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Abstract
The optimum use of allogeneic blood and marrow transplantation (BMT) as a curative therapy for
hematological malignancies lies in the successful separation of mature donor T cells that are host-
reactive and induce graft-versus-host disease (GVHD) from those that are tumor-reactive and
mediate graft-versus-leukemia (GVL) effects. To study whether this separation was possible in an
MHC-matched murine BMT model (B10.BR→CBA) with a CBA-derived myeloid leukemia line,
MMC6, we used TCR Vβ CDR3-size spectratype analysis to first show that the Vβ13 family was
highly skewed in the B10.BR anti-MMC6 CD8+ T cell response but not in the alloresponse
against recipient cells alone. Transplantation of CD8+Vβ13+ T cells at the dose equivalent of their
constituency in 1×107 CD8+ T cells, a dose that had been shown to mediate lethal GVHD in
recipient mice, induced a slight GVL response with no concomitant GVHD. Increasing doses of
CD8+Vβ13+ T cells led to more significant GVL responses, but also increased GVHD symptoms
and associated mortality. Subsequent spectratype analysis of GVHD target tissues revealed
involvement of gut-infiltrating CD8+Vβ13+ T cells accounting for the observed in vivo effects.
When BMT recipients were given MMC6 presensitized CD8+Vβ13+ T cells, they displayed a
significant GVL response with minimal GVHD. Spectratype analysis of tumor-presensitized, gut-
infiltrating CD8+Vβ13+ T cells showed preferential usage of tumor-reactive CDR3-size lengths,
and these cells expressed increased effector memory phenotype (CD44+CD62L-/lo). Thus, Vβ
spectratyping can identify T cells involved in anti-host and anti-tumor reactivity and tumor-
presensitization can aid in the separation of GVHD and GVL responses.
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INTRODUCTION
Immunotherapy in the form of blood and marrow transplantation (BMT) for the treatment of
hematological malignancies has been hampered by the inability to successfully separate
alloreactive graft-versus-host disease (GVHD) from graft-versus-leukemia (GVL)
responses. Both of these events are mediated by mature T cells present in the donor
inoculum (1-6). Approaches, such as T cell depletion or alteration of T cell subset
composition have been implemented with limited success, due to delayed hematopoietic or
immune reconstitution, graft failure, and increased susceptibility to opportunistic infections
(1-5). In addition, because these approaches rely on the depletion of broad cellular
populations with overlapping alloreactive and anti-tumor specificities, the incidence of
tumor relapse has also increased (6-9).

Our work has focused on identifying alloreactive (capable of mediating GVHD) and GVL-
reactive cells by analyzing the T cell receptor (TCR) Vβ chain utilization of these responses
using complementarity-determining region 3 (CDR3)-size spectratype analysis. This method
allows for the separation of allo- and tumor-reactive T cells without the need to define
specific reactive antigens. As previously reported, spectratype analysis has led to the
identification of donor alloreactive CD8+ and CD4+ Vβ families in the C57Bl/6 (B6)
→CXBE and B6→BALB.B MHC-matched, minor histocompatibility antigen (miHA)-
mismatched murine models of BMT (10-12). In addition, we have shown a significant GVL
effect with minimal GVHD in the haploidentical B6→[B6×DBA/2]F1 BMT murine model,
when recipients were transplanted with spectratype-identified Vβ families that were
uniquely anti-tumor reactive (13).

In the current study, we used CDR3-size spectratype analysis to determine the Vβ families
involved in the GVL response against MMC6, a CBA-derived myeloid leukemia cell line, in
the B10.BR→CBA MHC-matched (H2k), miHA-disparate BMT model. Previous studies
have shown that this is a CD8+ T cell-mediated/CD4+ T cell independent GVHD model (3).
We have now extended these findings to demonstrate significant anti-MMC6 reactivity in
the CD8+Vβ13+ T cell family, which was not detected in the B10.BR anti-CBA
alloresponse to antigens of the peripheral lymphoid compartment, but was found to be
reactive in the gut of CBA recipients at a different and unique CDR3-size length (i.e., non-
overlapping with the anti-MMC6 response). Presensitization of donor B10.BR CD8+Vβ13+

T cells to MMC6 tumor induced a significant GVL effect that co-occurred only minimally
with the incidence of lethal GVHD. Spectratype analysis of these tumor-presensitized,
CD8+Vβ13+ T cells infiltrating the gut showed preferential usage of tumor-reactive CDR3-
size lengths. Furthermore, tumor-presensitized CD8+Vβ13+ donor T cells had an increased
percentage of effector memory cells (i.e., CD44+CD62L- phenotype). In summary, we
demonstrate here that the GVL potential of tumor-reactive Vβ families identified using
spectratype analysis can be enhanced using tumor presensitization. Furthermore, we show
that this approach minimizes alloresponse to tissue-specific antigens which in the clinical
scenario would be hard to identify a priori. Lastly, we also found evidence to suggest that
effector memory T cells play an important role in favoring anti-tumor immunity with
diminished GVHD in this model.

MATERIALS & METHODS
Mice

Male B10.BR-H-2k H2-T18a/SgSnJJrep (B10.BR) and CBA/J (CBA) mice were purchased
from the Jackson Laboratory (Bar Harbor, ME), housed in a sterile environment in
microisolator cages, and given autoclaved food and acidified water (pH 2.5) ad libitum.
Both donor and recipient mice were used between the ages of 8 and 12 weeks. All protocols
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used in this study were approved by Hackensack University Medical Center’s Institutional
Animal Care and Use Committee.

Cell line and media
MMC6, a c-myc retrovirus-transformed myeloid leukemia line of CBA origin, was
generated in our laboratory according to previously established methods (14), and grown in
complete RPMI 1640 media (Mediatech, Herndon, VA) containing 10% FBS (Hyclone,
Logan, UT), 2mM L-glutamine, penicillin (50 IU/mL)/streptomycin (50 μg) (Mediatech)
and 2-ME at 37°C in 7% CO2.

Preparation of cells for GVHD experiments
Anti-Thy-1.2 depleted bone marrow (ATBM) cells were prepared by flushing bone marrow
from the femurs of donor mice, followed by incubation with J1j (anti-Thy-1.2) mAb (1:100)
and guinea pig C’ (1:5) at 37°C. T cell-enriched donor cell populations were prepared from
pooled lymph nodes and RBC-lysed splenocyte suspensions. B cells and CD4+ T cells were
removed by subsequent incubations with the B cell-specific mAb, J11d.2 (1:500) and anti-
CD4 mAb (RL172; 1:100), respectively, in the presence of C’ at 37°C. Vβ-enriched T cell
populations were obtained by magnetic bead separation using the AutoMacs system
(Miltenyi Biotec, Auburn, CA), using anti-Vβ13 FITC-conjugated mAb (clone MR12-3;
Pharmingen, San Jose, CA) at a concentration of 0.5ug/ml and anti-FITC mAb-conjugated
microbeads. The positive fraction was typically greater than 90% FITC-positive as
determined by flow cytometry. In some experiments, donor mice were presensitized with an
i.p. injection of 1×107 irradiated (40 Gy) MMC6 tumor cells 17-21 d prior to BMT
experiments.

GVHD and GVL experiments
Recipient mice were exposed to lethal irradiation (11 Gy; split dose, 4 h apart) using a 137Ce
source (Gammacell 40 Exactor; MDS Nordion), and after another 2 h, mice were injected
i.v. with ATBM (2×106) cells alone or in combination with different donor T cell
populations and quantities (as specified in figure legends). On d 1 post-BMT, recipient mice
were challenged with an i.p injection of 5×103 MMC6 cells, when specified. Mice were
checked daily for morbidity and mortality and were weighed twice weekly until the
termination of the experiments (approximately 100 d post-BMT). Experiments were
repeated at least twice with 3-5 mice per group. Median survival times (MST) were
calculated and the non-parametric Wilcoxon test was used for statistical analysis of survival
curves. A p value ≤0.05 was considered statistically significant.

Preparation of RNA and complimentary DNA for CDR3-size spectratyping
B10.BR CD8+ T cells were transplanted into irradiated CBA mice in the absence of ATBM
cells. After 8-10 d, spleens from 5 recipient mice were pooled and homogenized in
Ultraspec reagent (Biotecx Laboratories, Houston, TX). Total RNA extraction, generation of
cDNA, and RT-PCR were performed as previously described (15). Control CD8+ T cell
populations were obtained from the spleens of naïve B10.BR mice. For anti-MMC6
spectratype analysis, B10.BR mice were presensitized with 1×107 MMC6 tumor cells (40
Gy) by i.p. injection followed by a footpad boost with 1×106 MMC6 cells (40 Gy) 3 wk
later. One wk after the last presensitization, CD8+ T cells were isolated from the popliteal,
inguinal, and mesenteric draining lymph nodes and put in Ultraspec. Alternatively,
harvested CD8+ T cells were stimulated in vitro with MMC6 tumor cells (100 Gy) at a 1:2
ratio for 4 d. Semi-nested PCR was performed by using a panel of Vβ sense oligoprimers
(IDT Technologies) and two Cβ antisense oligoprimers, with the second Cβ being
fluorescently labeled (PE Applied Biosystems). The fluorescently-labeled PCR products
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were run on an ABI 3130 capillary gel system at the Molecular Resource Facility of the
University of Medicine and Dentistry of New Jersey (Newark, NJ). Analyses were
performed using GeneMapper software (version 3.7) from PE Applied Biosystems.

Quantitation of CDR3-size usage
Experiments were repeated a minimum of thrice with 3-5 mice in each group. The mean of
the areas under the corresponding peaks was calculated for each Vβ histogram. A band (i.e.,
CDR3-size length) in the anti-CBA or the anti-MMC6 spectratype analysis was considered
skewed if the mean area under the peak was greater than 5x the SD above the mean area of
the corresponding control peak from naïve B10.BR CD8+ T cells.

Isolation of tissue-infiltrating mononuclear cells
CBA mice were exposed to lethal irradiation (11 Gy, split dose, 4 h apart) and injected i.v.
with 2×107 naïve or MMC6 presensitized B10.BR CD8+ T cells along with 5×105 ATBM
cells. After 10-13 d, mice were euthanized by CO2 inhalation and perfused by intracardiac
injection with PBS. GVHD-target tissues (i.e., spleen, liver, and distal ileum of the intestine)
were harvested and tissue-infiltrating mononuclear cells were isolated as previously
described (15). Preparation of RNA and cDNA for CDR3-size spectratyping was performed
as described above.

Histopathology
At the termination of some experiments, surviving mice were sacrificed and GVHD target
organs including skin (ear and tongue), gut and liver were harvested for histopathology.
Organs were placed in Tissue-Tek OCT compound (Sakura Finetek, Torrance, CA), snap-
frozen in liquid nitrogen, and stored at -80°C. Sections (6um thick) were created from frozen
tissue using a Leica CM 1850 cryostat (Leica Microsystems, Buffalo Grove, IL).
Histological staining was performed using H&E dyes (Sigma-Aldrich).

Flow cytometry
For flow cytometric analysis, cells were stained in FACS buffer (1×PBS containing 1%
BSA and 0.02% sodium azide) with the following fluorochrome-conjugated mAb
(Pharmigen, San Jose, CA) diluted 1:100 in FACS buffer: anti-Vβ13 FITC (clone MR12-3),
anti-CD62L PE (clone MEL-14), anti-α4β7 PE (clone DATK72), anti-CD8 PE Cy5 (clone
53-6.7). Biotinylated anti-CD44 (clone IM7) was also used, followed by secondary staining
with streptavidin-PE-Cy7. A total of 100,000 events were acquired and analyzed using a
Beckman Coulter FC500 flow cytometer (Beckman Coulter, Miami, FL). Staining was
performed on at least 3-5 separate groups of 3 mice and statistical significance between
groups was determined using Student’s t test. A p value ≤0.05 was considered statistically
significant.

RESULTS
CD8+ T cells mediate GVL in the B10.BR→CBA model of BMT

Previous experiments have indicated that in the B10.BR→CBA murine model of BMT,
CD8+ T cells are responsible for mediating severe lethal GVHD, and can do so in the
absence of CD4+ T cells (3). Based on this finding, we set out to determine the role of
B10.BR donor CD8+ T cells in the GVL response to a c-myc retrovirus-transformed
myeloid leukemia cell line of CBA origin, MMC6. CBA mice were exposed to lethal
irradiation (11 Gy, split dose) and transplanted with 2×106 B10.BR ATBM cells alone or in
combination with 1×107 CD8+ T cells. On day 1, recipient mice were challenged i.p with
5×103 MMC6 tumor cells. In the absence of CD8+ T cells, all tumor challenged mice
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succumbed with a MST of 26 days (Fig. 1). Mice that were not tumor challenged, but
received B10.BR CD8+ T cells developed GVHD and displayed the typical signs of
diarrhea, weight loss, hunched posture, and ruffled fur (11% survival, MST = 37.5 days).
Likewise, tumor challenged mice that also received CD8+ T cells succumbed mainly to
GVHD (only 3 of 17 mice had visible tumor at time of death; 11% survival) but experienced
a significant GVL response compared to tumor challenged mice that received ATBM cells
alone (MST = 46 days, p < 0.01) (Fig. 1).

TCR Vβ CDR3-size spectratype analysis of the B10.BR anti-CBA and B10.BR anti-MMC6
responses

After determining the GVL potential of B10.BR CD8+ T cells against the MMC6 tumor
cells, we next sought to differentiate alloreactive from tumor-specific reactive CD8+ T cells
using TCR Vβ CD3-size spectratype analysis. For the B10.BR anti-CBA analysis, CBA
mice were exposed to lethal irradiation (11 Gy, split dose, 4 h apart) and transplanted with
1-2×107 B10.BR CD8+ T cells in the absence of ATBM cells. Potential reactivity against
hematopoietically-derived miHA was assessed by spectratyping the splenocytes of recipient
mice harvested 10-13 d post-transplant. The results revealed 12 alloreactive Vβ families: 3,
5, 7, 8.2, 8.3, 9, 11, 12, 14, 15, 18 and 20 (Table I). For the B10.BR anti-MMC6 analysis,
responses were quantified both in vivo and in vitro. For in vivo analysis, B10.BR mice were
presensitized with irradiated (40 Gy) MMC6 cells via i.p. and footpad injections, given 3 wk
apart. Draining lymph nodes were harvested from mice 1 wk later and CD8+ T cells were
selected for spectratype analysis. For in vitro analysis of anti-tumor responses, CD8+ T cells
were harvested from tumor-presensitized B10.BR mice and further stimulated with MMC6
tumor cells for 4 d in vitro. The results of both in vivo and in vitro analyses revealed that Vβ
families 1, 6, 7, 8.2, 13, and 15 were skewed (indicating clonal or oligoclonal T cell
expansion) in the anti-tumor response, and that Vβ1, 6, and 13 were unique to the MMC6-
response, for neither of these families were found to be reactive against hematopoietically-
derived CBA miHA (Table I). Vβ1 was excluded as a candidate for future in vivo GVL
reactivity studies due to the lack of a commercially available Vβ1 antibody. Since Vβ6 was
skewed at only one CDR3-size length (138), we decided to focus solely on the Vβ13 family
due to the strength of its anti-tumor response, which involved three CDR3-size lengths (160,
163, 166). A representative spectratype of the CD8+Vβ13+ T cell family (Fig. 2)
demonstrated the skewing of peaks in the anti-MMC6 response (Fig. 2C), whereas no
alloreactivity was detected by lymphocytes from transplanted CBA mice (Fig. 2B).

GVHD- and GVL-inducing potential of B10.BR CD8+Vβ13+ T cells in CBA recipient mice
The GVL potential of the B10.BR CD8+Vβ13+ T cell family was further evaluated in CBA
BMT recipients challenged with MMC6 tumor cells. CBA mice were exposed to lethal
irradiation (11 Gy, split dose) and transplanted with B10.BR ATBM cells alone or in
combination with 1×107 CD8+ T cells, a dose previously shown to induce lethal GVHD
(Fig. 1). Another group of mice received the equivalent dose of CD8+Vβ13+ T cells found
in 1×107 CD8+ T cells (i.e., 8.34×105; 1x; as determined by flow cytometry). As shown in
Fig. 3A, mice receiving a 1x dose of CD8+Vβ13+ T cells displayed 100% survival with no
mice developing GVHD. Furthermore, this amount of T cells also provided a significant
GVL effect in tumor challenged mice compared to the MMC6 control group, although 100%
of mice eventually succumbed to tumor challenge (Fig. 3B) (MST = 32 d vs. MST = 25 d,
respectively, p < 0.01).

Based on these results, we increased the dose of B10.BR CD8+Vβ13+ T cells transplanted in
order to enhance the observed GVL effect. A 2x dose of CD8+Vβ13+ T cells (1.67×106) did
not lead to an increased GVL effect over a 1x dose (Fig. 3B) (MST = 32 d, p = 0.59). In
addition, these mice began to display symptoms of GVHD (weight loss, diarrhea; data not
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shown). Administering a 3x dose of CD8+Vβ13+ T cells (2.5×106) significantly increased
the survival rate of tumor challenged mice (Fig. 3B) (MST = 49 d, p < 0.01). However, mice
receiving the 3x dose alone (not tumor challenged) experienced a 70% mortality rate,
associated with increased symptoms of GVHD (MST = 54 d) (Fig. 3A). These results
demonstrated that while a low dose of B10.BR CD8+Vβ13+ T cells was unable to induce
GVHD in CBA recipients, higher doses could indeed cause disease. Because the purity of
the CD8+Vβ13+ T cell fraction ranged between 90-95%, a separate group of mice was
injected with the equivalent amount of contaminating cells present in a 3x dose (i.e.,
7.4×104) to ensure that the observed GVHD at the higher dose was not caused by other
alloreactive CD8+ T cells in the CD8+Vβ13+ T cell inoculum. These mice displayed no
symptoms of GVHD and all survived until the termination of the experiment (data not
shown).

The CD8+Vβ13+ T cell family is skewed in GVHD target tissues
Despite the fact that Vβ13 was not found to be skewed in the B10.BR anti-CBA
alloresponse against hematopoietically-derived miHA, as determined by the spectratype
analysis of splenocytes from CBA recipients of B10.BR CD8+ T cells (Table I; Fig. 2B),
CD8+Vβ13+ T cells were indeed capable of causing GVHD when infused at higher dose
equivalents, particularly at 3x (Fig. 3A). This unexpected result prompted us to conduct
spectratype analysis on infiltrating T cells of GVHD-target tissues (i.e, liver and gut). The
analyses revealed skewing of the Vβ13 family in the intestine of CBA recipient mice (Fig.
4A; Table II), although at a different non-overlapping CDR3-size length (169) than those
found in the anti-MMC6 response (160,163,166). Furthermore, while there were many
overlapping skewed CDR3-size lengths among the Vβ families between the intestines and
the liver, the Vβ13 family was not found to be skewed in the liver (Table II).

Tumor-presensitized CD8+Vβ13+ T cells induce a potent GVL effect with minimal GVHD
Previous studies have demonstrated that tumor-presensitized T cells can exert potent GVL
responses in the absence of GVHD (14), hence we also tested if in the B10.BR→CBA
model, tumor-presensitization could help bias the reactivity of the cells towards an enhanced
GVL response with minimal GVHD complication. To this end, donor B10.BR mice were
injected i.p. with 1×107 irradiated (40 Gy) MMC6 tumor cells 17-21 days prior to BMT. The
results from these experiments (Fig. 5) indicated that tumor-challenged CBA mice receiving
a 1x dose of tumor-presensitized B10.BR CD8+Vβ13+ T cells (8.34×105) at time of BMT
displayed a potent GVL effect compared to mice that received an equal amount of naïve
CD8+Vβ13+ T cells (MST = 77 d vs. 31.5 d, respectively; p = 0.03). Of the nine mice that
died in the former group, 4 had bloody ascites upon post-mortem necropsy, indicative of
tumor progression, 2 exhibited symptoms of GVHD, 1 displayed both symptoms of GVHD
and had evidence of tumor growth, and 2 had an undetermined cause of death. In contrast,
only 37.5% of the CBA mice receiving CD8+Vβ13+ T cells in the absence of tumor
challenge succumbed to GVHD. The remaining mice, while displaying mild symptoms of
GVHD, such as moderate weight loss (70% of initial body weight), achieved 112% of their
initial body weight at the time of termination of the experiment (100 d post-BMT) (Fig. 6A).
In addition, ear tissue samples were collected at the termination of some experiments to
determine the extent of GVHD pathology, and a representative analysis is shown in Fig. 6B.
Surviving CBA recipients injected with B10.BR CD8+ T cells [panel (b)] exhibited classical
GVHD pathology in the ear as evidenced by a 4-7 fold increase in dermal thickness (double
arrow) compared to control mice transplanted with ATBM cells alone [panel (a)] or with
B10.BR CD8+Vβ13+ T cells (1x presensitized) [panel (c)]. Furthermore, epidermal
hyperplasia (single arrows) was also present in specimens from CBA mice receiving CD8+

T cells, accompanied by papillary folds in the epidermal-dermal border. A magnified image
(100X) demonstrates the collagen layer and cellularity found in the dermal layer [panels (d),
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(e) and (f)]. Similar to the ATBM control group, surviving recipients of CD8+Vβ13+ (1x
presensitized) T cells displayed minimal infiltration and collagen deposition (an indicator of
tissue damage) [panels (d) & (f)] compared to the CD8+ T cell specimen [panel (e)]. The
recovery of the gut epithelium of surviving mice transplanted with CD8+Vβ13+ (1x
presensitized) T cells is depicted in Fig. 6C. Specimens from the ATBM control group
[panel (a)] had a perfect and healthy epithelial arrangement. Samples from CD8+ T cell
injected mice [panel (b)] had an abnormal epithelium suggestive of a severe stress of the
small intestine, characterized by disruption of the intestinal villi (arrows). Specimens from
the CD8+Vβ13+ (1x presensitized) T cell group [panel (c)] had more defined epithelial
crypts (arrows) and overall less damage, which supported the lack of diarrhea and the
increase in weight observed in this group at the termination of the experiment.

The CD8+Vβ13+ skewing pattern is altered in GVHD target tissue in the presence of tumor
antigens

Since GVHD appeared to be alleviated in CBA recipients of tumor-presensitized B10.BR
CD8+Vβ13 T cells, spectratype analysis was performed on gut-infiltrating CD8+ T cells to
determine what CDR3-lengths were exhibiting skewing. As mentioned earlier, in the
absence of tumor antigens, skewing of Vβ13 at one CDR3-size length (169) was observed in
the intestine (Fig. 4A). However, when recipient mice were transplanted with MMC6-
presensitized CD8+ T cells, Vβ13 skewing was only detected at CDR3-size length 166 (Fig.
4B) which corresponded with that length found skewed in the anti-tumor response in the
lymphoid compartment. Table III lists the skewed Vβ13 CDR3-size lengths in the
alloreactive and anti-tumor response in the hematopoietic compartment compared to the
naïve and tumor-presensitized alloreactive response in the hematopoietic compartment and
the intestine.

Increased effector memory T cell phenotype of tumor-presensitized CD8+Vβ13+ T cells
In order to elucidate the mechanism underlying the observed differences between the
GVHD/GVL potential of MMC6-presensitized and naïve B10.BR CD8+Vβ13+ T cells, we
conducted flow cytometric analysis to determine the phenotype of the injected donor T cells.
Although there did not appear to be an increase in the overall expression of CD44 in the
CD8+Vβ13+ T cell population from MMC6-presensitized mice as compared to naïve mice,
differences were observed in expression levels of the lymphoid homing receptor L-selectin
(CD62L), a marker that differentiates central memory T cells (TCM; CD44+CD62L+) from
effector memory T cells (TEM; CD44+CD62Llo/-) (16). The overall results (a representative
sample is displayed in Fig. 7), showed a dramatic decrease in CD62L expression on
CD8+Vβ13+ T cells that had been MMC6-presensitized as compared to naïve cells (mean
CD62L+ of 32.06 ±16.2% vs. 60.8±19.5%, respectively, n = 5, p = 0.02), corresponding to a
TEM phenotype. Given the presence of gut-associated GVHD in mice transplanted with
CD8+Vβ13+ T cells, we also looked at the expression of α4β7 integrin, an adhesion
molecule involved in lymphocyte homing in the gut, in cells from the mesenteric lymph
nodes of tumor-presensitized mice (17). After gating on the CD44+ memory cells in the
CD8+Vβ13+ T population, we observed a slight, but significant increase in the expression of
α4β7 as compared to this cell population from naïve mice (mean α4β7+ of 8.2 ±5.8% vs.
3.8 ±4.4%, respectively, n = 4, p = 0.03) (a representative sample is displayed in Fig. 8).

DISCUSSION
It has long been observed that following BMT, patients who develop clinical GVHD have a
reduced incidence of leukemic relapse (6, 18, 19). This can be directly correlated to the
presence of mature T cells in the donor inoculum which are known to contribute to both
GVHD and GVL effects. Many methods have been proposed in order to reduce the
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incidence of GVHD while shifting the balance towards the favorable GVL potentials of
BMT, yet there is much to be done on the road to a complication-free implementation of this
immunotherapy for the treatment of hematological malignancies. For example, approaches
attempting to deplete the entire compartment or major subsets of T cells in the donor
inoculum have not only led to an increase in the incidence of leukemic relapse, but also
resulted in an increase in graft failure and opportunistic infections (20, 21). In recent years,
we and others have demonstrated that CDR3-size spectratyping of the TCR Vβ chain can be
utilized to differentiate alloreactive from uniquely tumor-reactive T cells, opening the door
for potential tailoring of the donor inoculum to recipient’s malignancy (13, 22, 23). In other
words, donor T cells could be selected for their specific tumor-reactivity, or depleted if
confirmed to be uniquely alloreactive, in order to impart maximum benefit with reduction/
elimination of deleterious side effects.

In the current study, we mimic the common scenario of minimal residual disease following
an MHC-matched transplant for acute myeloid leukemia, using the well established MHC-
matched/miHA-disparate B10.BR→CBA BMT model (1) and the MMC6 recipient-derived
myeloid leukemia cell line, to demonstrate that spectratype analysis can be successfully used
to identify unique donor anti-tumor responses. Only six Vβ families were skewed in the
CD8+ T cell anti-MMC6 response; of these, three were also skewed in the alloresponse
against CBA splenocytes, while three remained unique to the anti-tumor response. For our in
vivo studies, we decided to focus solely on the CD8+Vβ13+ T cells because it was the only
family composed of three skewed CDR3-size lengths and the anti-Vβ mAb was
commercially available for separation. Interestingly, the spectratype analysis revealed that
12 Vβ families were skewed in the B10.BR anti-CBA alloresponse, whereas only 6 were
found to be participating in the B10.BR anti-MMC6 response (Table I). Since the tumor is
of recipient CBA origin, it would follow that MMC6 cells might express many of the
alloantigens along with some tumor-specific antigens and therefore would have been
expected to elicit a response from the same number, if not more Vβ families. One possible
explanation is that the tumor cells express a monocytic-myeloid phenotype, and some of the
alloreactive Class I-restricted antigens may not be expressed in cells of this particular stage
or subtype. Alternatively, tumor cells may alter certain self-protein pathways, thereby
ultimately reducing the presence of some protein degradation products which in turn account
for less miHA being presented. In addition, tumor cells often develop mechanisms to evade
the immune response including the ability to down-regulate the expression of Class I
molecules and some immunogenic antigens (24, 25), albeit MMC6 tumor-specific antigens
are still being recognized.

The in vivo experiments confirmed that B10.BR CD8+Vβ13+ T cells have the ability to
mediate a GVL response against MMC6 tumor challenge in CBA recipients (Fig. 3B), and
that tumor-free survival is further extended when given at higher (2x and 3x) dosages. That
notwithstanding, increased numbers of donor CD8+Vβ13+ T cells also led to acute GVHD,
characterized particularly by gut-related symptoms and increased recipient mortality (Fig.
3A). Since the spectratype data against hematopoietically-derived host miHA antigens,
found in the spleen of recipient mice, did not reveal alloreactivity of the Vβ13 family, we
conducted further spectratype analysis on the tissue-infiltrating T cells in other target organs,
as had been previously examined in another BMT model (15). We found that the B10.BR
CD8+Vβ13+ family was indeed skewed in the intestines of CBA recipients of naïve B10.BR
CD8+ donor T cells at CDR3-size length 169, albeit a length distinct from those found
expanded in the anti-tumor response (160, 163, and 166; Table III). Since the B10.BR
CD8+Vβ13+ T cell tissue alloresponse did not originate in the hematopoietic compartment,
the observed results may suggest the presence of a tissue-specific cryptic epitope, inducing
the peak 169 expansion, that emerged only upon sufficient tissue damage caused by
infiltration of a large number of naïve T cells (3x). It has been postulated that T cells which
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react to a specific immunodominant epitope may induce an inflammatory response at the site
of antigen encounter that leads to the generation of tissue debris that is later processed and
cross-presented by host antigen presenting cells. The response is thus amplified due to the
recruitment of other T cells reacting to the subdominant and/or cryptic epitopes (26).
Furthermore, only one CDR3-size length, 166, was found to be expanded in the intestine of
recipients inoculated with MMC6-presensitized B10.BR CD8+ T cells while the tissue-
specific alloresponse associated with peak 169 was actually lost (or potentially mitigated) in
the CD8+Vβ13+ gut-infiltrating T cells, possibly because there was not enough tissue injury
mediated to release the cryptic epitope recognized by that subset of T cells. The expansion
of the 166 peak, associated with a tumor-specific response in the lymphoid compartment,
concomitant with the disappearance of the alloreactive 169 peak, suggests
immunodominance of this anti-tumor response. However because peak 166 was also found
skewed in the spleen of mice receiving tumor-presensitized cells we cannot rule out the
possibility that the detected tissue skewing is related to non-specific entry of the already
expanded and recently activated cells into the tissue as either bystanders or drawn in by the
inflammatory conditions following irradiation exposure. It is also possible that the tumor-
presensitized CD8+Vβ13+ T cells were cross-reactive in their recognition of MMC6 tumor
antigens and miHA epitopes expressed at low levels in the intestinal epithelium of CBA
mice.

Presensitization to tumor prior to harvesting and transplantation of donor T cells, potentiated
the GVL effects of the CD8+Vβ13+ T cell family in our model, while circumventing the
unwanted GVHD observed at higher cell doses. This strong GVL response was
characterized by a statistically significant increase in the mean survival time of tumor-
challenged mice receiving a 1x dose of presensitized CD8+Vβ13+ T cell compared to mice
injected with an equal dose of naïve cells (MST = 77 vs. MST = 31.5 days; p = 0.03, Fig. 5).
In addition, the incidence of lethal GVHD was also reduced in mice that received 1x
presensitized T cell fractions compared to those receiving a 3x dose of naïve T cells (62.5%
survival vs. 29% survival, respectively). In the absence of tumor burden, 37.5 % of mice
receiving 1x presensitized T cells succumbed to GVHD, whereas the surviving mice fully
recovered from mild symptoms of the disease by the termination of the experiment (Fig. 6A,
B, C). These results suggested that presensitizing donor cells to host tumor prior to
transplant can be an advantageous therapeutic approach to increase the GVL response while
minimizing acute, lethal GVHD related to the transplantation of large numbers of donor T
cells.

We subsequently examined the IFN-γ response of B10.BR CD8+Vβ13+ cells to either
alloantigen or tumor, by ELISpot assay. While there was an overall higher IFN-γ response
in the tumor-presensitized cells, there was no significant difference between the alloresponse
and the anti-tumor response (data not shown). Again, these results correlate with our in vivo
observation that tumor-presensitized CD8+Vβ13+ T cells did mediate some GVHD-related
pathology.

The role memory T cells play in the development of GVHD and GVL responses is actively
under investigation. Memory T cells can be divided into two types, central memory T cells
(TCM) which express CD44, along with CD62L, a cell adhesion molecule important in
lymph node homing, and effector memory T cells (TEM) which lack CD62L. It is believed
that TEM, which have enhanced abilities to induce effector mechanisms such as IFNγ
production and perforin release, function as sentinels in peripheral tissues armed for
immediate protection, while TCM home to the lymph nodes where they are able to generate a
second wave of effector cells (16, 27, 28). Flow cytometric analysis was used to determine
any phenotypic changes that might correlate with the enhanced capacity of tumor-
presensitized B10.BR CD8+Vβ13+ T cells to eradicate tumor. The results revealed that there
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was a higher percentage of cells with TEM phenotype (i.e., CD44+CD62L-) in the
CD8+Vβ13+ T cell population in the spleen and lymph nodes of presensitized animals
compared to naïve cells (67.7 ±15.9% vs. 39.0 ±19.2%, CD62L-, respectively, p=0.02, Fig.
7). Furthermore, presensitized CD8+Vβ13+ T cells of the mesenteric lymph nodes also
expressed a higher percentage of the heterodimic integrin α4β7, which is present in
activated T cells and facilitates their infiltration in the gut epithelium (8.2 ±5.8% vs. 3.8
±4.4%, respectively, p=0.03, Fig. 8), corroborating the low-grade intestinal pathology
observed in animals transplanted with tumor-presensitized T cells.

Several studies have found that TEM and TCM to previously encountered environmental
antigens failed to mediate GVHD in either MHC-matched or MHC-mismatched models of
BMT (29-31). This inactivity was hypothesized to be due to a lack of cross-reactivity
between environmental antigens and host alloantigens. On the other hand, studies examining
the effects of alloantigen primed memory T cells have shown TCM to be highly GVH
reactive, with TEM unable to mediate GVHD (32-35). This is not due to differences in the
capacity of these populations to home to secondary lymphoid tissue as initially postulated
(36, 37), but rather due to an abortive response within target tissues (31, 35). In regard to
their GVL potential, several investigators have demonstrated the anti-tumor effects of
CD62L- T cells (29, 38, 39). Of most interest, Chen et al found that CD62L- T cells lacked a
response to alloantigens, and tumor-presensitized CD62L- T cells were able to inhibit tumor
growth while remaining unable to induce GVHD in third-party recipients (29). Likewise,
Yang et al have also shown that shedding of CD62L is necessary for T cells to acquire lytic
activity required for tumor eradication (40). Others however, have found that in vitro
generated CD8+ TCM are more adept at eradicating tumor in vivo than other T cell
populations, including naïve T cells and TEM. (36, 41). Yet as previously stated, the TCM
population has been shown to also play a predominate roll in GVHD. Ultimately, the
immunotherapeutic use of BMT comes down to determining the population that can mediate
antitumor responses with minimal GVHD. Results from our model using spectratype
identified, tumor presensitized CD8+ T cells suggest that TEM are the cells responsible for
mediating the observed GVL effects while keeping GVHD responses to a minimum. Further
experiments using purified memory T cell populations in the current model will help to
confirm this hypothesis.

Here, we have expanded the current knowledge regarding the GVL/GVHD potential of
antigen-experienced cells by transplanting an anti-tumor reactive Vβ T cell population, as
determined by TCR Vβ spectratyping, into tumor-challenged mice in a BMT setting. Since
we found superior GVL capability of the donor CD8+Vβ13+T cells after presensitization
with host tumor, and the phenotype of these cells indicated an increase in the TEM
(CD62L-CD8+Vβ13+) population, it stands to reason that these cells are most likely
responsible for the conferred anti-tumor effects. That notwithstanding, we also noted an
increase in the incidence of mild GVHD in recipients of tumor-presensitized CD8+Vβ13+ T
cells compared to mice that received an equal number of naïve CD8+Vβ13+ T cells,
potentially due to cross-reactivity between some tumor and tissue alloantigens. Further
experiments are currently being conducted in our laboratory to elucidate the GVL/GVHD
role of the CD62L-CD8+Vβ13+ T cell population in the B10.BR→CBA BMT model.

In order to translate our findings into the clinical setting, ex vivo priming of donor T cells
against recipient tumor antigens would be the most likely scenario. This procedure has been
successfully performed in several studies, particularly in the form of dendritic cell-based
tumor vaccines (42, 43). However, in the case of a known tumor antigen, it is also possible
to presensitize a normal donor, as described by Kwak et al. and others (44, 45). In addition,
tumor cell purging of ex vivo expanded hematopoietic stem cells has been successfully
implemented in autologous transplant for both liquid and solid tumors (46, 47).
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It would also be of interest to determine if other methods of activation, aside from or
concomitant with tumor presensitization, can lead to increased GVL potential of the
CD8+Vβ13+ T cell population while keeping the GVHD response to a minimum. An array
of cytokines and costimulatory ligands have been shown to successfully activate, expand, or
promote the survival of T cells, as well as increase the memory T cell population which we
have shown to be important in this model (48-51). Klebanoff et al have examined an array of
γc cytokines, including IL-2, IL-7, IL-15, and IL-21, and showed that all were capable of
augmenting in vivo antitumor responses of adoptively transferred CD8+ T cells (41).
Treatment with IL-2 in conjunction with costimulation with anti-CD3 mAb has been used to
activate CD62Llo T cells from tumor-draining lymph nodes to increase antitumor responses
(52). In addition, IL-2/anti-IL2 antibody complexes have been shown to not only enhance
CD8+ T cell activation, but also to increase the number of antigen-specific effector/memory
CD8+ T cells in a viral vaccine model (53). A variety of cell-intrinsic modulators of memory
formation (CIMMs) have been reported in the literature (54). These small molecules target
key metabolic pathways such as the mTOR, PI3K, and Wnt/β-catenin signaling pathways
that can augment the development of CD8+ memory T cells. For instance, investigators have
demonstrated that the immunosuppressive drug rapamycin, which affects the intacellular
kinase mTOR, can enhance memory T cell responses in vaccinated mice (55).
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FIGURE 1. B10.BR CD8+ T cells induce both lethal GVHD and GVL effects in MMC6-
challenged CBA recipients
CBA mice were exposed to lethal irradiation (11 Gy, split dose) and transplanted with 2×106

B10.BR ATBM cells with or without 1×107 CD8+ T cells. The next day, mice were
challenged i.p. with 5×103 MMC6 tumor cells. Results were combined from 4 separate
experiments, each with 3-5 mice per group. Statistical significance between survival curves
was determined using the non-parametric Wilcoxon test. ATBM + MMC6 versus ATBM +
CD8+ T cells + MMC6, p < 0.01; ATBM + CD8+ T cells versus ATBM + CD8+ T cells +
MMC6, p > 0.2.
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FIGURE 2. Representative spectratype histograms in the B10.BR anti-CBA and anti-MMC6
CD8+Vβ13+ T cell responses in lymphoid tissue
Spectratype analyses were performed on CD8+ T cell populations as described in Materials
and Methods. (A) CD8+ splenic T cells harvested from naïve B10.BR mice acted as the
control group. (B) For alloreactive responses (anti-CBA), CBA mice were exposed to lethal
irradiation (11 Gy, split dose) and transplanted with 1-2×107 B10.BR CD8+ T cells.
Splenocytes were harvested at 10-13 d post-BMT. (C) For the anti-tumor response (anti-
MMC6), B10.BR mice were presensitized (i.p.) with 1×107 MMC6 tumor cells (40 Gy),
followed by a second injection of 1×106 MMC6 cells (40 Gy) in the footpad 17-21 d later.
After 1 wk, draining lymph nodes were harvested and CD8+ T cell isolated. Skewing was
defined as a peak area greater than the mean of the control plus 5×SD. CDR3 lengths are
shown under each peak. Skewed peaks are marked with an arrow.
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FIGURE 3. GVHD and GVL potential of B10.BR CD8+Vβ13+ donor T cells in MMC6-
challenged CBA recipients
A and B, CBA mice were exposed to lethal irradiation (11 Gy, split dose) and transplanted
with 2×106 ATBM cells alone or along with either unseparated CD8+ T cells (1×107) or
CD8+Vβ13+ T cells (1x, 8.34×105; 2x, 1.67×106; or 3x, 2.5×106) from B10.BR donor mice.
A, Statistical significance between survival curves was determined using the non-parametric
Wilcoxon test. ATBM + CD8+ T cells versus ATBM + CD8+Vβ13+ T cells (1x), p < 0.02;
ATBM + CD8+ T cells versus ATBM + CD8+Vβ13+ T cells (3x), p = 0.9. B, All groups
except ATBM alone were challenged with MMC6 tumor cells (5×103) on d 1 post-BMT.
Experiments were repeated twice with 3-5 mice per group. ATBM + MMC6 versus ATBM
+ MMC6 + CD8+Vβ13+ T cells (1x), p < 0.01; ATBM + MMC6 versus ATBM + MMC6 +
CD8+Vβ13+ T cells (2x), p < 0.01; ATBM + MMC6 versus ATBM + MMC6 +
CD8+Vβ13+ T cells (3x), p < 0.01; ATBM + MMC6 + CD8+Vβ13+ T cells (1x) versus
ATBM + MMC6 + CD8+Vβ13+ T cells (2x), p = 0.59; ATBM + MMC6 + CD8+Vβ13+ T
cells (1x) versus ATBM + MMC6 + CD8+Vβ13+ T cells (3x), p = 0.05; ATBM + MMC6 +
CD8+Vβ13+ T cells (2x) versus ATBM + MMC6 + CD8+Vβ13+ T cells (3x), p < 0.02.
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FIGURE 4. Representative spectratype histograms in the B10.BR anti-CBA and anti-MMC6
CD8+Vβ13+ T cell responses in intestinal tissue
(A) For alloreactive responses (anti-CBA), CBA mice were exposed to lethal irradiation (11
Gy, split dose) and transplanted with 1-2×107 B10.BR CD8+ T cells. Intestinal tissue was
harvested at 10-13 d post-BMT. (B) For the anti-tumor response in the intestine, CBA mice
were exposed to lethal irradiation (11 Gy, split dose) and transplanted with 2×107 MMC6
presensitized CD8+ T cells and tissue was harvested at 10-13 d post-BMT. Tissues were
processed and spectratype analyses were performed. CD8+ splenic T cells harvested from
naïve B10.BR mice acted as the control group (shown in Fig. 2A). Skewing was defined as a
peak area greater than the mean of the control plus 5×SD. CDR3 lengths are shown under
each peak. Skewed peaks are marked with an arrow.
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FIGURE 5. Tumor-presensitized donor B10.BR CD8+Vβ13+ T cells elicit a significant GVL
effect with minimal GVHD
CBA mice were exposed to lethal irradiation (11 Gy, split dose) and transplanted with
ATBM cells (2×106) alone or along with either CD8+ T cells (1×107) or CD8+Vβ13+ T cells
(1x, 8.34×105 or 3x, 2.5×106) from MMC6 presensitized or naïve donor B10.BR mice.
Transplanted mice were challenged with MMC6 tumor cells (5×103) on d 1 post-BMT.
Experiments were repeated twice, each with 4-5 mice per group. Statistical significance
between survival curves was determined using the non-parametric Wilcoxon test. ATBM +
MMC6 versus ATBM + MMC6 + CD8+Vβ13+ T cells (1x presensitized), p <0.01; ATBM +
CD8+ T cells + MMC6 versus ATBM + MMC6 + CD8+Vβ13+ T cells (1x presensitized), p
< 0.05; ATBM + MMC6 + CD8+Vβ13+ T cells (1x), versus ATBM + MMC6 +
CD8+Vβ13+ T cells (1x presensitized), p = 0.03.
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FIGURE 6. CBA recipients of tumor-presensitized B10.BR CD8+Vβ13+ T cells exhibit minimal
histological evidence of GVHD
CBA mice were exposed to lethal irradiation (11 Gy, split dose) and transplanted with 2×106

ATBM cells alone or in combination with either CD8+ T cells (1×107) or CD8+Vβ13+ T
cells (1x, 8.34×105 or 3x, 2.5×106) from MMC6 presensitized or naïve B10.BR donor mice,
as indicated. A, The mean ± SE % initial body weight of surviving mice in each group was
derived relative to the mean weight of the group on d 0. n = # mice surviving at termination
of experiment/ # mice at initiation of experiment. B, Comparison of the dermis and
epidermis of the ear between mice transplanted with ATBM cells alone, CD8+ T cells, or
CD8+Vβ13+ T cells (1x presensitized). H&E reveals normal and regular thickness of the
epithelium (double arrows) of the ATBM [a] and CD8+Vβ13+ T cells (1x presensitized)
specimens [c], while there is severe irregularity of the epidermal-dermal border (single
arrows) in the CD8+ T cell sample [b] with evident hyperplasia of the epidermis. Likewise,
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the collagen layer in the dermis (double arrow) is regular and well arranged in the ATBM
and CD8+Vβ13+ T cell sample [a&c] and has low cellularity [d&f]. In contrasts, the dermis
in the CD8+ T cell sample exhibits increased thickness and vast cellularity (double arrow)
[e]. C, comparison of the epithelium of the small intestine between mice transplanted with
ATBM cells alone, CD8+ T cells, or CD8+Vβ13+ T cells (1x presensitized). H&E reveals
the integrity of the epithelium in the ATBM specimen [a] while there is loss of the
architecture of the villi and crypts in the CD8+ T cell sample (arrows) [b] compared to the
more defined epithelial structure observed in the CD8+Vβ13+ T cell (1x presensitized)
sample (arrows) [c].
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FIGURE 7. Memory (CD44+) CD8+Vβ13+ T cells from the spleens and lymph nodes of tumor
pre-sensitized B10.BR mice exhibit decreased CD62L expression as compared to naïve mice
B10.BR mice were injected i.p. with 1×107 MMC6 cells (40Gy). Three weeks later, cell
suspensions from spleens and lymph nodes were stained for flow cytometric analysis. Cells
were first gated on CD8+ Vβ13+ cells (left panel) followed by CD44 expression (middle
panel). The percent expression of CD62L on naïve cells is shown in the top right panel
compared to the MMC6 presensitized cells in the bottom right panel. One representative
experiment is shown.
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FIGURE 8. Tumor-presensitized memory (CD44+) CD8+Vβ13+ T cells from the mesenteric
lymph nodes of B10.BR mice upregulate the expression of α4β7 integrin
B10.BR mice were injected i.p. with 1×107 MMC6 cells (40 Gy). Mesenteric lymph nodes
were harvested 17-21 d later for flow cytometric analysis. Cells were first gated on
CD8+Vβ13+ cells (left panel) followed by expression of CD44 (middle panels). The percent
expression of α4β7 on naïve cells is shown in the top right panel compared to the MMC6-
presensitized cells in the bottom right panel. One representative experiment is shown.
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Table I

Comparison of the skewed CDR3-size lengths of B10.BR CD8+ T cells from the spleens of CBA recipients or
MMC6 tumor presensitized B10.BR micea

Vβ α-CBA α-MMC6

1 — 186, 189

2 — —

3 149 —

4 — —

5 172 —

6 — 138

7 176 167, 176

8.1 — —

8.2 134 153

8.3 155, 170 —

9 147 —

10 — —

11 157 —

12 201 —

13 — 160, 163, 166

14 160 —

15 182 182

16 — —

18 225 —

20 196 —

a
For the anti-CBA response, lethally irradiated CBA recipient mice were injected with 1 × 107 B10.BR CD8+ T cells and spleens were harvested

after 10 days. For the anti-MMC6 response, B10.BR mice were injected i.p. with irradiated MMC6 cells followed by footpad boost 3 weeks later.

One week later, CD8+ T cells were isolated from inguinal, mesenteric, and popliteal draining lymph nodes. CDR3-size spectratype analysis was
performed as described in Materials and Methods. Skewing of bands was defined as an average peak area greater than the average control area plus
5×SD. —, No skewing; CDR3 lengths are shown for skewed Vβ families. Results were averaged from 5 separate experiments.
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Table II

Comparison of the skewed CDR3-size lengths of B10.BR CD8+ T cells from the GVHD-target organs of
transplanted CBA recipient micea

Vβ Spleen Intestine Liver

1 — 192 192

2 — 151, 163 163

3 149 149 —

4 — — —

5 172 — —

6 — 148, 151, 154 148

7 176 176 176

8.1 — 133 —

8.2 134 137 140

8.3 155, 170 164 164

9 147 147, 150 144, 147

10 — 145 145

11 157 160, 163 148, 157

12 201 201, 216 210

13 — 169 —

14 160 160 160

15 182 170, 176, 182 167, 179

16 — — —

18 225 219 216

20 196 199 199, 202

a
Lethally irradiated CBA recipients were injected i.v. with 2 × 107 CD8+ B10.BR T cells. 10 days post-BMT, GVHD-target tissue infiltrating

CD8+ T cells were isolated and CDR3-size spectratype analysis was performed as described in Materials and Methods. Skewing of bands was
defined as an average peak area greater than the average control area plus 5×SD. —, No skewing; CDR3 lengths are shown for skewed Vβ
families. Results were averaged from 3 separate groups of 3-5 mice/group.
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