we also examined lymphoid tissues for non–T-cell
populations and innate lymphoid cells (ILCs). ILCs are required
during embryonic development of lymphoid organs and have been
implicated as important for lymphoid tissue repair following in-
fection (7). Their role after lymphoablation and HCT has not
been studied. Contrary to conventional expectations, we found
that antiviral immune protection was superior in recipients of
pure HSCs compared with mice given T-cell–replete grafts. Fur-
thermore, pure HSCs, but not grafts containing bulk T cells, gave
rise to a variety of immature and naive T cells as well as ILCs.

Results
Early Infection, a Model for MCMV-Reactivation Posttransplant. As
depicted in Fig. S1, BALB.B mice (H2b, CD45.2+) were lethally
irradiated and transplanted with minor antigen (miAg)-mis-
matched FACS-purified cKit+Thy1.1lolineage−Sca-1+ (KTLS)-
HSCs from GFP-marked C57BL/6 (B6) donors (B6.GFP; H2b,
CD45.2+) or HSCs plus a threshold lethal dose of 2.5 to 4 × 106

splenic total T cells (ToTCs; i.e., “bulk T cells”) from CD45.1+

allelic B6 donors (B6.CD45.1). Two weeks after transplantation,
recipients were infected with a sublethal dose of MCMV
RM427+ (8). This 2-wk time point was chosen to mimic early
post-HCT reactivation, as the virus requires time to replicate
sufficient DNA copies to cause active disease.
BALB.B recipients of B6 HSC alone had no signs of GVHD

and showed stabilization of their body weights after trans-
plantation, as did congenic B6.CD45.2 control recipients given
identical doses of (B6.GFP) HSCs plus B6.CD45.1 ToTC. In
contrast, allografted BALB.B recipients of B6 HSC+ToTCs
developed signs of GVHD, including weight loss, ruffled fur, and
diarrhea. Infection with sublethal dose MCMV did not signifi-
cantly impact weight loss or mortality during the period of ob-
servation (Fig. S2).
Two weeks after MCMV infection (4 wk posttransplantation),

organs were harvested for analysis. BALB.B recipients of pure
B6 HSCs had spleens with significantly higher cellularity and
higher absolute CD8+ cell numbers compared with BALB.B
recipients given B6 HSC+ToTCs (Fig. 1 A and B). However, no
differences were noted between these allogeneic groups in the
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absolute number of MCMV-specific CD8+ cells per spleen (Fig.
1C), as determined by tetramer staining against the MCMV M45
peptide (HGIRNASFI-COOH). Compared with the allogeneic
groups, congenic B6 controls given B6 HSC+ToTCs grafts had
faster immune recovery and better antiviral responses, as evi-
denced by higher absolute splenocyte numbers (Fig. 1A) and
better CD8+ cell reconstitution (Fig. 1B). M45-tetramer staining
confirmed the virus specificity of this CD8+ cell response (Fig.
1C), revealing significantly higher numbers of virus-specific CD8+

T cells per spleen.
The source of MCMV reactive cells was determined by FACS-

sorting splenocytes according to their donor/host derivation. Fig.
1D shows the origins of the CD8+ cells and the IFN-γ response
when exposed to the MCMV M45-peptide in an enzyme-linked
immunosorbent spot (ELISPOT) assay. T cells present in BALB.
B recipients of HSCs were primarily residual host type, whereas
the T-cell pool of BALB.B recipients given B6 HSC+ToTCs was
predominantly derived from expanded postthymic donor T cells
(Fig. 1D, Upper). Unexpectedly, the residual host T cells in HSC
recipients mounted robust IFN-γ responses. These responses
were superior to those mediated by transferred allogeneic T
cells, although this difference did not reach statistical signifi-
cance (Fig. 1D, Lower). Of note, whereas adoptively transferred
B6 donor T cells did not display strong anti-M45 reactivity in
allogeneic BALB.B recipients, they provided excellent IFN-γ
responses when transplanted into congenic B6 control recipients
(Fig. 1D).

Late MCMV Infection. Following a 2-mo recovery period after
HCT, we tested the ability of allogeneic cotransferred vs. newly
generated HSC-derived T cells to respond to MCMV as a “novel
pathogen.” BALB.B recipients of B6 HSC or B6 HSC+ToTC
grafts were infected at 8 wk posttransplantation with a sublethal
MCMV dose. Absolute CD8+ T-cell counts per spleen deter-
mined 2 wk postinfection were significantly higher in BALB.B
mice given B6 HSCs alone compared with HSC+ToTCs (Fig.
2A). In HSC recipients, the contribution of CD8+ cells arising
from donor HSCs increased from a median of 10% at 4 wk post-
transplantation (Fig. 1D) to 80% (Fig. 2B). Tetramer staining
(Fig. 2C) and ELISPOT (Fig. 2D) revealed that these HSC-de-
rived cells made robust anti-MCMV responses. The residual host
CD8+ cells present in pure HSC recipients continued to make
superior antiviral responses compared with all other populations
in allografted mice. In HSC+ToTC recipients, most of the CD8+

cells were from cotransferred cells (median, 57%), whereas new
T-cell development from the donor HSCs was suppressed (Fig.
2B). Antiviral responses of cotransferred mature donor T cells
were uniformly poor, and demonstrated the worst anti-M45
activity of all studied CD8+ populations in FACS-tetramer and
ELISPOT analysis. Moreover, in BALB.B recipients of pure
HSCs, newly generated T cells originating from donor HSCs had
a significantly stronger antiviral reactivity compared with T cells
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Fig. 1. Early posttransplantation anti-MCMV response. BALB.B or B6 mice
transplanted with B6 HSCs or HSC+ToTCs were infected 2 wk after HCT with
a sublethal dose of 1 × 105 pfu MCMV RM427+. Tissues were harvested 2 wk
postinfection. (A) BALB.B recipients of B6 HSC+ToTCs had significantly lower
mean absolute cell numbers per spleen compared with BALB.B recipients of
B6 HSCs or B6 recipients of B6 HSC+ToTCs. (B) BALB.B recipients of pure B6
HSCs or B6 recipients of B6 HSC+ToTCs had significantly higher absolute
CD8+ cell numbers per spleen than BALB.B recipients of B6 HSC+ToTCs. (C)
Absolute numbers of M45-tetramer+ splenocytes were equivalent in BALB.B
recipients of B6 HSCs or HSC+ToTCs, but higher in B6 recipients given B6
HSC+ToTCs. (D) Separation of splenocytes by FACS into populations derived
from host, donor HSCs, or transferred ToTCs, based on GFP expression or
CD45 allele type. BALB.B recipients of B6 HSCs were mixed CD8+-chimeras
(host exceeding donor). No residual host, few donor HSC-derived, and
mainly cotransferred donor CD8+ cells were detectable in BALB.B recipients
of B6 HSC+ToTCs (Upper). Antiviral IFN-γ responses to MCMV peptide,
assessed by ELISPOT, revealed better responses from residual host CD8+

populations in B6 HSC recipients vs. transferred donor T cells in B6 HSC+ToTC
recipients. Shown for comparison is the robust response of B6 donor T cells
coinfused into B6 recipients.
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Fig. 2. Late CD8+ cell recovery and response to MCMV. BALB.B recipients of
B6 HSCs or B6 HSC+ToTCs were infected 8 wk after HCT with a sublethal dose
(1 × 105 pfu) of MCMV RM427+. WT controls were similarly infected. Tissues
were harvested 2 wk postinfection. (A) Higher absolute CD8+ T-cell numbers
per spleen in HSC vs. HSC+ToTC recipients. (B) FACS chimerism analysis of
spleens revealed mixed donor/host CD8+-chimerism in HSC recipients; the
CD8+ pool in HSC+ToTC recipients comprised primarily cotransferred donor
cells, few HSC-derived donor cells, and no host cells. (C) In HSC recipients, the
percentage of M45-tetramer+ cells was higher among residual host cells
compared with donor HSCs. In recipients of HSC+ToTCs, the cotransferred
CD8+ T-cell pool had the lowest percentage of M45-tetramer+ cells, and their
HSC-derived donor CD8+ cells had lower percentages of M45 reactivity vs.
HSC-derived CD8+ cells in HSC recipients. (D) ELISPOT analysis of FACS-sorted
donor and host populations. In HSC recipients, ELISPOT activity of donor and
host-derived CD8+ cells was equivalent to that in WT controls. HSC+ToTC
recipients had significantly lower IFN-γ responses. (E) H&E staining (magni-
fication of 5×) of thymuses of representative HSC (Left) and HSC+ToTC
(Right) recipients 8 wk post-HCT showed normal morphology for HSC
recipients, but atrophy, hypocellularity, and loss of follicular structure for
HSC+ToTC recipients. (F) H&E staining (magnification of 5×) of peripheral
lymph nodes showed normal morphology for HSC recipients (Left), but de-
creased size, atrophy, hypocellularity, and disrupted morphology in HSC+ToTC
recipients (Right) at 8 wk post-HCT.
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developing from HSCs in a GVHD-affected environment in
recipients of HSC+ToTCs (Fig. 2 B and C).
The immune deficiency in HSC+ToTC recipients was asso-

ciated with abnormal morphology and severe hypocellularity of
thymuses (Fig. 2D) and peripheral lymph nodes (Fig. 2E). In
contrast, recipients of HSCs alone had normal appearing lym-
phoid organs.

T-Cell Subsets from Immunized Donors. In clinical HCT, CMV-se-
ropositive donors are thought to provide better antiviral pro-
tection for recipients than virus-naive donors (9). To model this
setting, donor B6 mice were infected with a sublethal dose of live
virus at 4 and 2 wk before HCT. These time points of vaccination
were chosen to allow the establishment of immunological mem-
ory in the donor with a subsequent boost to achieve a higher
yield of anti-MCMV reactive cells. Two weeks after trans-
plantation, BALB.B recipients of B6 HSC or B6 HSC+ToTCs
from naive or immunized donors were infected with MCMV.
Fig. 3A shows that donor immunization did not improve the
antiviral response in mice given HSC+ToTCs.
Contrasting the negative results from the use of bulk T cells,

cotransplantations of HSCs plus T-cell subsets from immunized
mice yielded better responses. CD8+ cells from immunized B6
donors were divided into naive (CD44−CD62L+) and memory
(CD44+CD62L+/−) subsets (Fig. S3 A and B). Neither subpopu-
lation caused overt GVHD, as assessed by weight (Fig. S3C) and
organ histology (Fig. S4). Memory CD8 cells (CD8mem) mounted
higher levels of anti-CMV reactivity than naive CD8+ (CD8naive)
cells, as determined by tetramer staining and ELISPOT assay

(Fig. 3B). Histologic studies suggested that subclinical graft-
vs.-host reactions damaged lymphoid tissues and may have
contributed to immune impairment in the latter group. Lymph
nodes (Fig. 2C) and, to a lesser extent, thymuses (Fig. 3D) were
atrophic and hypocellular in recipients of CD8naive but not
CD8mem cells.

Effect of Pharmacologic Immune Suppression. In patients, pharma-
cologic immune suppression is used to prevent GVHD. We
therefore tested if cyclosporine A (CSA), a drug commonly used
in humans for this purpose, could attenuate the negative effects
of alloreactive T cells on lymphatic tissues and thereby para-
doxically enhance immune function. Cohorts of BALB.B recip-
ients of B6 HSCs vs HSC+ToTCs were treated daily with CSA
after transplantation. Fig. S5A shows that weight curves of HSC
recipients decreased in the presence of the drug, whereas weights
of HSC+ToTC recipients with or without CSA were identical,
suggesting that, in the latter group, the negative effects of the
drug were counterbalanced by attenuating GVHD. CSA did not
improve spleen cellularity in HSC+ToTC recipients (Fig. S5B),
nor did it significantly alter the proportion of HSC-derived
CD8+ cells (Fig. S5C), the proportion or numbers of M45-tet-
ramer+ CD8+ (CD8M45) cells, or the anti-MCMV reactivity as
assessed by ELISPOT (Fig. S5 D–F). Thus, pharmacologic
GVHD prophylaxis with CSA did not improve the immune
function of bulk donor T cells in our model.

Lymphopenia-Induced Proliferation.As we observed that functional
immunity of allogeneic donor T cells was better if transferred as
segregated subsets rather than as a bulk population, we sought to
further delineate the antiviral potency of the different T-cell
subsets against an increased dose of MCMV. Splenocytes from
immunized B6 donors were FACS-separated into CD8naive,
CD8mem, or CD8M45 T cells (Fig. S3) and cotransplanted with
HSCs into BALB.B mice. Recipients were infected 2 wk post-
transplantation with a threshold-lethal dose of MCMV. Survival
curves revealed 50% lethality for recipients of HSC+ToTCs, and
20% mortality for HSC recipients. Mice given HSC+CD8+ T-
cell subsets were without evidence of GVHD and were protected
from virus lethality (Fig. 4A). Six weeks postinfection, the sur-
viving mice were killed for organ analysis. Spleens and livers (the
latter is a major target organ of MCMV) of HSC+CD8mem
recipients contained significantly higher proportions of M45-
tetramer+ cells compared with recipients of HSCs alone, HSC+
ToTCs, or HSC+CD8naive cells. Mice given HSC+ToTCs had
the lowest levels of CMV-reactive cells. By far the highest pro-
portion of M45-tetramer+ cells was achieved in recipients of
HSCs plus 6000 FACS-sorted M45-tetramer+ cells. Remarkably,
this MCMV-specific population underwent massive expansion
constituting a median of 4% and 7.4% of CD8+ cells in spleen
and liver, respectively (Fig. 4B). Fig. 4C shows the proportion of
M45-tetramer+ cells of all splenocytes was 20-fold higher in
recipients of HSC+CD8M45 vs. HSC+ToTCs. Of note, HSC+
CD8mem recipients also had significant expansion of the M45-
tetramer+ cells, but the amount of M45-tetramer+ cells in the
spleens and livers of HSC+CD8M45 recipients was four- to
eightfold higher than in this former group. These observations
highlight the importance of competitive reconstitution when T
cell clones encounter an environment permissive for homeostatic
expansion after transplantation.

HSCGrafts Enhance Lymphoid Reconstitution anddeNovoRegeneration
of T Cells. Given the poor function of cotransferred bulk donor
T cells, we assessed the development and fate of donor T cells by
CD8 subtype in the context of regenerating nonconventional
lymphoid cells and lymphoid tissues. Lethal radiation caused
marked reduction in lymphoid organ cellularity at wk 2 post-
treatment in BALB.B recipients of pure B6 HSCs and B6 HSC+
ToTC grafts (Fig. 5 A and B). Although cellularity increased
rapidly in the following weeks in the group given HSCs alone,
absolute cell counts remained severely decreased in recipients of
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Fig. 3. Anti-MCMV responses of separated cotransferred T-cell subsets.
ToTCs or naive (CD8naive; CD62L

+CD44−) or memory (CD8mem CD62L+/−CD44+)
CD8+ T cells from MCMV-immunized B6 donors were cotransferred with B6
HSCs into allogeneic BALB.B mice. Recipients were infected with a sublethal
dose of MCMV (1 × 105 pfu) 2 wk after HCT, and lymphoid organs harvested
for M45-tetramer and ELISPOT assay 2 wk postinfection. (A) ELISPOT
revealed that donor immunization with MCMV did not improve the antiviral
reactivity of cotransferred ToTCs in allogeneic hosts. (B) M45-tetramer
analysis showed the highest proportion of MCMV-reactive CD8 T cells was in
recipients of HSC+CD8mem (Upper). ELISPOT analysis confirmed the highest
counts of IFN-γ–secreting CD8+ T cells in recipients of HSC+CD8mem cells
(Lower). (C) H&E staining of representative peripheral lymph nodes (mag-
nification of 5×) and (D) thymuses (magnification of 5×) showed that lymph
nodes of HSC+CD8naive recipients (C, Left) were decreased in size with evi-
dence of hypocellularity, indicative of subclinical GVHD, and had thymuses
that showed cortical thinning (D, Top). Representative lymph node (C, Right)
and thymus (D, Lower) of a recipient of HSC+CD8mem shown in the bottom
row demonstrated no histologic abnormalities.
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HSC+ToTC grafts. In fact, hypocellularity persisted in these latter
mice beyond 4 wk, and was associated with a markedly decreased
size of the thymuses (Fig. 5C).
At 8 wk posttransplantation, CD8+ T cells in HSC recipients

were mixed donor/host type (Fig. 5D), and comprised naive
(CD62L+CD44−), central memory (CD62L+CD44+), and ef-
fector memory (CD62L−CD44+) cells (Fig. 5 E and F), a profile
comparable to that of WT mice. In contrast, CD8+ T cells in
HSC+ToTC recipients were almost exclusively derived from
cotransferred T cells (Fig. 5D). Nearly all T cells in these mice
demonstrated an effector memory phenotype, and there was
a profound paucity of naive T cells (Fig. 5 E and F). The CD8+
T-cell profile of mice that received HSC+CD8+ subsets re-
sembled that of HSC recipients and WT controls, not HSC+
ToTC recipients, as they retained host T cells, and had CD8+
cells derived from expanded cotransferred effector memory cells
as well as naive and central memory cells arising from donor
HSCs (Fig. 5 D–F).

Immature Cell Populations. Thus far our data suggest that co-
transferred donor T cells expand and persist; however, despite
engraftment, these cells do not function to protect against the
MCMV pathogen. Moreover, the activities of these transferred T
cells resulted in disrupted recovery of normal lymphoid organ
architecture. These results were in contrast to those obtained
with pure HSC transplantations, following which many lymphoid
populations arose. Given the robust reconstitution of lymph
nodes and thymuses in the HSC recipients, we studied if HSCs
themselves give rise to nonconventional populations that can
participate in lymphoid organ reconstruction, and how this
process is obscured by expanding mature T cells.
Beginning as early as 2 wk posttransplantation, BALB.B

recipients of B6 HSCs exhibited high levels of B cells in blood
and lymph nodes, which were largely absent in HSC+ToTC
recipients (Fig. 6A). The mesenteric lymph nodes of HSC re-
cipients showed a distinctive and robust regeneration with donor
HSC-derived CD4+CD8+CD3− T cells and single-positive mature
host-derived T cells (Fig. S6). The immature CD4+CD8+CD3−

double-positive cells were not present in HSC+ToTC recipients
or WT mice. Cells with features in common with ILCs (10–12)
were also noted in the lymph nodes and livers of BALB.B re-
cipients of pure B6 HSCs, but not HSC+ToTC recipients. Re-
cipients of pure HSCs had NKp46+RORγt+CD3− NK-like cells
(13, 14) present at levels comparable to those in WT mice that
were primarily derived from donor HSCs (Fig. 6B). IL-17A se-
cretion, another hallmark of ILCs (15, 16), was detectable at high
levels 2 wk posttransplantation in the livers and mesenteric nodes
of HSC recipients, exceeding levels in WT mice. Cells that se-
creted IL-17A only and IL-17A plus IFN-γ were identified (Fig.
6C). Residual host CD4+ T cells were determined to be the major
source of this IL-17A. IL-17A was not detected in recipients of
HSC+ToTCs; rather, their donor T cells were characterized by
high levels of IFN-γ (Fig. S7).

Discussion
GVHD and infections remain major complications after allo-
geneic HCT. Because donor T cells are thought to protect
against infections and tumor recurrence, the risk that transferred
alloreactive T cells mediate tissue damage, including the veiled
injury of lymphatic organs, is tolerated. Evidence supporting the
necessity of retaining T cells in hematopoietic grafts dates back
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Fig. 4. Expansion and antiviral potency of HSC-derived vs. cotransferred T-
cell subsets. B6 HSCs, HSC+ToTCs, HSC+CD8naive, HSC+CD8mem, or HSC+CD8M45

T cells were transplanted into BALB.B mice. Recipients were infected with 5 ×
105 pfu MCMV at 2 wk after HCT. Tissues were harvested for FACS analysis at 6
wk postinfection. (A) Kaplan–Meier survival curves revealed 50% mortality for
HSC+ToTC and 20%mortality for HSC recipients. Nomortality occurred in HSC+
CD8+-subset recipients. (B and C) Compiled FACS results display the content of
M45-tetramer+ CD8 cells of (B), all CD8+ cells in spleen and liver, and (C) of all
live cells in the liver. Percent M45-tetramer+ cells among splenocytes was
highest in HSC+CD8M45 recipients, followed by HSC+CD8mem recipients. (D)
Representative FACS plot showing M45-tetramer+ CD8+ cells in the liver of
a recipient of HSC+CD8M45.
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to early clinical studies in which T-cell depletion was associated
with increased infections, tumor relapse, and engraftment fail-
ures (17–19). However, in more recent T-cell depletion trials,
increased frequencies of fatal viral and fungal infections, spe-
cifically CMV and Aspergillus, remained as the only major
complications consistently observed (20). Notably, one study,
applying the most vigorous T-cell depletion (5 logs), did not
reveal more infections posttransplantation (21, 22).
Given the perception that, despite risks of GVHD, mature

lymphoid cells protect against infections, our observation that
functional immunity was significantly hindered, not enhanced, by
bulk donor T cells was unexpected. HSC recipients exhibited
accelerated lymphoid organ regeneration and superior antiviral
immunity. By transplanting marked primitive HSCs into mye-
loablated mice, we revealed the degree to which mature donor T
cells compete with and suppress cells arising de novo from donor
HSCs, and regimen-resistant host T cells. Grafts of pure HSCs
resulted in a balanced repertoire of T-cell phenotypes in recip-
ients, including naive and central memory T cells. These cells
provided protection against MCMV when introduced late after
transplantation as a “novel” pathogen. In HSC recipients, sig-
nificant contributions of surviving host T cells to immune func-
tion were also noted. In the early posttransplantation phase,
virus-specific CD8+ cells arose from the host cells in numbers
higher than from allografted populations, suggesting that, for
humans, it would be advantageous to administer regimens that
spare host T cells, yet permit pure HSCs to engraft.
Contrasting the regeneration of a competent immune system

in mice that received HSCs only, the production of new T cells and
development of effective anti-MCMV immunity was obscured in
recipients of HSCs plus bulk mature T cells. These donor T cells
home, as do all T cells, to lymphoid organs (23, 24), and there they
carry out destructive graft-vs.-host reactions, compromising or
eliminating these tissues wherein immune responses to exogenous

antigens take place. In addition, mature donor T cells expand in
response to minor antigens present at a high frequency at the time
of transplantation (25, 26), and thereby suppress the production of
naive T cells by rapidly saturating the lymphocyte pool (27–29). A
monotonous phenotype of effector memory cells defined by loss of
CD62L expression and acquisition of CD44 predominated the pe-
ripheral T-cell pool in recipients of bulk T-cell–replete grafts.
Antigen activated T cells lose homing to secondary lymphoid
organs by down-regulating CD62L (30) while up-regulating the
expression of integrin α4β1, which enable them to home to in-
flamed tissues whose blood vessels express VCAM-1, the addressin
for α4β1 (31–34). CD62L is the homing receptor necessary to enter
secondary lymphoid organs in which productive immune responses
are generated (35). Thus, the lack of CD62L expression further
supports the idea that responses to novel antigens were impaired.
In addition to the better functionality and more balanced T

cell pool, transplantations of purified HSCs resulted in different
lymphocyte repopulation kinetics and the detection of pop-
ulations not previously reported posttransplantation. Early
posttransplantation, a large wave of B cells appeared in blood
and lymphoid tissues of HSC recipients, but not recipients of
HSC+ToTCs. Within the mesenteric lymph nodes of HSC
recipients, high levels of donor T cells with an immature phe-
notype usually found in the thymus (CD4+CD8+CD3−) were
observed. These latter cells are not found in WT mice or in
recipients of HSC+ToTCs. Finally, cells with features re-
sembling ILCs (12, 36), which included NK-like cells that
expressed NKp46 and RORγt (10, 13, 14), were detected early
after transplantation in the lymph nodes and livers of HSC
recipients at levels near those in WT controls but were absent in
recipient of HSC+ToTCs. IL-17A, a key cytokine of ILCs (15,
16), was detected early after transplantation at increased levels
in lymph nodes and livers in HSC recipients, the source of which
was determined to be residual host CD4+ cells. IL-17A levels
were low to undetectable in HSC+ToTC recipients and WT
mice. We did not detect “classical” lymphoid tissue inducer, as
described in embryogenesis of lymphoid tissues (11, 12, 36).
Nonetheless, given the constellation of diverse cell types and
repopulation kinetics observed following transplantation of pure
HSCs, we hypothesize that, in response to injury, host repair
factors are activated within lymphoid tissues, which may include
the induction of IL-17A–producing cells and the generation of
early populations from HSC that facilitate lymphoid organ re-
generation. However, when mature alloreactive cells are present,
the emergence of these cells is retarded by the effects of in-
flammation and the dominance of the T-cell pool by effector
memory cells that primarily produce IFN-γ.
A highlight of our model system is the degree to which lym-

phopenia-induced expansion of cotransferred antigen-specific
clones can be tracked. Tremendous expansion was observed
when anti-MCMV M45-tetramer+ cells were the sole mature
clone cotransferred with HSCs. In contrast, M45-tetramer+ cell
expansion was dampened in mice that received bulk T cells or
even memory CD8+ cells. These findings relate directly to the
current strategy of adoptive immunotherapy. Technologies to
isolate and/or genetically modify antigen-specific T-cell clones
have been established and refined. Antiviral T-cell infusions have
been given posttransplantation to augment protective immunity.
Tumor-specific cells have also been tested in a variety of clinical
scenarios (37). However, difficulties related to the generation
and isolation of sufficient numbers of these cells and the unpre-
dictable engraftment and persistence of these cells remain as
significant obstacles to broad application (38–41). Here, we
graphically show that optimal expansion of T-cell clones can
be achieved posttransplantation by ensuring sustained hemato-
poiesis via pure HSCs, which avoid the competitive expansion of
irrelevant T cells. In fact, the immense capacity of even small cell
numbers to expand in a lymphopenic posttransplant environment
may make ex vivo cell expansion before transfer unnecessary.
In summary, pure HSC grafts have distinct advantages vs.

grafts replete with T cells. Our data underscore the challenges of
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controlling the negative effects of bulk mature donor T-cell
populations. More importantly, these studies illuminate the dy-
namics of lymphoid cell repopulation and show that, under the
condition of lymphopenia, which exists as part of every alloge-
neic transplantation, pure HSCs can serve as a superior platform
for delivery of antigen-specific cellular therapy.

Materials and Methods
Mice. Congenic C57BL/6 (B6) mice (H2b; Thy1.1; B6.CD45.1, B6.CD45.2, and B6.
GFP) were used as donors of HSC and lymphocytes for BALB.B hosts (H2b,
Thy1.2; CD45.2).

HSC Transplantation and MCMV Infection. BALB.B mice underwent lethal 800-
cGy total body irradiation before infusion of grafts. Three thousand KTLS-
HSCs were FACS-isolated from cKit-enriched bone marrow according to their
cKit+Thy1.1lowLineagenegSca-1+ phenotype. In cotransfer experiments, 2.5 to
4 × 106 ToTCs (CD4++CD8+ = ToTC), 3 × 105 naive, or 1 × 105 memory CD8+ T
cells, or 6,000 M45-tetramer+ CD8+ cells enriched from spleens by magnetic

column separation and FACS, were coinjected with the HSCs. At 2 or 8 wk
after HCT, recipients were challenged with 1 to 5 × 105 pfu of MCMV.

FACS, Tetramer, and ELISPOT Analysis. Two weeks after MCMV infection, lym-
phaticorgansandliverwereharvested.Forphenotypeandchimerismanalysis,cell
suspensionswere antibody-stained for FACS analysis. Formeasurement of IL-17A
and IFN-γ, cells were stimulated with phorbol myristate acetate, ionomycin, and
monensin for 5 h at37 °Cbefore stainingof surfaceand intracellularmarkers. For
ELISPOT assays, FACS-separated donor and host populations were incubated for
20 h together with MCMVM45 peptide in plates coated with IFN-γ antibody. A
secondary IFN-γ antibody was used to visualize individual IFN-γ–secreting cells.

Detailed descriptions of cell isolations, HCT, cell stimulations, antibody
staining, flow cytometry, ELISPOT, histologic analysis, and statistical calcu-
lations are provided in SI Materials and Methods.
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