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Key Points The graft-versus-tumor (GVT) effect after allogeneic hematopoietic cell transplantation
(allo-HCT) represents an effective form of immunotherapy against many malignancies.

* Targeting APCs to enhance
GVT.

e CD8" DCs are important for
optimizing antitumor
responses after allogeneic
bone marrow transplantation.

Meaningful separation of the potentially curative GVT responses from graft-versus-host
disease (GVHD), the most serious toxicity following T-cell replete allo-HCT, has been an
elusive goal. GVHD is initiated by alloantigens, although both alloantigens and tumor-
specific antigens (TSAs) initiate GVT responses. Emerging data have illuminated a role
for antigen-presenting cells (APCs) in inducing alloantigen-specific responses. By
using multiple clinically relevant murine models, we show that a specific subset of host-
derived APCs—CD8* dendritic cells (DCs)—enhances TSA responses and is required

for optimal induction of GVT. Stimulation of TLR3, which among host hematopoietic APC subsets is predominantly expressed on
CD8* DCs, enhanced GVT without exacerbating GVHD. Thus, strategies that modulate host APC subsets without direct ma-
nipulation of donor T cells could augment GVT responses and enhance the efficacy of allo-HCT. (Blood. 2013;121(20):4231-4241)

Introduction

Allogeneic hematopoietic cell transplantation (allo-HCT) is a cura-
tive treatment for malignant hematopoietic diseases.' The curative
potential of allo-HCT is a consequence of the graft-versus-tumor
(GVT) responses.! However, the beneficial GVT responses are
tightly linked to the potentially life-threatening complications of
graft-versus-host disease (GVHD), which has limited wider appli-
cation of allo-HCT.? Most patients who undergo allo-HCT receive
hematopoietic stem cells and T cells from human leukocyte antigen—
matched but genetically nonidentical donors.” In these patients, the
primary antigenic targets of donor T cells responsible for GVHD
are the host minor histocompatibility alloantigens (miHAs).>"> Al-
loantigens are also critical for GVT responses.3 In addition to the
miHAs, donor T cells respond to tumor-specific antigens (TSAs)
that are either virally encoded and/or mutated tumor antigens that
may represent additional important targets for GVT responses
without causing concomitant GVHD, although this remains to be
definitively determined.>* Augmenting GVT responses through
elucidation of relevant TSAs and T cells that specifically respond
to them has been clinically challenging. The alloantigens derived
primarily from the endogenously polymorphic peptides in the host
target tissues—hematopoietic-derived and nonhematopoietic-derived
antigen-presenting cells (APCs)—are presented directly either
to donor CD8"' or CD4™ T cells by major histocompatibility
complex (MHC) class I and class II molecules, respectively, and

induce GVHD.? Experimental evidence demonstrates an oblig-
atory role for host hematopoietic APCs in GVT response.®® The
role of different hematopoietic-derived APC subsets and their
relative importance in graft-versus-leukemia (GVL) response is
not known. By using several clinically relevant murine and tu-
mor models, we have found that host CD8a" dendritic cells
(DCs) are required for optimal GVT response without aggra-
vating GVHD.

Materials and methods
Mice

Female C57BL/6 (B6, H-2", CD45.2"), C3H.sw (H-2°, CD45.2"; Jackson
Laboratory, Bar Harbor, ME), B6 Ly5.2 (H-2° CD45.17), and BALB/c
(H-2% mice (Charles River Laboratories, Wilmington, MA) and B6 BZmil*
mice (H-2°, CD45.2™) were obtained from Taconic (Hudson, NY). Batf3 e
mice on a 129 background were provided by Kenneth Murphy (Washington
University School of Medicine, St. Louis, MO) and were backcrossed by = 6X
generations onto B6 background at our facility. 7/r3~/~ mice on a B6
background were obtained from Gary Luker (University of Michigan, Ann
Arbor, MI).9 All animals were cared for under regulations reviewed and
approved by the University Committee on Use and Care of Animals of the
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University of Michigan, based on University Laboratory Animal Medicine
guidelines.

Generation of BM chimeras

Bone marrow (BM) chimeras were generated as described before.®101

Briefly, B6 Ly5.2 wild-type (WT) animals were administered 11 Gy total-
body irradiation (TBI; '*’Cs source) and then injected intravenously with
BM and whole spleen cells from WT B6 on day 1 or T/r3~/~ donor mice
on day 0. Donor hematopoietic chimerism was confirmed by using the
CD45.2 monoclonal antibody 3 to 4 months after BM transplantation
(BMT; donor type >95.0%).

BMT

BMTs were performed as described previously.>'*'* Briefly, splenic
T cells from donors were enriched while the BM was depleted of T cells by
autoMACS (Miltenyi Biotec, Bergisch Gladbach, Germany). WT B6 and
Batf3™’" animals received 10 Gy (**’Cs source) on day —1 and 0.5 X 10°
CD8™ T cells along with 5 X 10° T-cell-depleted BM (TCD-BM) from
either syngeneic B6 or allogeneic C3H.sw donors. For studies in which the
recipients were BM chimeras, we induced GVHD 3 to 5 months after
the generation of BM chimeras as described previously.®'*'* Briefly, the
chimeras received 9 Gy TBI on day —1 and were injected intravenously
with 5 X 10° BM and 0.5 X 10° CD8" T cells from either the syngeneic B6
or allogeneic C3H.sw donors on day 0. Survival was monitored daily, and
recipients’ body weight and GVHD clinical scores were measured weekly.

Induction of leukemia and lymphoma

Tumors (MBL-2 or EL-4, H-2%) were introduced during BMT at two
different doses as described previously.® MBL-2 is a Moloney murine
leukemia virus—induced T-cell lymphoma,'>'® and EL-4 is a chemically
induced T-cell lymphoma.'” Both are of B6 origin (H-2°) and were
extensively used as models of acute leukemia and lymphoma. We attributed
death to tumor if tumor was present at necropsy and death and to GVHD
only if no tumor was evident and there was histologic evidence of GVHD.
We established the presence of tumor by macroscopic and microscopic
visualization of tumor cells in liver and spleen and/or by hind-leg pa-
ralysis.'® Mice surviving beyond the observation period of BMT were
euthanized for histologic evaluation to determine leukemia- and lymphoma-
free survival.

Systemic and histopathologic analysis of GVHD

We monitored survival daily after BMT and assessed the degree of clin-
ical GVHD weekly as described previously.'® Histopathologic analysis of
liver and gastrointestinal tract (primary GVHD target organs) was per-
formed as described®® by using a semiquantitative scoring system by a
single pathologist (C.L.).2° After scoring, the codes were broken and data
were compiled.

Splenic DC isolation

Splenic CD11c™ DCs were enriched by 2-step immunomagnetic bead
enrichment. Briefly, spleens were minced and digested with collagenase D
(Roche) for 25 to 40 minutes at 37°C. After incubation, cells were washed
and preincubated with the rat anti-mouse FcR monoclonal antibody (mAb)
2.4G2 (eBioscience, San Diego, CA) for 15 minutes at 4°C to block
nonspecific FcR binding of labeled antibodies. Next, cells were incubated
with the APC-conjugated B220 and CD90.2 mAbs (BioLegend, San Diego,
CA) for 10 minutes at 4°C and then incubated with anti-APC microbeads
(Miltenyi Biotec) for 15 minutes. Single-cell suspensions were negatively
isolated to deplete B cells, T cells, and plasmacytoid DCs by autoMACS
(Miltenyi Biotec). The remaining negative populations were incubated with
CDllc microbeads (Miltenyi Biotec) and then isolated with positive
selection per the manufacturer’s protocol. The purity of the enriched
CD11c* DC preparations was >70%. In some experiments, splenic CD8™"
DCs were isolated by using a CD8"* DC isolation kit (Miltenyi Biotec) per
the manufacturer’s protocol, and the remaining negative populations were
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incubated with CD11c microbeads (Miltenyi Biotec) and then isolated with
positive selection (these are CD8 DCs).

FACS analysis

Fluorescent-activated cell sorter (FACS) analyses were performed as
described previously.'>'? Briefly, to analyze chimerism, splenocytes from
transplanted mice were resuspended in FACS wash buffer (2% bovine
serum albumin in phosphate-buffered saline) and stained with conjugated
mAbs—fluorescein isothiocynate (FITC)—conjugated mAbs to mouse CD4,
CD8, CD44, and CD45.2; phycoerythrin (PE)-conjugated mAbs to
CD25, CD62L, CD69, CD80, CD86, PD-L1, and I—Ab; interferon gamma
(IFN-y); granzyme B; FoxP3; allophycocyanin-conjugated mAbs to
CD45.1 and CD229.1; and PerCPcy5.5-conjugated CD25 (eBioscience).
The procedure was performed as described previously.'® Cells were
analyzed by using an FACS Vantage SE (Becton Dickinson, San Jose, CA)
or C6 cytometer (BD Accuri cytometers; BD Biosciences, Ann Arbor,
MI). For intracellular staining (FoxP3, IFN-y, granzyme B, and
CD107a), 2.0 to 3.0 X 10° cells per well were stained for cell surface
markers, fixed, and permeabilized per the manufacturer’s protocol. IFN-
v and granzyme B production by donor T cells on day 14 were assessed
following in vitro restimulation with 10 wg/mL CD3 and 1 ng/mL CD28
for 5 hours with brefeldin A (eBioscience). Cells underwent intracellular
staining for cell surface markers and were fixed and permeabilized per
the manufacturer’s protocol.

Cytokine enzyme-linked immunosorbent assay

Cytokines were measured in serum and culture supernatants by enzyme-
linked immunosorbent assay with specific anti-mouse mAbs for IFN-y and
interleukin-17A (IL-17A; BioLegend) according to the manufacturer’s
protocol and read at 450 nm by using a microplate reader (Model 3550;
Bio-Rad Laboratories, Hercules, CA). All samples and standards were run
in duplicate.

Analysis of MBL-2-specific cytotoxic T cells

Donor MBL-2-specific CD8" T cells were analyzed on day14 after BMT
with the immunodominant PE-conjugated peptide tetramer CCLCLTVFL
epitope, a gag-encoded protein of Friend-Moloney-Rauscher retrovirus that
is recognized in the context of H-2°."'® An H-2DP—restricted influenza
peptide (D’PA, SSLENFRAYV) was used as negative control. Tetramers
were made by the National Institutes of Health tetramer core facility
(Atlanta, GA). Briefly, splenocytes from transplanted mice were resus-
pended in FACS wash buffer (2% bovine serum albumin in phosphate-
buffered saline), stained with conjugated mAbs, incubated with PE-conjugated
gag-specific tetramer, washed twice with FACS wash buffer, fixed with 1X
BD FACS Lysing Solution (BD Biosciences), and analyzed by using a C6
cytometer (BD Biosciences).

Mixed DC and tumor reaction imaging

Splenic DCs (1 X 10°) labeled with CellTracker Green 5-chloromethyl-
fluorescein diacetate (CMFDA; Molecular Probes, Eugene, OR) were
cocultured with 1 X 10°> EL-4 cells stably transduced with mCherry in 6-
well plates for 6 hours. Samples were imaged with an Olympus FluoView
1000 laser scanning confocal microscope using X25 (XLPlan N X25 MP;
NA = 1.05) and X60 (LUMPlanFLN X60; NA = 1.00) water immersion
objectives. The Green CMFDA and mCherry were excited with 488-nm
and 559-nm laser lines, respectively. The green fluorescent signal was
detected with a wavelength range of 490 to 590 nm, and the red fluorescent
signal was detected with a wavelength range of 570 to 580 nm. All the
fluorescent images (1024 X 1024 pixels; 12 bits, bitmap) were collected
under identical photomultiplier tube high voltage (~600V) and pixel
integration time (12.5 ws/pixel).

Luciferase™ MBL-2 cell line

MBL-2 cells were transduced with a third-generation lentivirus coexpress-
ing green fluorescent protein (GFP) and firefly luciferase.?'>* Briefly,
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0.5 X 10° fresh MBL-2 cells were suspended in 1 mL of 10% Dulbecco’s
modified Eagle medium (DMEM) and 8 pg/mL of polybrene in a 6-well
plate. Cells were centrifuged at 2000 rpm at 32°C for 30 minutes. Cells
were then cultured for 7 hours at 37°C. One milliliter of fresh media (total
2 mL) was added for overnight incubation. On day 2, MBL-2 cells were
washed with fresh 10% DMEM and allowed to expand for 24 hours. Stably
transduced cells were sorted (FACS Diva) for high expression of GFP and
were recultured in vitro for 2 to 4 days with 10% DMEM.

Bioluminescence imaging

Bioluminescence imaging was performed with a cryogenically cooled
charge-coupled device (CCD) camera (IVIS; Caliper, Hopkinton, MA).
Acquisition and analysis of images were performed as previously
described.”* All animals were imaged 10 minutes after being injected
intraperitoneally with 100 nL (40 mg/mL) of firefly p-luciferin (Biosynth
AG, Staad, Switzerland). Animals were imaged 30 seconds to 5 minutes,
depending on the signal strength. All animals were maintained under
isoflurane anesthesia in a 37°C heated environment.

In vivo treatment with polyl:C

For the in vivo experiments, the [B6—B6Ly5.2] and [Tlr37/7—>B6Ly5.2
(F)] chimeras received 900 ¢cGy TBI (¥cs source) on day —1 and were
then transplanted on day 0 with 5 X 10° BM cells plus isolated 0.5 X 10°
CD8™T cells from donor mice along with 2 X 10* MBL-2 cells. Polyinosinic:
polycytidylic acid (polyl:C, 2.5 mg/kg; Amersham/GE Healthcare, Piscataway,
NJ) or the control diluents were administered by intraperitoneal injection on
days 0 and +1 after BMT.

Cross-presentation of tumor antigen assay

The CD8" T cells isolated from B6 mice were stained with carboxyfluor-
escein succinimidyl ester (CESE; Invitrogen, Eugene, OR). Then, 5 X 10*
CFSE-labeled CD8" T cells were incubated with 5 x 10* CD11c™ DCs
from either WT B6 or Batf3™/~ animals, 5 X 10* irradiated class 1™/~
splenocytes from B2m '~ animals, and MBL-2 tumor lysates in round-
bottom 96-well plates for 4 days and were analyzed by using an Accuri C6
cytometer (BD Biosciences).

Statistical analysis

The Mann-Whitney U test was used for the statistical analysis of in vitro
data and clinical scores. We plotted survival curves by using Kaplan-Meier
estimates, and the Wilcoxon rank-sum test was used to analyze survival
data. A P value < .05 was considered statistically significant.

Results

Host CD8"* DCs are dispensable for induction of GVHD across
MHC-matched minor antigen disparate BMTs

We investigated the role of host DC subsets in an MHC-identical,
multiple miHA-mismatched murine model, analogous to most human
allo-HCTs. We first compared the severity of GVHD in C57BL/6
(B6, H-2®) WT mice and the basic leucine zipper transcription factor
ATF-like3 (Batf3 ") —deficient B6 animals (these are deficient only
in CD8a™* DCs).”**2® They were lethally irradiated with 10 Gy on
day —1 and were transplanted with 0.5 X 10° CD8™ T cells and 5 X
10° TCD-BM cells from either syngeneic B6 or allogeneic MHC-
matched, miHA-mismatched C3H.sw donors.® All of the syngeneic
recipients survived with no signs of GVHD. By contrast, the alloge-
neic WT animals showed significantly greater mortality and clinical
severity of GVHD than the syngeneic animals (Figure 1A-B). The
allogeneic Batf3 ' B6-recipient animals showed mortality, clinical
severity, and GVHD-specific histopathologic damage in the target
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organs similar to that of the WT allogeneic recipients (supplemental
Tables 1 and 2). Donor CD8" T-cell expansion, effector memory
(CD44"CD62L7), central memory (CD44"CD62L"), naive
(CD44~CD62L™"), IFN-y™", granzyme B*, CD4"CD25 " FoxP3™"
T cells and serum levels of IFN-y and IL-17A were similar in both
the allogeneic WT and Batf3™~ animals on days 14 (Figure 1C-I)
and 21 (supplemental Figure 1A-B), demonstrating that the acti-
vation, expansion, and differentiation of alloreactive T cells was not
altered in the absence of host CD8" DC subsets.

Absence of host CD8* DCs reduces antitumor responses after
allogeneic BMT

Experimental evidence demonstrates a crucial role for APCs in
GVT response.>?” We next examined whether the GVT responses
were distinct from GVHD in the absence of host CD8" DCs.’
To simultaneously evaluate GVT responses, we infused 2 X 10*
MBL-2 (H-2°) tumor cells at the time of transplantation. MBL-2 is
a Moloney murine sarcoma virus/Moloney murine leukemia virus—
induced T-cell lymphoma'®'” that is syngeneic to the host B6 mouse
and is uniformly lethal at a dose of 5 X 107 cells in a syngeneic
setting.® MBL-2 cells express the immune-dominant TSA, the gag-
encoded protein,'® in addition to the miHAs that can be recognized
by the donor C3H.sw CD8" T cells.® All of the syngeneic animals
showed no signs of GVHD and died of tumor burden, demonstrating
that TSA responses alone are insufficient for elimination of the
tumor cells in these models (Figure 2A). Although all of the
allogeneic B6 animals showed signs of GVHD, only 45% of them
died of tumor, thus demonstrating the generation of a significant
GVT response and GVHD (Figure 2A). By contrast, even though
the allogeneic Baff3 "~ mice demonstrated significantly prolonged
survival when compared with syngeneic animals and all showed
signs of GVHD, 100% eventually died of tumor (P = .004; Figure
2A). Thus the allogeneic Batf3™~ hosts demonstrated significantly
poor GVT response, despite showing similar GVHD severity when
compared with WT animals. To further determine the magnitude of
GVT response, we transplanted as above but with a 75% reduction
in the tumor dose. Once again, 100% of the syngeneic animals
demonstrated tumor without evidence of acute GVHD, while all of
the allogeneic WT animals demonstrated GVHD, but only 20% of
them had tumors at necropsy (Figure 2B). By contrast, despite all of
the Batf3~"~ hosts showing similar signs of GVHD, almost 90% of
them showed tumors at necropsy (Figure 2B; P < .0001). Col-
lectively, these data suggest that the allogeneic Batf3 /" animals
showed significantly reduced GVT response, despite generating sim-
ilar alloreactivity and GVHD, demonstrating the requirement of host
CD8" DCs for generating an effective GVT response.

To investigate for any potential intrinsic role of tumors in the
altered GVT responses, we also used EL-4 leukemia cells in sim-
ilar GVT response experiments. EL-4 is a B6 MHC class Il negative/
low T-cell leukemia/lymphoma (H-2") and is thus syngeneic (H-2)
to B6 hosts and allogeneic to C3H.sw donors.'® Only the allogeneic
Batf3~~ animals demonstrated reduced GVT responses against EL-4
tumors (Figure 2C).

Presence of host CD8* DCs optimizes GVT responses

In order to evaluate the mechanisms of GVT effect induced by
CD8" DCs per se, we cotransferred either WT splenic CD8" DCs
or CD8  DCs to hosts at the time of allo-BMT. We used [32-
microglobulin—deficient (B2m ") mice that are functionally inca-
pable of efficient antigen presentation to donor CD8* T cells on
either endogenous host—derived hematopoietic or nonhematopoietic
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Figure 1. Host CD8" DCs are dispensable for induction of allo-reactivity and GVHD severity. (A) Survival (n = 6 to 17 per group, pooled from 2 experiments) and
(B) clinical GVHD score after allo-HCT (n = 6 to 17 per group, pooled from 2 experiments). (C) Donor CD45.2"CD8" T cells (syngeneic) or CD229.1°CD8" T cells
(allogeneic) (n = 8 to 12 per group, pooled from 3 experiments) expansion in spleen on day 14. (D) The subpopulation of donor-type CD8" T cells. Effector memory (EM;
CD62LCD44 "), central memory (CM; CD62L"CD44 ") and naive (CD62L"*CD44 ") CD8" T cells were based on the expression of CD62L and CD44 (n = 6 to 8 per group,
pooled from 2 experiments). (E) Donor-type IFN-y* and (F) granzyme B* CD8" T cells (n = 8 to 17 per group, pooled from 3 experiments) in spleen on day 14. (G) Donor-
type CD4+CD25"Foxp3™ regulatory T cells on day 14 (n = 8 to 12 per group, pooled from 3 experiments). Serum levels of (H) IFN-y and (1) IL-17A on day 14 (n = 8 to12 per
group, pooled from 3 experiments). (C-l) The bars represent mean * standard deviation. N.S. denotes no significant differences (P > .05).

cells.® The B2m ™"~ animals were irradiated and injected with TCD
BM and 0.5 X 10° CD8" T cells from C3H.sw donors. All
recipient animals were injected with 2 X 10* MBL-2 tumor cells
alone or along with 1 X 10° B6 splenic CD8" or CD8~ DCs
derived from WT mice. To determine GVT-specific responses, we
analyzed donor T-cell responses against immune-dominant TSA,
the CCLCLTVEL epitope of gag protein'®!7 which is present only
in the tumor cells and not in the host tissues. The frequency (2.34% =
0.67%; n = 6) and absolute number (0.08 * 0.04 X 10°) of gag-
tetramer” CD8™ T cells from CD8* DC-transferred animals were

significantly higher than in those animals that received either no
DC transfer (1.30% =+ 0.52%; P = .26; 0.007 = 0.002 X 10% P =
.04; n = 6) or those animals that received CD8  DCs (1.01% =
0.32%; P = .04; 0.01 £ 0.0004 X 106; P = .02; n = 6) on day
14 after allo-HCT (Figure 3A-B). We also found that absolute
tumor cell numbers were decreased in CD8" DC-transferred
animals (Figure 3C). These data demonstrated that the GVL effect
was dependent on the CD8" DCs.

Because the purity of transferred DCs was ~70%, it is possible
that some additional host-type stem cells or precursors were
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Figure 2. Absence of host CD8" DCs reduces GVT responses. (A) Tumor mortality data of 2 X 10% MBL-2 cells (n = 6 to 11 per group, pooled from 2 experiments) or
(B) 5 x 10% MBL-2 cells (n = 10 to 17 per group, pooled from 3 experiments). (C) Tumor mortality data of 2 X 10* EL-4 (n = 4 to 13 per group, pooled from 2 experiments).

transferred into these animals that could affect host-derived hema-
topoietic recovery in the allogeneic animals. However, all of the
allogeneic animals demonstrated similar levels of donor chimerism
at 21 days after BMT (>90%), regardless of whether they received
DCs. Nonetheless, these experiments cannot definitively rule out
the possibility of the potential impact of host hematopoietic
recovery.

Next, to further confirm whether the reduction in GVT response
in Barf3 ' recipients is due only to a cell-autonomous defect in the
host hematopoietic APCs (absence of CD8a ™ DCs), we performed
DC add-back experiments from Baff3 "~ and WT B6 animals into
B2m™’" animals by using an experimental design similar to the
one described above. The B2m ™'~ recipient animals were injected
with 2 X 10* MBL-2 tumor cells alone or with 2 X 10° spleen DCs
derived from WT or Batf3~~ mice. All syngeneic animals died of
tumor (Figure 3D). Similarly, all (100%) of the B2m™~ allogeneic
animals that did not receive any host-type DCs also died of tumor,
although a significant number of the B2m " allogeneic animals
that received WT B6 spleen DCs demonstrated tumor-free sur-
vival, indicating the generation of a GVT response. The phenotype
of the transferred DCs from WT and Ba#f3~’~ animals was
analyzed. As shown in Figure 3D, the animals that received
either WT or Batf3~’~ cells demonstrated similar expression of
costimulatory molecules and were distinct only in the numbers of
CD8™ DCs, suggesting that the impact on TSA responses was not
due to impact of maturation of the transplanted DCs. Thus, con-
sistent with previous observations, tumor cells (which express class
I) by themselves were not directly capable of sufficiently activating
the allogeneic or TSA CD8" T cells to induce a robust GVT
response in the absence of functional host hematopoietic-derived
APCs.® However, all of the B2m ™/~ allogeneic animals that
received Batf3’~ spleen DCs demonstrated tumor at necropsy
(P = .03; Figure 3D), demonstrating the generation of an ineffective
GVT response despite the presence of all other DC subsets except
the CD8* DCs.

The above experiments were performed with Batf3~/~ an-
imals that were backcrossed 6X onto B6 background. These
animals showed very few to no CD8' DCs (supplemental
Figure 2C). However, when we backcrossed the animals 10X
onto B6 background, we observed that animals showed higher,
but still significantly reduced, numbers of CD8" DCs in com-
parison with WT animals, consistent with a recent article sug-
gesting development of a Batf3 independent manner.”® To
further examine whether the emergence of CD8" DCs mod-
ulated GVL response, we performed additional experiments

with 10X Batf3~/~ animals and compared the results with those
from WT recipients. As shown in Figure 3F, these animals still
demonstrated reduced tumor elimination compared with WT
animals (50% vs 10% tumor-induced mortality; P = .02).
However, the tumor elimination was superior to that observed
with 6X Batf3~/~ animals (50% vs 80% tumor-induced
mortality; Figure 3D,F). Tumor elimination after allo-BMT is
maximal in WT mice and reduced in 10X Bazf /" but is
minimal in 6X Batf " recipients; this correlated with the
presence and numbers of CD8™ DCs and suggests that optimal
GVL responses are dependent on host CD8" DCs. Alterna-
tively, it is possible that the CD8" DCs that develop in the
absence of Batf3~/~ might be functionally different from those
that develop in WT animals, but this remains to be tested.

CD8* DCs are required for induction of TSA responses

We next determined the mechanisms for the dependence of GVT
responses on the host CD8" DCs. Because GVHD is driven by
alloantigens and was similar in WT and Ba#f3 ™/~ recipients after
MHC-matched BMT, we reasoned that the differential effect on
GVT response might be from lack of efficient presentation of TSAs
in the absence of host CD8" DCs following allo-HCT.*?%°

We first analyzed whether there was a difference in the ability
of the DCs to take up tumor cells in the presence of or absence of
Batf3. We cultured both spleen CD8" DCs and CD8~ DCs that
were freshly isolated and stained them with Cell Tracker Green
CMFDA (Molecular Probes) from WT B6 with mCherry-
transduced EL-4 tumor cells. As shown in Figure 4A, although
CD8  DCs are known to be the dominant population responsible
for uptake of exogenous antigen, CD8* DCs were able to take up
more tumors than CD8™ DCs (34.1% = 6.1% vs 13.6% * 3.5%;
P = .01) in this assay. This assay, however, does not rule out the
potential impact of trogocytosis.29 Next, we directly evaluated the
ability of the WT and Baz#f3~'~ DCs for functional presentation of
tumors to CD8" T cells. The WT or Batf3~'~ splenocytes were
enriched for CDllc, cultured with irradiated MHC class |
splenocytes and CFSE-labeled CD45.1" CD8™ T cells, and pulsed
with MBL-2 tumor cells.” The WT DCs induced significant CD8*
T-cell proliferation (supplemental Figure 2A-B). To directly dem-
onstrate in vivo the relevance of the presentation capacity of
tumors by the WT DCs but not by the Batf3 "~ in the presentation
and generation of an effective GVT response, we analyzed the
generation of TSA CD8" T-cell responses following allo-HCT.
We analyzed T-cell responses to the immune-dominant TSA—the
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Figure 3. CD8" DCs are required for optimal GVT effect. Host CD8"* DCs are able to increase GVT effect in allo-HCT. 82m ™'~ animals received 10 Gy on day —1 and 0.5 X
10° CD8™ T cells along with 5 x 10° TCD-BM from allogeneic C3H.sw donors; syngeneic 2 X 10* MBL-2 tumor cells and 1 x 10° splenic CD8" DCs or CD8~ DCs were added
at the time of BMT. MBL-2—specific CD8" T cells were analyzed by using gag-tetramer staining. (A) The representative histogram of gag expression in CD229.1*CD8" on day
14 after allo-HCT. The percentage of gag positivity in allogeneic B2MG ™'~ with host-type CD8" DCs was 1.8. (B) The absolute number of donor-derived gag-tetramer"CD8"
T cells (n = 6 per group). (C) Absolute number of infiltrated GFP* MBL-2 tumor cells in spleen (n = 6 per group). (D) Impaired GVL response is the intrinsic effect of the absence
of Batf3on DCs. 82m~'~ animals received 10 Gy on day —1 and 0.5 x 10° CD8" T cells along with 5 X 10° TCD-BM from either syngeneic B6 or allogeneic C3H.sw donors;
syngeneic MBL-2 tumor cells and 2 x 10° splenic DCs from either B6 WT or Batf3~'~ mice were added at the time of BMT. Survival (n = 7 to 11 per group, pooled from 2
experiments). (E) Splenic DC phenotype. The frequency of CD8" DCs and the expression of costimulation molecules of CD11c* cells were analyzed from WT B6 and the naive
Batf3™’~ animals that were not transplanted (n = 3 to 5 per group, pooled from 2 experiments). The bars represent mean + standard deviation. (F) Tumor mortality data of 2 X 10*
MBL-2 cells (n = 9 to 22 per group, pooled from 3 experiments) in the 10X generations Batf3~'~ hosts.
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CCLCLTVFL epitope of gag protein'®'’—which is present only
in the tumor cells and not in the host tissues. The frequency (0.46% =
0.11%; n = 11) and absolute number (2.52 *+ 0.77 X 10* of gag-
tetramer "CD8 ™ T cells of Barf3 ~/~ animals were significantly less
than in WT animals (1.2% = 0.26%; P = .02; 6.62 = 1.72 X 10*
P = .04, n = 11) on day 14 after allo-HCT (Figure 4C-D),

demonstrating the lack of an efficient generation of TSA T-cell
response in the absence of host CD8" DCs. Collectively, these
data demonstrate that presentation of nonallogeneic TSAs or
tumor-specific miHAs, along with alloantigens by the host CD8™
DC subsets to donor T cells is required to elicit an effective
GVT response.
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TLR3 expression on host APCs is required for the generation of
an effective GVT response

Toll-like receptor 3 (TLR3) is critical for presentation of viral
double-stranded RNA 243132 Among the DC subsets, TLR3 is
predominantly expressed on CD8" DC subsets. Therefore, we
next used TIr3 ™/~ mice as hosts to correlate the relevance of host
CD8" DCs on GVHD and GVT response following allo-HCT.
B6 WT and Tir3™’" animals were lethally irradiated and
transplanted with CD8" T cells and TCD-BM from either B6
or C3H.sw donors along with 2 X 10* MBL-2 tumor cells. The
allogeneic WT B6 mice demonstrated GVHD, and only 10% of
them had tumors at necropsy (supplemental Figure 3A). By
contrast, 70% of the allogeneic T/r3~/~ B6 animals had tumors
at necropsy, despite demonstrating similar severity of GVHD
(P = .01; supplemental Figure 3A). TLR3 is primarily, but not
exclusively, expressed on CD8a" DC subsets.>'* To analyze
the impact of TLR3 deficiency on only host hematopoietic-
derived APCs without the confounding effect of its deficiency on
the host nonhematopoietic cells, we generated BM chimeras. WT
B6 Ly5.2 animals were lethally irradiated and infused with BM
and splenocytes from syngeneic Ly5.1 WT B6 or TIr3~/~ donors
to generate the [WT-B6—B6Ly5.2] and [Tlr37/7B6—>B6Ly5.2]
chimeras. These animals were used as recipients 4 months later in
allo-BMT. They were lethally irradiated and transplanted with
0.5 X 105 CD8™ T cells along with 5 X 10° TCD-BM from either
syngeneic B6 or allogeneic C3H.sw donors. The [WT-B6—B6Ly5.2]
and the [TIr3™" “B6—B6Ly5.2] animals showed similar survival,
histopathologic and clinical severity of GVHD (Figure 5A-C;
supplemental Figure 3B). Donor T-cell expansion, donor IFN-y™"
T cells, donor granzyme BT T cells, serum levels of IFN-vy, IL-
17A, and GVHD-specific histopathology were equivalent in the
allogeneic [TIr3~/ B6—B6Ly5.2] animals compared with the
allogeneic [WT-B6—B6Ly5.2] animals (Figure SD-F; supplemen-
tal Figure 3C-D).

When [WT-B6—B6Ly5.2] and [TIr3 '~ B6—B6Ly5.2] chime-
ras were transplanted as above, along with 2 X 10* MBL-2 tumor
cells, a majority of the allogeneic [WT-B6—=B6 Ly5.2] animals
eliminated tumor (only 20% had tumor at necropsy). By contrast,
87.5% of allogeneic [TIr3~/~—B6Ly5.2] animals had tumor at
necropsy (P < .0001; Figure 5G). The data were also confirmed by
using bioluminescence imaging, which clearly demonstrated the
progression of tumor growth in the allogeneic [7Ir3 "~ —B6Ly5.2]
animals but not in the allogeneic [WT-B6—B6 Ly5.2] animals
(Figure 5H; supplemental Figure 3E).

To analyze the loss of magnitude of GVT response, the
tumor dose was decreased by 75% reduction of the above dose
(5 X 10° MBL-2 tumor cells). All (100%) of the syngeneic
animals died with tumors. By contrast, 10% of the allogeneic
[WT-B6—B6Ly5.2] animals died with tumor, and 62.5% of the
[TIr3~"~ —B6Ly5.2] animals died with tumors (P = .03;
Figure 5I). We also confirmed the decreased GVT responses
by using a different MHC-mismatched BALB/c—[WT-
B6—B6Ly5.2] or [TIr3~' B6—B6Ly5.2] model (P = .01;
Figure 57J).

TLR3 stimulation enhances GVT response without
exacerbating GVHD

To confirm the specificity of TLR3 and to determine whether
enhancing cross-presentation can augment GVT responses, we
treated the [WT-B6—B6Ly5.2] and [Tlr3_/_B6—>B6Ly5.2]
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chimeras with either 50 g polyl:C (a TLR-3-specific ligand
shown to promote cross-presentation)®? per mouse (day 0 and
1) or with diluent control with or without the MBL-2 tumor
cells after allo-HCT. Treatment with polyl:C did not alter
GVHD severity in either the [WT-B6—B6Ly5.2] or [TIr3 “"B6—
B6Ly5.2] allogeneic animals, demonstrating no clinically sig-
nificant enhancement of alloreaction. However, it significantly
reduced tumor-induced mortality in the allogeneic [WT-B6—
B6Ly5.2] animals (50% vs 9.3%; P < .01) but did not signifi-
cantly alter tumor-induced death in the [Tlr37/7—>B6Ly5.2]
animals (100% vs 93%; P = not significant; Figure 6A) and
was confirmed with bioluminescence imaging (Figure 6B).
These data suggest that (1) enhancement of TSA-only responses
(in syngeneic animals with polyl:C) alone was insufficient to
eliminate tumor and (2) enhancement of TSA responses only in
the presence of alloantigen-driven responses is required for
optimal tumor elimination. Thus, collectively, they demonstrate
that GVT responses can be maximized without aggravating
GVHD by enhancing TLR3 responses in the host hematopoietic-
derived APCs.

Discussion

The GVT effect after allo-HCT represents a potent form of
immunotherapy for hematologic malignancies. Both clinical and
experimental data have shown that donor cytotoxic T lymphocytes
are critical for GVT.? Unfortunately, T cells that are specific for
tumor alloantigens are also shared by the host tissues, and this
largely explains the tight linkage of GVT response and GVHD.?
Although tumor cells also express immunogenic TSAs, it has been
challenging to identify and harness T cells specific against TSAs
before clinical transplantation. Thus, an effective separation of
GVT response from GVHD is the central problem in the field of
allo-HCT.*® We show that under certain conditions, targeting spe-
cific host APC subsets might be a novel and viable strategy for
separating GVT response from GVHD. In multiple tumor and allo-
HCT models, we demonstrate an important role for host CD8™
DCs in the activation of responses specific to TSAs but not to
alloantigens, thus inducing a robust GVT response without sig-
nificantly aggravating GVHD.

Alloantigens are expressed by all host APC subsets, and these
antigens are presented by them directly to the donor CD8™
T cells. The host leukemias/tumors likewise express alloanti-
gens, but also additionally express TSAs. However, even when
they express APC-like features, they likely have undergone a
process of immune editing, making them poor direct stimulators
of an effective T-cell response through a variety of immune-
suppressive mechanisms.** Therefore, to generate an optimal
GVT response by the donor T cells, the TSAs are preferentially
presented on host hematopoietic-derived subsets of professional
APCs—the CD8" DCs. Nonetheless, despite the inferior tumor
elimination, the allorecipients that lacked CD8" DCs still dem-
onstrated an increase in tumor-free survival (Figure 2) when
compared with the syngeneic animals. In addition, absence of an
alloantigen response despite polyl:C stimulation in the synge-
neic animals (Figure 6) also did not lead to an efficient tumor
elimination. These data are consistent with the notion that TSA-
driven antitumor responses only are not sufficient in these
models and also that alloantigen-driven antitumor responses only
mediate some GVT responses.* Collectively, they show that
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Figure 5. TLR3 expression on host APCs is critical for GVT response but not for GVHD. (A) Survival of the [WT-B6—B6Ly5.2] and the [TIr3~/~B6—B6Ly5.2] animals
(n = 6 to 12 per group, pooled from 2 experiments). Histopathologic GVHD scores of (B) gut (small and large intestine) and (C) liver on day 14 after allo-HCT (n = 6 to 9 per
group, pooled from 2 experiments). (D) Donor CD45.2"CD8" T cell (syngeneic) or CD229.1"CD8" T cell (allogeneic) (n = 6 to 9 per group, pooled from 2 experiments)
expansion in spleen on day 14. (E) Donor-type IFN-y™ and (F) granzyme B CD8" T cells (n = 6 to 9 per group, pooled from 2 experiments) in spleen on day 14. (B-F) The
bars represent mean + standard deviation. (G) Tumor mortality data for the [WT-B6— B6Ly5.2] and the [TIr3~/"B6—B6Ly5.2] animals with 2 x 10* MBL-2 tumor cells (n = 7
to 19 per group, pooled from 3 experiments). (H) Representative photos from the bioluminescence study on day 21. (l) Tumor mortality data for 5 X 10° MBL mice (n = 6 to 10
per group, pooled from 2 experiments). (J) Tumor mortality data for MHC-mismatched BMT model (BALB/c—[WT-B6—B6Ly5.2] or [ TIr3~/~B6—B6Ly5.2] animals with 2 X 10*
MBL-2 cells (n = 3 to 13 per group, pooled from 2 experiments). N.S., not significant.

direct alloantigen-driven responses are required for GVT re-
sponse.(’ By contrast, the presence of both TSA and alloantigen-
induced responses (Figures 1, 4, 5, and 6) is required for the
most efficient GVT response. It is therefore possible that anti-
alloantigen (miHA) responses enhance anti-TSA responses. How-
ever, our data do not formally rule out the possibility that C3H.sw
T cells might simply be more responsive than B6 T cells against
certain TSAs.

Our data are consistent with the data that CD8a™ DCs are
critical for presentation of tumor and viral antigens and now
extend those observations to the context of 2111()1responses.9’32’35
Although CD8a ™ DCs usually compose between 5% and 15% of
the murine spleen DC compartment and are not observed in

humans, a recent study demonstrated that BDCA3 (CD141)™*
conventional DCs in humans are equivalent of murine CD8a ™
DCs, %% suggesting that it may be possible to enhance GVT
response in humans by enhancing the function of these DC subsets.

Most CD8a* DCs highly express TLR3,*! and we show that
TLR3 expression on host hematopoietic APCs is also important
for inducing optimal GVT response. The experiments with polylI:
C demonstrated that an effective immune adjuvant can be used to
generate a more robust GVT response after allo-HCT. Although
the specific use of polyl:C may be limited to virally induced
tumors/leukemias,” it is important to note that the immune-
dominant miHAs that drive GVH responses in this model system
are known. However, that is not the case in most clinical BMTs.
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Figure 6. Stimulation of TLR3 on host hematopoietic APCs enhances GVT response. BMT and tumor induction were performed in [WT-B6—B6Ly5.2] and
[TIr3~/~B6—B6Ly5.2] animals as described in “Materials and methods.” The recipient animals received TLR3 stimulant polyl:C or the diluent control and were analyzed for
GVHD and tumor-free survival. (A) Tumor mortality data for [WT-B6—B6Ly5.2] and [TIr3~/~B6—B6Ly5.2] animals with 2 x 10* MBL-2 cells (n = 5 to 14 per group, pooled
from 2 experiments). (B) Representative photos from bioluminescence study at day 21 after allo-BMT.

Therefore, in experimental or clinical instances in which endog-
enous viruses contribute to immune-dominant miHAs that drive
GVH responses, stimulation of TLR3 might also lead to en-
hanced GVHD along with enhanced GVT response. Our obser-
vations, nonetheless, underscore the principle of enhancing
antigen presentation on a subset of host APCs as a strategy for
increasing the efficacy of allo-HCT.

It is also possible that in the chimera experiments, some host
APC subsets are radio-resistant and therefore might persist.*>
But any residual WT host APCs in these chimeras were clearly
not sufficient to induce effective GVT responses. Our tumor
models also may not accurately reflect all aspects of spontane-
ously occurring malignancies.*> However, these tumors possess
all the characteristic hallmarks of malignancy and have been
useful in elucidating effector mechanisms of immunotherapy and
in uncovering underlying biological principles of allo-HCT.****
In addition, the rapid kinetics of the tumor-induced mortality in
these models suggest that our observations are most applicable to
acute leukemia and other aggressive hematologic malignancies
rather than indolent malignant diseases. Furthermore, the ra-
pidity of GVT responses in our model system and the lack of
availability of knockout (Batf3 and B2MG) mice and relevant
tumors in other strain backgrounds have precluded careful and
direct analyses of the role of donor-derived CD8* DCs. Clin-
ically, our findings might therefore be particularly relevant to
high-risk acute leukemias that are likely to relapse despite clin-
ical GVHD.

When taken in light of recent observations that host DCs are
not critical for induction of GVHD, our results suggest that ei-
ther enhancing the numbers and/or modulating the function of
the specific host hematopoietic APC subsets might be an effective

way to enhance GVT responses without substantially impacting
GVHD.'%!143:46 Collectively, our findings have implications for
clinical allo-HCT and suggest that strategies targeting specific host
APC subsets could maximize GVT responses without concomi-
tantly exacerbating GVHD.
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