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Regulatory T cells (Tregs) prevent graft-
versus-host disease (GvHD) by inhibiting
the proliferation and function of conven-
tional T cells (Tcons). However, the im-
pact of Tregs on T-cell development and
immunity following hematopoietic cell
transplantation (HCT) is unknown. Using
a murine GvHD model induced by Tcons,
we demonstrate that adoptive transfer of
Tregs leads to (1) abrogration of GvHD,
(2) preservation of thymic and peripheral
lymph node architecture, and (3) an accel-
erated donor lymphoid reconstitution of a

diverse TCR-Vp repertoire. The resultant
enhanced lymphoid reconstitution in Treg
recipients protects them from lethal cyto-
megalovirus (MCMYV) infection. By con-
trast, mice that receive Tcons alone have
disrupted lymphoid organs from GvHD
and remain lymphopenic with a restricted
TCR-VPB repertoire and rapid death on
MCMV challenge. Lymphocytes from pre-
viously infected Treg recipients generate
secondary response specific to MCMV,
indicating long-term protective immunity
with transferred Tregs. Thymectomy sig-

nificantly reduces survival after MCMV
challenge in Treg recipients compared
with euthymic controls. Our results indi-
cate that Tregs enhance immune reconsti-
tution by preventing GvHD-induced dam-
age of the thymic and secondary lymphoid
microenvironment. These findings pro-
vide new insights into the role of Tregs in
affording protection to lymphoid stromal
elements important for T-cell immunity.
(Blood. 2008;111:945-953)
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Introduction

Naturally arising CD4*CD25*Foxp3* regulatory T cells (Tregs)
are a major regulator of adaptive immunity.! Depletion of Tregs
enhances microbial and tumor immunity,>* while their adoptive
transfer protects animals from autoimmune diseases,'*> induces
tolerance following organ transplantation,’ and prevents graft-
versus-host disease (GvHD) following hematopoietic cell transplan-
tation (HCT).5® Given these observations, immunotherapy with
Tregs is being explored for clinical applications.” However, the
impact of Treg transfer on short- and long-term host immunity
remains not well understood.

In HCT, GvHD damages the stroma of the thymus and secondary
lymphoid organs, thereby decreasing thymic output, impairing periph-
eral expansion of T cells,'®!> and consequently leading to a prolonged
immunodeficiency state.!"'¢ Given the pathophysiologic link between
GvHD and immune reconstitution, protection from GvHD by Tregs
would potentially promote timely and complete immune recovery.
However, quantitative immune reconstitution does not necessarily
translate into recovery of cellular function,!” and the long-term persis-
tence of transferred Tregs in vivo'® may diminish or abrogate functional
effector responses.

Tregs suppress the priming, expansion, and/or function of conven-
tional T cells (Tcons).!>?! However, it is unclear whether this regulation
is antigen specific. Following HCT, specific suppression of alloreactive
T cells is beneficial, as donor T cells have dual and opposing roles of
mounting antitumor and antimicrobial responses and inducing GvHD.
Observations from autoimmune disease models that Tregs can induce

bystander suppression>?>?* and infectious tolerance®*? suggest nonspe-
cific inhibition following their activation. Given the multiorgan involve-
ment of GVHD, we anticipate broader nonspecific suppression by
polyclonal donor Tregs. Thus, we hypothesized that the adoptive
transfer of Tregs would attenuate GvHD via nonspecific suppression of
effector responses, which could in turn compromise viral and tumor
immunity following HCT.

The aims of our studies were to determine if Tregs affect the
generation and expansion of thymic-derived naive donor T cells
and mature CD4* and CD87 T cells transplanted with the allograft,
and if effective immune responses can be generated in the presence
of Tregs. Our results demonstrate that Tregs prevent damage of the
thymus and peripheral lymphoid tissues associated with GvHD.
Protection of both central and peripheral lymphoid compartments
by Tregs in turn facilitates the development and expansion of an
enhanced T-cell repertoire that results in improved reconstitution of
functional immune responses following HCT.

Methods
Mice

FVB/N (H-29), C57B1/6 (H-2%), and Balb/c (H-2%) mice were purchased
from Charles River Laboratory (Wilmington, MA) and Jackson Laboratory
(Bar Spring Harbor, ME) at age 8 to 14 weeks. Thymectomies of Balb/c
mice were performed at 4 weeks of age. Animal protocols were approved by
the Institutional Animal Care and Use Committee at Stanford University.
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Cell-sorting and flow cytometric analysis

Antibodies were purchased from BD-Pharmingen and eBiosciences (San
Diego, CA): CD4(RM4-5), CD8w(53-6.7), CD25(PC61), CD45/B220(RA3-
6B2), CD62L(MEL14), H-2K9(KH114), H-2DYKH117), H-2D4(34-2-12),
and NK1.1(PK136). Analysis of V3 TCR included monoclonal antibodies
toVB2,3,4,5.1and5.2,6,7,8.1 and 8.2,8.3,9, 10, 11, 12, 13, 14, and 172
T-cell receptors. Antibody-conjugated microbeads (CD4, CDS8, and PE)
were obtained from Miltenyi (Auburn, CA).

T-cell subsets were isolated from spleen and lymph nodes of donor
mice. To enrich for CD25% cells, single-cell suspension was stained with
anti-CD25-PE and anti—PE-conjugated magnetic beads and separated using
the AutoMACS (Miltenyi). Positively selected cells were then stained with
anti-CD4-APC and sorted on MoFlo (Cytomation, Fort Collins, CO) to a
purity of 98% to 99% for CD4TCD25M cells (Tregs), with greater than
96% expressing Foxp3 (unpublished data, August 2005). CD4* and CD8*
cells at a physiologic ratio (Tcons) were isolated to a purity of 95% to
98% as previously described.'® Bone marrow was harvested and prepared
into single-cell suspension as previously described.® T cells were depleted
by magnetic separation with anti-CD4 and anti-CD8 microbeads with more
than 99% purity.

Transplantation and MCMV infection

Wild-type or thymectomized Balb/c recipients were lethally irradiated with
8 Gy TB, given as 2 separate doses of 4 Gy 4 hours apart. Within 24 hours of
irradiation, recipient mice were injected via tail vein with FVB donor cells
and included one of the following:(1) TCD-BM (5 X 10°) alone;
(2) TCD-BM (5 X 10 and Tcons (5.0 X 10%); (3) TCD-BM (5 X 109,
Tcons (5.0 X 10°), and Tregs (5.0 X 10°). Tcon cell dose was determined
via titration studies to establish a subacute GvHD course, which permits
long-term immune reconstitution studies (unpublished data, March 2005).
Animals were monitored and clinical evidence of GVHD was evaluated and
scored as previously described.>?

Groups of mice were challenged intraperitoneally with 5 X 103
plaque-forming units (pfu) of lacZ-tagged MCMV RM427+ adminis-
tered via intraperitoneal injection®® at days 14, 30, or 63 after
transplantation. In a series of titration experiments using Tcon recipi-
ents, this dose and administration route resulted in a median time to
death of 13 days (range, 12-16) following infection 14 days after HCT
(unpublished data, March 2005).

Viral load determination

Liver, kidney, lung, and salivary glands from killed mice were weighed and
stored at —80°C in complete Dulbecco modified Eagle medium and
triple-sterilized dry milk. Organs were sonicated and titered by plaque assay
on 3T3 cell (American Type Culture Collection, Manassas, VA) monolayers
as described previously.>*

Histopathology

Sections of spleen, lymph nodes, and thymus were collected and fixed in
10% formalin and placed in paraffin blocks. Tissue sections of 5 wm were
H&E stained, coded (D.D.), and analyzed (N.K.).

Analysis of peripheral blood

Peripheral blood was obtained by heart puncture following sacrifice of the
animal, collected into a heparin-coated tube, and measured using the
Celldyn Analyzer (Abbott Diagnostics, Mountain View, CA) by the
Department of Comparative Medicine at Stanford University.

IFN-y ELISPOT assay

Polyvinylidene fluoride 96-well plates (Millipore, Billerica, MA) were
coated with anti-IFN-y mAb (Mabtech, Sweden) at 0.5 pg/well. MCMV
1E1 peptide (YPHFMPTNL-COOH, synthesized at Stanford PAN facility)
was added at 0.11 wg/100 pL/well. Sorted donor (H2K9) lymphocytes
(2 X 10%) were added to their respective wells. Lymphocytes from unin-
fected animals were negative controls. As a positive control, lymphocytes
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from uninfected animals were stimulated with anti-CD3/anti-CD28 antibod-
ies (1 pg/mL in media). Secondary anti—-IFN-y-biotinylated antibody
(1 pg/mL) was added following overnight incubation and kept at RT for
2 hours. After a phosphate buffered saline (PBS) wash, streptavidin-alkaline-
phosphatase was added, and plates were incubated at RT for 1 hour,
followed by incubation with BCIP/NBT substrate dye (Moss, Pasadena,
MD) until color development. Plates were analyzed (Zellnet, Fort Lee, NJ)
for the number of spots/well, with each spot representing individual
IFN-y—secreting cells.

TCR VB spectratyping

RNA was extracted from splenic single-cell suspensions using RNeasy
Mini Kit (Qiagen, Valencia, CA) and reverse-transcribed into cDNA using
iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA). Polymer-
ase chain reaction (PCR) was performed with 21 different 5’ primers that
specifically amplify all functional TCR-V[ genes from C57Bl/6 animals.
These variable primers were used in combination with a common 3’ primer
based in the B-chain constant region, (5'-GACCTCCTTGCCATTCAC-
CCACCAG-3"). PCR of the run-off products was performed using a
FAM-labeled common 3’ primer based in the B-chain constant region,
(5'-CAAACAAGGAGACCTTGGGTGGAGTCAC-3"). 6-carboxy-fluores-
cein (FAM)-labeled PCR fragments were then run on an ABI Prism 3700
DNA-Sequencer (Applied Biosystems, Foster City, CA) and analyzed using
GeneScan software (Applied Biosystems).

Statistical analysis

The log-rank test was used to compare groups in Kaplan-Meier survival
analysis. For comparison of absolute cell counts between experimental
groups, the rank sum or Mann-Whitney test was used, with their nominal
P values reported. Fisher exact test was used to compare proportions (or
percent) survival without virus between groups.

Results

Tregs attenuate GvHD and do not interfere with engraftment
and donor chimerism

We established a model of subacute GvHD following complete
MHC-mismatched HCT to assess the effect of Tregs on GvHD,
engraftment, and immune reconstitution. In this model, lethally
irradiated Balb/c H29 recipients received 5 X 10° T cell-depleted
bone marrow cells (BM) from H2¥ mice. Co-transfer of donor
5 X 10° CD4* and CD8* T cells (Tcons) at a physiologic dose ratio
of 3:1 resulted in lethal GVHD with a median survival of 85 to
90 days. Infusion of donor CD4*CD25" regulatory T cells (Tregs)
at a 1:1 dose ratio to Tcons protected animals from GvHD-related
mortality.

By day 30 after HCT, peripheral blood analysis showed
complete donor chimerism in animals that received Tcons alone
(Tcon) or both Tcons and Tregs (Tcon + Treg) and remained
stable on days 60 and 100 after HCT (unpublished data,
December 2005). Peripheral blood counts on day 60 showed
engraftment of white blood cells (WBCs), red blood cells, and
platelets, with no obvious disparity between animals that
received Tcons or Tcon + Treg (unpublished data, December
2005). However, in the analysis of WBC subsets, recipients of
Tcons had a significantly elevated number of neutrophils and
were lymphopenic. In contrast, animals that received
Tcon + Treg had normal levels of neutrophils (P = .004) and
increased numbers of the lymphocyte subsets (P = .014),
suggesting improved lymphoid engraftment (Figure 1A).

To evaluate the differences in lymphoid reconstitution, we
measured early and late quantitative recovery of donor lymphocyte
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Figure 1. Impact of regulatory T cells on engraftment and quantitative immune reconstitution. (A) Peripheral blood with normal total white blood cells (WBCs) in animals
on day 40 after transplantation. Analysis of subpopulations of WBCs showed abnormally low numbers of lymphocytes (Lymph) and high numbers of neutrophils (ANC) in
recipients of Tcons alone, the latter accounting for the increased total WBC. Animals that received Tregs with Tcons had normal levels of ANC and enhanced numbers of
lymphocytes. Peripheral blood reconstitution of total lymphocytes and lymphoid subsets on days 14 (B-F) and 40 (G-K) after transplantation. Statistical differences (*P < .05)
were noted between Tcons versus Tcon + Treg recipients in total lymphocytes, CD4*, CD8", and NK* cells on day 14. Differences were more significant on day 40 and
included CD19" cells. Results represent the mean plus or minus SE (3 to 4 mice per group, one of 3 experiments).

subsets on days 14 and 40 following HCT. These time points were
selected based on preliminary assessments defining the temporal
sequence of hematopoietic chimerism. On day 14, recipients of
Tcon + Treg had increased numbers of total lymphocytes as well
as subsets of CD4*, CD8*, and NK cells when compared with
Tcon recipients (P < .05) (Figure 1B-F). By day 40, lymphoid
recovery, including CD19" B cells, in Tcon + Treg recipients was
even more robust and comparable to age-matched untreated
animals or animals that received only BM transplants and were
without GvHD (P < .05) (Figure 1G-K).

Polyclonal VB usage and diverse TCR repertoire in recipients
of Tregs

We next determined the impact of Tregs on the developing T-cell
repertoire after HCT. Specifically, we evaluated the TCR-Vp

expression of donor-derived T cells isolated from transplant
recipients on day 30 (Figure 2A). TCR-V[3 usage was broad among
animals within each experimental group and comparable to age-
matched untreated controls. However, Tcon recipients generally
had lower levels of donor T cells at all V@ elements except at
VB12, where a higher percentage of T cells was noted. These
findings suggest that Tregs do not compromise the generation and
maintenance of a broad TCR-Vf3 repertoire and appear to attenuate
the loss of V3 diversity that results from Tcon infusion.

To more precisely assess the diversity and clonality of the T-cell
repertoire, we performed spectratyping DNA sequence analyses of
the CDR3 region within each VB region.?6?’7 Age-matched un-
treated donor animals had a diverse TCR-V{, evident by the
Gaussian distribution of peaks that represent a range and frequency
of CDR3 sequence lengths within each V{3 locus (Figure 2B). Tcon
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Figure 2. Influence of regulatory T cells on the TCR Vf repertoire following
hematopoietic cell transplantation. (A) TCR Vf profile of donor FVB (unpublished
data) or C57BI6 (shown) CD3" T cells from Balb/c recipients on day 30 following
transplantation. Flow cytometry shows a broad overall VB usage in all groups, with a
higher percentage of donor CD3* T cells at the majority of V regions in animals that
received Tregs in addition to Tcons. TCR Vg profiles of untreated age-matched
C57BI/6 animals (Untreated) and of Balb/c recipients which received only C57BI/6
T cell-depleted bone marrow cells (BM) served as controls. Data presented as the
mean plus or minus SE (3 to 4 mice per group). (B) CDR3 size spectratyping analysis
was performed using C57BI/6-specific V@ primers to generate PCR products from
purified splenic cells from untreated C57BI/6 wild-type controls (WT) or transplant
recipients which received TCD-BM alone, with Tcons (Tcon) or with Tcons and Tregs
(Tcon + Treg), on day 30 following transplantation. Shown are representative
spectratypes of VB2, 4, 6, 8.3, 10, 12, and 16 in the histogram format. Histograms
(blue peaks) depict CDR3 sequence length (abscissa) vs frequency of occurrence
(ordinate). Red peaks within each histogram represent nucleic acid reference
sequence of defined length. Data are representative of at least 3 animals per group,
from one of 2 experiments.

recipients exhibited a decreased number and shifting of the peaks,
resulting in an oligoclonal (VP2,10,12,16) or monoclonal
(VB4,6,8.3) TCR-Vp profile, indicating a contracted and skewed
TCR-Vp repertoire. At the V312 locus however, there was a more
diverse pool of CDR3 sequences, with a higher percentage of donor
CD3" T cells. In contrast, BM recipients that received Tcon + Treg
had a more diverse and polyclonal distribution of TCR at most V3
regions, comparable to control animals that received BM only.

Tregs enhanced functional lymphoid reconstitution, leading to
protection from MCMYV challenge

To determine if improved lymphoid recovery in Tcon + Treg
recipients is associated with enhanced immunity against foreign
antigens, animals were challenged with murine cytomegalovirus
(MCMV) following HCT. Uninfected recipients in each respective
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experimental group served as controls to delineate the contribution
of MCMYV infection and GvHD on survival. Recipients of
Tcon + Treg had minimal or no evidence of GvHD, while animals
that received Tcons had significant GvHD, with a median survival
of 85 days (Figure 3A,B). At day 100, 20% of uninfected Tcon
recipients were alive, compared with 90% of animals co-
transplanted with Tcon + Treg (P < .001), permitting longitudinal
studies of immune reconstitution and responses to MCMYV infec-
tion in these animals.

Animals were challenged with MCMYV on days 14, 30, or 63
following HCT (Figure 3C-E). These time points represent incom-
plete, nearly complete, and complete lymphoid recovery in control
animals that received TCD-BM only (unpublished data, December
2005). When animals were inoculated with MCMYV on days 14 or
30 after transplantation, 100% of Tcon recipients died acutely from
infection with a median time to death of 14 and 18 days after initial
challenge, respectively. By contrast, animals that received
Tcon + Treg and were infected on days 14 or 30 had a survival of
50% and 67% at day 100 after transplantation, respectively (Tcon
vs Tcon + Treg, P < .001). When challenged with MCMYV on day
63, 40% of Tcon recipients and 100% of Tcon + Treg recipients
survived at day 100 after transplantation (P = .08), consistent with
improved functional lymphoid reconstitution in both groups at this
time. However, Tcon recipients that survived the acute infection
also were significantly ill from severe GvHD. Survival of
Tcon + Treg recipients was not statistically different from animals
that received BM only.

Preserved thymus structure in Treg recipients correlates with
improved lymphoid recovery

Thus far, our findings indicate that animals receiving Tcon + Treg
develop a timely, diverse, and functional T-cell repertoire following
HCT. In contrast, lymphoid recovery in Tcon recipients is delayed
and incomplete, leading to poor MCMV immunity. We hypoth-
esized that Tregs may protect thymic epithelial cells and stromal
elements from GvHD-related damage, thus attenuating GvHD-
induced thymic dysplasia, which arrest or block T-cell differentia-
tion,'? resulting in decreased thymic output.!! Gross and histologic
examination of thymi on days 30 and 60 after HCT confirmed the
preservation of thymic integrity and architecture in BM controls
and Tcon + Treg recipients compared with smaller involuted and
degenerated thymi of Tcon recipients (Figure 4A).

To assess if the thymus is required for protection from
adoptively transferred Tregs, adult thymectomized Balb/c animals
were lethally irradiated and transplanted BM, with Tcons, and with
Tcon + Treg, as previously described. Thymectomized uninfected
HCT controls have a similar survival pattern as their euthymic
counterparts (Figure 4B). Recipients of Tcons that were challenged
with MCMYV on day 30 after transplantation had a 100% mortality,
with a median time to death of 10 days following initial infection.
However, at day 100, 38% of Treg recipients survived without
clinical infection or GvHD (P < .001) (Figure 4C). These data
suggest that either extrathymic generation of new T cells or a
secondary site of protection by Tregs account for the partial
survival.

Secondary protection of peripheral nodal niches by Tregs
promotes lymphoid recovery

Improved survival (Figure 4C) and reduced viral burden (Figure 5)
in infected thymectomized Tcon + Treg recipients compared with
thymectomized Tcon animals suggested that Tregs may exert their
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Figure 3. Viral immunity is preserved in the presence of Tregs. (A,B) Lethally irradiated Balb/c received FVB T cell-depleted BM alone (BM, A), with Tcons (e ), or with
Teon + Treg (O). Shown are the weight change (A), a surrogate measure of graft-versus-host disease, and survival (B) following bone marrow transplantation (BMT) (Tcons vs
Tcon + Treg, n = 20, P < .001). (C-E) Balb/c recipient mice transplanted with BM alone (A), with Tcons (e ) or Tcon + Treg (O) as described above are challenged with murine
CMV on days 14 (C), 30 (D), or 63 (E). Pvalue for Tcons versus Tcon + Treg: < .001, < .001, and = .08, respectively. Pis NS for BM versus Tcon + Treg. Data combined from

3 separate experiments.

protection not only via the thymus but elsewhere. We evaluated the
impact of Tregs on secondary lymphoid organs following HCT.
Spleens and lymph nodes were isolated on days 30 and 60 after
transplantation. Animals receiving Tcons had significant lymph
node atrophy and hypoplasia resulting from GvHD (Figure 4D),
with a reduction in CD4" (P = .002) and CD8* T cells (P = .002)
compared with animals transplanted with Tcon + Treg (Figure
4E,F). Splenic fibrosis from GvHD in Tcon recipients was associ-
ated with significant reduction in numbers of CD4* (P = .011),
CD8" (P = .032), and CDI19* cells (.006) (Figure 4G-J). These
results indicate that the peripheral lymphoid niche is important for
T-cell homeostasis following HCT! and suggest that Tregs en-
hance immune reconstitution by preventing GvHD-induced dam-
age to both primary and secondary lymphoid structures.

Improved survival from MCMYV infection in Treg recipients
correlates with lower viral load

To determine whether improved survival from MCMV is the result
of viral clearance, we measured the MCMYV load of the kidneys,
liver, and lungs of Tcon + Treg recipients on day 100 after HCT. In
euthymic recipients, MCMV infection at day 30 and beyond
post-HCT resulted in higher overall and virus-free survival and
lower viral load (Figure 5). No virus was detected in the tissues of
animals challenged with MCMV on day 63. Infection on day 14
after HCT led to 50% overall survival in which 50% of animals still
had detectable virus in the kidneys or liver, although there were no
clinical signs of infection. These findings indicate that ultimate
viral control is determined by the status of functional immunity at
the time of viral exposure. In contrast, all thymectomized animals
that survived MCMYV infection had detectable virus titers that were
several log fold higher than their surviving euthymic controls
(P = .02). Importantly, when compared with animals that received
only BM, the virus-free survival and viral load (Figure 5) of

surviving Tcon + Treg recipients were not significantly different.
In both groups, despite undetectable levels in the kidneys, liver, and
lungs in most animals, and no clinical evidence of infection, virus
was found at comparable titer in the salivary glands of animals at
day 100 after HCT (unpublished data), an observation that is
consistent with known MCMYV tropism. These results suggest that
the enhanced immune reconstitution due to Tregs leads to increased
viral clearance and improved survival without impacting the
subclinical persistence of MCMV.

MCMV-specific response due to T cells derived from donor
stem cells

To determine the relative contribution of thymic-derived T cells
and mature T cells (Tcons) transferred with the allograft toward
MCMYV immunity, we evaluated immune reconstitution in lethally
irradiated animals that received BM only (BM) and do not have
GVvHD. In these animals, quantitative lymphoid reconstitution
(Figure 1) and TCR-V{ repertoire (Figure 2) was not statistically
different from recipients of Tcon + Treg, but was significantly
enhanced compared with BM recipients that had been transplanted
with Tcons. MCMYV challenge of euthymic BM recipients on days
14, 30, or 63 after transplantation showed increasing overall
survival with later infection relative to HCT (Figure 3C-E) despite
the absence of transferred Tcons. The percentage of animals that
successfully cleared MCMV also improved with later infection,
with rates of 43%, 90%, and 100% for infection on days 14, 30, and
63 (Figure 5). These findings are consistent with increasing
lymphoid recovery from donor stem cells over time. In addition,
BM recipients that had undergone pretransplant thymectomy had a
significantly decreased survival and detectable viral loads com-
pared with euthymic controls (Figure 5). These results indicate that
newly generated T cells from the thymus constitute the major
population involved in the observed responses to MCMV.
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Figure 4. Protection of thymic stroma and secondary lymphoid organs by regulatory T cells improves T-cell immunity. (A) H&E staining of thymus extracted from
Balb/c recipients which received FVB TCD-BM alone (BM), with Tcons (Tcon), or with Tcons and Tregs (Tcon + Treg) (200 X magnification). Results from day 60 show small
and involuted thymus with disorganized medullary, M, and cortical, C, regions in Tcon recipients compared with animals that received Tcons and Tregs. (B,C) Survival of adult
thymectomized Balb/c recipients co-transplanted with BM alone (¥), with Tcons (e ) or with Tcons and Tregs (O), uninfected (B). e, n = 10 vs O, n =9, P = .001), or
challenged with MCMV on day 30 after transplantation (C): e, n =14 vs O, n =13, P<.001). P is NS for BM versus Tcon + Treg. Data combined from 2 separate
experiments. (D) H&E staining of peripheral lymph node sections from Balb/c recipients, which had received donor FVB TCD-BM with Tcons alone (Tcon) or with Tcons and
Tregs (Tcon + Treg) on day 60 after transplantation (200x magnification). In Tcon recipients, peripheral lymph nodes are collapsed with hyalinalization and hypoplasia.
(E,F) Number of CD4* and CD8" T cells in peripheral lymph node of animals with Tcons alone (Tc,[—_] ) or with Tcons and Tregs (Tc + Tr, Jlill ) (CD4*, P = .002; CD8*,
P = .002). (G-J) Spleen to body weight ratio (P = .037) and number of CD4* (P = .011), CD8" (P = .032), and CD19" cells (.006) in spleens of animals that received BM and
Teons alone (Te, [ ) or with BM with Tcons and Tregs (Tc + Tr, il )- Data shown for day 60, representing at least 4 animals, with mean values (+ SE).

Generation of antiviral T-cell response with adoptive transfer
of Tregs

Given that animals receiving Tcon + Treg are able to generate an
effective primary immune response to a novel antigen such as MCMYV,
we next evaluated the recipients’ ability to generate MCM V-specific
memory T cells in the presence of Tregs. In the absence of tetramers

available for the FVB background, we used the ELISPOT assay to
measure interferon-y (IFN-y) release from equivalent number of donor
T cells isolated on day 100 from previously infected animals and
incubated with MCMYV 1E1 peptide (Figure 6). T cells from uninfected
Tcon + Treg recipients did not release interferon; however, T cells from
previously infected animals that received Tcon + Treg or BM only

20z dunr g0 uo 3senb Aq Jpd'G¥6000802008UZ/28Z 122 1/S¥6/2/1 | L/Pd-81on1e/poojgeusuoledlgndyse//:diy woly papeojumoq



BLOOD, 15 JANUARY 2008 - VOLUME 111, NUMBER 2

A g

s

E

>

2

'S

o

oD

[+]

-

Thymus: + + + + + + + + - -

Day of Infection: - - 14 14 30 30 63 63 30 30
B » 100 —

E gy

S

= 754

o

£

S 50-

©

2

2 25

7]

;E n

Thymus: + + + + + + + + - -

Day of Infection: - - 14 14 30 30 63 63 30 30

Figure 5. Improved survival in Treg recipients correlate with lower viral load.
Viral load (A) and percent viral-free survival (B) of BM only or BM + Treg recipients
on day 100 following transplantation. (A) Euthymic and athymic animals that received
BM alone or with Tcons and Tregs are killed and organs (kidney, lungs, and liver) are
extracted for viral load assessment. Shown is the kidney viral load (log plaque
forming units [pfu] per gram tissue) from euthymic mice that received BM only (open
symbol) or with Tcon + Treg (filled symbol) on day 0 and infected on day 14, day 30,
or day 63, and athymic mice that received BM only (open symbol) or with Tcon + Treg
(filled symbol) on day 0 and infected on day 30. Solid lines indicate mean viral load.
Dotted line indicates the detection limit of the plaque assay. P = NS for viral load in
recipients of BM only vs BM + Tcon + Treg; P = NS and .02, for e versus A, and
A versus M, respectively; P = .04 and .003, for O versus A, and A versus [],
respectively). (B) Euthymic or athymic animals that received BM alone (open bar) or
with Tcon + Treg (filled bar) and were infected on days 14 or 30 or 63 were assessed
on day 100 for the presence of virus in the salivary glands, kidneys, liver, and lungs.
Uninfected animals in the respective groups served as controls. Data are shown for
virus detectable in the kidneys. All thymectomized recipients that survived had
detectable viral load. P = NS for survival without virus in BM vs BM + Tcon + Treg
animals. In BM group, euthymic animals infected on day 14 versus 30 (P = .06);
euthymic versus thymectomized animals infected on day 30 (P = .04). In
BM + Tcon + Treg group, euthymic animals infected on day 14 versus 30 (P = 1.0);
euthymic versus thymectomized animals infected on day 30 (P = .08).

secreted a similar level of IFN-y upon exposure to CMV 1EI1, with
increasing IFN-v values measured for animals infected with MCMV at
later time points after HCT (P = .01 for day 14 infection and .001 for
day 30 infection, Tcon + Treg compared with uninfected controls). In
addition, T cells from thymectomized Tcon + Treg recipients had a
lower secondary response (P = .003), consistent with the survival data
and is not unexpected since lymphoid reconstitution in Tcon + Treg
recipients is more complete with an intact thymus. These data provides
evidence for the ability of previously infected Tcon + Treg recipients to
mount a secondary response to MCMYV, particularly when immune
reconstitution is more complete, and is consistent with our findings that
MCM V-specific immunity is due mainly to T cells generated from the
donor stem cells. We were unable to evaluate secondary responses in
animals that had received Tcons, as they rapidly died from primary
MCMYV infection within approximately 2 weeks of initial challenge.

Discussion

Regulatory T cells have potential as an adoptive cellular therapy to
prevent GvHD.%7921 However, the absence of known GvHD
epitopes required for expansion of antigen-specific Tregs necessi-
tates the transfer of polyclonal Treg populations that some had
hypothesized may lead to inadvertent and bystander inhibition of
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Figure 6. Tregs permit the generation of secondary responses to CMV antigen.
Euthymic or thymectomized Balb/c animals that were co-transplanted with FVB
TCD-BM, Tcons, and Tregs (e ) or with TCD-BM alone (O) on day 0 and infected with
CMV on day 14 or 30 were killed on day 100. Donor splenic lymphocytes were sorted
and CMV-specific responses to E1 antigen were measured by Elispot assay for
Interferon-y release. Each symbol represents the Elispot count from a different
mouse. Solid line indicates mean number of elipsots. P values: * = .01, ** = .006,
** =01, #=.002, # = .001, ##* = 001. P values are not significant between
e versus O, and not significant between euthymic versus thymectomized animals
infected on day 30 for both groups. Positive (pos) and negative (neg) controls are as
described in “IFN-y ELISPOT assay.”

general immunity and may compromise responses to microbes and
tumor following HCT. Our studies demonstrate that Tregs in fact do
not adversely impact long-term engraftment or stable donor
chimerism. We showed that adoptively transferred Tregs promote
lymphoid reconstitution in addition to providing protection from
GvHD. Enhanced T-cell number and diversity in Tcon + Treg
recipients led to improved immunity to MCMYV, with significant
reduction in viral load and increased survival from an otherwise
lethal CMV infection in animals transplanted with Tcons alone.
Importantly, the transfer of Tregs did not compromise long-term
immunity following HCT, which is required for effective vaccina-
tion?® and adequate responses to recall antigens, such as CMV
reactivation and tumor relapse.'7?° Our studies were performed to
assess the impact of Tregs on total T cells without further
distinction of CD4" and CD8* T cells since both subpopulations
are required for sustained antiviral protection.’*-33 Further studies
will evaluate the potential differential regulation of Tregs on the
repertoire and function of T-cell subsets, including naive versus
memory CD4% T cells. In addition, we will assess the newly
generated Treg repertoire as its scope may influence the level of
specific and nonspecific suppression in our model of GvHD.

Our data raise the possibility that adoptive transfer of Tregs
contributes to the viral persistence which otherwise may be cleared
by the co-transfer of Tcons. This delayed or incomplete pathogen
clearance thus may enable immunological memory to develop.’*
Previous studies showed that endogenous Tregs can be both
beneficial and detrimental to the infected host, limiting aggressive
immune responses against pathogens that may cause collateral
damage of host tissues®>3¢ and the development of autoimmunity,’
while facilitating pathogen persistence by suppressing rapid effec-
tor responses.>*¥#¥-4l In our BMT model, animals that received
Tcon + Treg generated primary and secondary immune responses
to the same extent as BM recipients, indicating that Tregs do not
adversely affect host MCMYV immunity after HCT and that viral
persistence at a subclinical level is part of the natural history of
CMV infection. Our data showed that the protective role of Tregs
may be their ability to reduce the immunopathology induced by the
co-transferred Tcons which compromises immune reconstitution.
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Indeed, we demonstrated that Tcon + Treg recipients had pre-
served thymic and peripheral lymphoid architecture and size
similarly found in BM control animals, with significantly increased
blood and nodal output of newly generated lymphocytes following
HCT. The differences in outcomes of the contradictory effects of
Tregs in different experimental models, including ours, may be
explained by the balance between Tregs and effector T cells®!842
under different disease settings, and is further demonstrated by the
ability of the immune system in normal immunocompetent individu-
als to prevent the development of autoimmune diseases while able
to mount effective responses to a range of pathogenic agents.

In our model of HCT, lymphoid reconstitution and immunity
results mainly from thymic-dependent recapitulation of lymphoid
ontogeny with donor stem cells and thymic-independent expansion
of mature T cells (Tcons) from the allograft.*3 Our studies showed
that Tcons cause GVHD!®2! while thymic-derived T cells are the
major effectors of MCMV and long-term immunity. Our previous
reports on the in vivo kinetics of adoptively transferred Tregs!®?!
indicate that the apparent selective inhibition by Tregs of GvHD
but not MCMYV immunity is due to early and robust suppression of
Tcons in the first week after HCT, which prevents GVHD, followed
by homeostatic immune responses of Tregs during the non-
inflammatory phase of HCT which allow and accelerate recapitula-
tion of lymphoid ontogeny of the thymic-derived donor T-cell
repertoire. We showed that low levels of Tregs during this latter
phase of HCT do not adversely impact viral immunity; Tcon + Treg
recipients had comparable control of MCMV to animals that
received BM only and immunity improved with later infection
consistent with increased lymphoid recovery. We expect that
MCMV challenge at the time of Treg transfer would lead to
significant reduction in viral control due to the significant Treg-
mediated reduction of Tcons which mediate immunity early after
HCT. The protective role of Tregs for both GvHD and MCMV
immunity therefore occurs early, with direct inhibition of Tcons and
prevention of immunopathology of thymic and nodal niches that
afford enhanced lymphoid reconstitution. Studies using CMV-
specific tetramers and congenic markers will further define the
contributions of Tcons versus thymic-derived T cells toward
MCMYV immunity in presence of Tregs.

Resolution of CMV infection is primarily mediated by
T cells.3033 However, NK cells,***5 B cells,***’ and dendritic
cells*$# contribute to a variable degree to the immune control of
CMYV and may also account for partial survival in thymectomized
Tcon + Treg recipients challenged with MCMV. Tcon + Treg
recipients have increased reconstitution of donor NK cells and B
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cells at early and later time points after HCT, respectively, which
likely contributes to CMV immunity following HCT. Further
studies are needed to determine the relative contribution of B and
NK cells as well as the potential contribution of residual host T and
NK cells in the control of CMV infection in our model.
Extrathymic de novo generation of donor T cells observed in our
studies may also provide some protection from MCMYV infection,
despite their lower number and poorer function compared with
thymic-derived T cells.!!>!

In summary, our findings offer new insights into the contribu-
tion of Tregs in maintaining an optimal microenvironment for the
reconstitution of functional immunity. Protection of the thymic and
nodal niches in which T-cell generation and homeostasis occur is a
major mechanism by which Tregs mediate their protective effects,
and may help explain the intrinsic link between the suppression of
GvHD and an enhancement of immune reconstitution following
adoptive transfer of Tregs. The ability of Tregs recipients to
generate a diverse TCR repertoire and to mount effective functional
immune responses supports further consideration of Tregs immuno-
therapy for clinical allogeneic HCT.

Acknowledgments

We thank Ruby Wong for statistical support and Dan daSilva for
technical assistance.

This work was supported by the National Institutes of Health
grant nos. KO8 AI060888 (V.H.N.), ROl CA0800065, and POl
HL075462 (R.S.N. and .M.B.).

Authorship

Contribution: V.H.N. designed and conceptualized the research,
performed the experiments, analyzed the data, and wrote the paper;
S.S. did the ELISA and viral load assessment and helped analyze
data; D.C., L.H., and M.B. helped with the spectratyping studies;
N.K. analyzed the histology; R.S.N. and J.M.B. provided overall
research advice and guidance.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Robert S. Negrin, Center for Clinical Science
Research, 269 W Campus Dr, Rm 2205, Division of Bone Marrow
Transplantation, Stanford University School of Medicine, Stan-
ford, CA 94305; e-mail: negrs @stanford.edu.

1.

Sakaguchi S. Naturally arising CD4+ regulatory t
cells for immunologic self-tolerance and negative
control of immune responses. Annu Rev Immu-

immune regulatory cells inhibits graft-versus-host
disease lethality. Blood. 2002;99:3493-3499.

tation in irradiated recipients. Exp Hematol. 1997;
25:992-1004.

1ol. 2004:99:531-562 7. Trenado Al,'CharIotte F, Fisson S, et al. Recipient- 11. Dulude G, Roy DC, Perreault C. The effect of
) e ) type specific CD4+CD25+ regulatory T cells fa- graft-versus-host disease on T cell production

2. ;ou W. Regulatory T cells, tumour immunity and vor immune reconstitution and control graft-ver- and homeostasis. J Exp Med. 1999;189:1329-
immunotherapy. Nat Rev Immunol. 2006;6:295- sus-host disease while maintaining graft-versus- 1349.

307. leukemia. J Clin Invest. 2003;112:1688-1696. .

3. Mills KH. Regulatory T cells: friend or foe in im- 8. Hoffmann P, Ermann J, Edinger M, Fathman CG, 12. giz?n\;viyrﬁzayrzgﬂu“:;?g:; 'a\l/lr;fﬁids?cl)ll(omy ba
munity to infection? Nat Rev Immunol. 2004;4: Strober S. Donor-type CD4(+)CD25(+) regula- > Y : ! ! gical ba
841-855. tory T cells suppress lethal acute graft-versus- sis for graft—versus—host—mdutfed‘|mmunosup-

4. Tarbell KV, Petit L, Zuo X, et al. Dendritic cell-ex- host disease after allogeneic bone marrow trans- pression. Immunol Rev. 1985;88:107-133.
panded, islet-specific CD4+ CD25+ CD62L+ plantation. J Exp Med. 2002;196:389-399. 13. Baker MB, Riley RL, Podack ER, Levy RB. Graft-
regulatory T cells restore normoglycemia in dia- 9. Nguyen VH, Zeiser R, Negrin RS. Role of natu- versus-host-disease—associated lymphoid hyp-
betic NOD mice. J Exp Med. 2007;204:191-201. rally arising regulatory T cells in hematopoietic oplasia and B cell dysfunction is dependent upon

5. Wood KJ, Sakaguchi S. Regulatory T cells in cell transplantation. Biol Blood Marrow Trans- donor T cell-mediated Fas-ligand function, but
transplantation tolerance. Nat Rev Immunol. plant. 2006;12:995-1009. not perforin function. Proc Natl Acad Sci U S A.
2003;3:199-210. 10. Dulude G, Brochu S, Fontaine P, et al. Thymic 1997:94:1366-1371.

6. Taylor PA, Lees CJ, Blazar BR. The infusion of ex and extrathymic differentiation and expansion of 14. Hakim FT, Cepeda R, Kaimei S, et al. Constraints

vivo activated and expanded CD4(+)CD25(+)

T lymphocytes following bone marrow transplan-

on CD4 recovery postchemotherapy in adults:

20z dunr g0 uo 3senb Aq Jpd'G¥6000802008UZ/28Z 122 1/S¥6/2/1 | L/Pd-81on1e/poojgeusuoledlgndyse//:diy woly papeojumoq



BLOOD, 15 JANUARY 2008 - VOLUME 111, NUMBER 2

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

thymic insufficiency and apoptotic decline of ex-
panded peripheral CD4 cells. Blood. 1997;90:
3789-3798.

Weinberg K, Blazar BR, Wagner JE, et al. Factors
affecting thymic function after allogeneic hemato-
poietic stem cell transplantation. Blood. 2001;97:
1458-1466.

Wall DA, Hamberg SD, Reynolds DS, et al. Im-
munodeficiency in graft-versus-host disease, I:
mechanism of immune suppression. J Immunol.
1988;140:2970-2976.

Auletta JJ, Lazarus HM. Immune restoration fol-
lowing hematopoietic stem cell transplantation:
an evolving target. Bone Marrow Transplant.
2005;35:835-857.

Nguyen VH, Zeiser R, Dasilva DL, et al. In vivo
dynamics of regulatory T-cell trafficking and sur-
vival predict effective strategies to control graft-
versus-host disease following allogeneic trans-
plantation. Blood. 2007;109:2649-2656.

von Boehmer H. Mechanisms of suppression by
suppressor T cells. Nat Immunol. 2005;6:338-
344,

Mempel TR, Pittet MJ, Khazaie K, et al. Regula-
tory T cells reversibly suppress cytotoxic T cell
function independent of effector differentiation.
Immunity. 2006;25:129-141.

Edinger M, Hoffmann P, Ermann J, et al.
CD4+CD25+ regulatory T cells preserve graft-
versus-tumor activity while inhibiting graft-versus-
host disease after bone marrow transplantation.
Nat Med. 2003;9:1144-1150.

Thornton AM, Shevach EM. Suppressor effector
function of CD4+CD25+ immunoregulatory T
cells is antigen nonspecific. J Immunol. 2000;164:
183-190.

McGuirk P, Mills KH. Pathogen-specific regulatory
T cells provoke a shift in the Th1/Th2 paradigm in
immunity to infectious diseases. Trends Immunol.
2002;23:450-455.

Qin S, Cobbold SP, Pope H, et al. “Infectious”
transplantation tolerance. Science. 1993;259:
974-977.

Jonuleit H, Schmitt E, Kakirman H, et al. Infec-
tious tolerance: human CD25(+) regulatory T
cells convey suppressor activity to conventional
CD4(+) T helper cells. J Exp Med. 2002;196:255-
260.

Pannetier C, Cochet M, Darche S, et al. The sizes
of the CDR3 hypervariable regions of the murine
T-cell receptor beta chains vary as a function of
the recombined germ-line segments. Proc Natl
Acad Sci U S A. 1993;90:4319-4323.

Gorski J, Yassai M, Zhu X, et al. Circulating T cell
repertoire complexity in normal individuals and
bone marrow recipients analyzed by CDR3 size
spectratyping: correlation with immune status.

J Immunol. 1994;152:5109-5119.

Ljungman P, Engelhard D, de la Camara R, et al.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

REGULATORY T CELLS ENHANCE T-CELL RECONSTITUTION 953

Vaccination of stem cell transplant recipients: rec-
ommendations of the Infectious Diseases Work-
ing Party of the EBMT. Bone Marrow Transplant.
2005;35:737-746.

Parkman R, Weinberg KI. Immunological recon-
stitution following bone marrow transplantation.
Immunol Rev. 1997;157:73-78.

Walter EA, Greenberg PD, Gilbert MJ, et al. Re-
constitution of cellular immunity against cytomeg-
alovirus in recipients of allogeneic bone marrow
by transfer of T-cell clones from the donor. N Engl
J Med. 1995;333:1038-1044.

Riddell SR, Watanabe KS, Goodrich JM, et al.
Restoration of viral immunity in immunodeficient
humans by the adoptive transfer of T cell clones.
Science. 1992;257:238-241.

Reddehase MJ, Weiland F, Munch K, et al. Inter-
stitial murine cytomegalovirus pneumonia after
irradiation: characterization of cells that limit viral
replication during established infection of the
lungs. J Virol. 1985;55:264-273.

Podlech J, Holtappels R, Wirtz N, Steffens HP,
Reddehase MJ. Reconstitution of CD8 T cells is
essential for the prevention of multiple-organ cy-
tomegalovirus histopathology after bone marrow
transplantation. J Gen Virol. 1998;79(pt 9):2099-
2104.

Belkaid Y, Piccirillo CA, Mendez S, Shevach EM,
Sacks DL. CD4+CD25+ regulatory T cells con-
trol Leishmania major persistence and immunity.
Nature. 2002;420:502-507.

Maloy KJ, Salaun L, Cahill R, et al. CD4+CD25+
T(R) cells suppress innate immune pathology
through cytokine-dependent mechanisms. J Exp
Med. 2003;197:111-119.

Suvas S, Azkur AK, Kim BS, Kumaraguru U,
Rouse BT. CD4+CD25+ regulatory T cells con-
trol the severity of viral immunoinflammatory le-
sions. J Immunol. 2004;172:4123-4132.

Boyer O, Saadoun D, Abriol J, et al.
CD4+CD25+ regulatory T-cell deficiency in pa-
tients with hepatitis C-mixed cryoglobulinemia
vasculitis. Blood. 2004;103:3428-3430.

Kursar M, Bonhagen K, Fensterle J, et al. Regu-
latory CD4+CD25+ T cells restrict memory
CD8+ T cell responses. J Exp Med. 2002;196:
1585-1592.

Suvas S, Kumaraguru U, Pack CD, Lee S, Rouse
BT. CD4+CD25+ T cells regulate virus-specific
primary and memory CD8+ T cell responses. J
Exp Med. 2003;198:889-901.

Taylor MD, LeGoff L, Harris A, et al. Removal of
regulatory T cell activity reverses hyporespon-
siveness and leads to filarial parasite clearance in
vivo. J Immunol. 2005;174:4924-4933.

Hisaeda H, Maekawa Y, Iwakawa D, et al. Escape
of malaria parasites from host immunity requires
CD4+ CD25+ regulatory T cells. Nat Med. 2004;
10:29-30.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Mendez S, Reckling SK, Piccirillo CA, Sacks D,
Belkaid Y. Role for CD4(+) CD25(+) regulatory T
cells in reactivation of persistent leishmaniasis
and control of concomitant immunity. J Exp Med.
2004;200:201-210.

Mackall CL, Granger L, Sheard MA, Cepeda R,
Gress RE. T-cell regeneration after bone marrow
transplantation: differential CD45 isoform expres-
sion on thymic-derived versus thymic-indepen-
dent progeny. Blood. 1993;82:2585-2594.

Bukowski JF, Warner JF, Dennert G, Welsh RM.
Adoptive transfer studies demonstrating the anti-
viral effect of natural killer cells in vivo. J Exp
Med. 1985;161:40-52.

Brown MG, Dokun AO, Heusel JW, et al. Vital in-
volvement of a natural killer cell activation recep-
tor in resistance to viral infection. Science. 2001;
292:934-937.

Farrell HE, Shellam GR. Protection against mu-
rine cytomegalovirus infection by passive transfer
of neutralizing and non-neutralizing monoclonal
antibodies. J Gen Virol. 1991;72(pt 1):149-156.

MacDonald MR, Li XY, Stenberg RM, Campbell
AE, Virgin HWt. Mucosal and parenteral vaccina-
tion against acute and latent murine cytomegalo-
virus (MCMV) infection by using an attenuated
MCMV mutant. J Virol. 1998;72:442-451.

Asselin-Paturel C, Boonstra A, Dalod M, et al.
Mouse type | IFN-producing cells are immature
APCs with plasmacytoid morphology. Nat Immu-
nol. 2001;2:1144-1150.

Dalod M, Salazar-Mather TP, Malmgaard L, et al.
Interferon alpha/beta and interleukin 12 re-
sponses to viral infections: pathways regulating
dendritic cell cytokine expression in vivo. J Exp
Med. 2002;195:517-528.

Arber C, BitMansour A, Sparer TE, et al. Com-
mon lymphoid progenitors rapidly engraft and
protect against lethal murine cytomegalovirus
infection after hematopoietic stem cell transplan-
tation. Blood. 2003;102:421-428.

Blais ME, Gerard G, Martinic MM, et al. Do thymi-
cally and strictly extrathymically developing T
cells generate similar immune responses? Blood.
2004;103:3102-3110.

Cooke KR, Kobzik L, Martin TR, et al. An experi-

mental model of idiopathic pneumonia syndrome
after bone marrow transplantation, I: the roles of

minor H antigens and endotoxin. Blood. 1996;88:
3230-3239.

Stoddart CA, Cardin RD, Boname JM, et al. Pe-
ripheral blood mononuclear phagocytes mediate
dissemination of murine cytomegalovirus. J Virol.
1994;68:6243-6253.

Manning WC, Stoddart CA, Lagenaur LA, Abenes
GB, Mocarski ES. Cytomegalovirus determinant
of replication in salivary glands. J Virol. 1992;66:
3794-3802.

20z dunr g0 uo 3senb Aq Jpd'G¥6000802008UZ/28Z 122 1/S¥6/2/1 | L/Pd-81on1e/poojgeusuoledlgndyse//:diy woly papeojumoq



