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Abstract Continuous eVorts are dedicated to develop
immunotherapeutic approaches to neuroblastoma (NB), a
tumor that relapses at high rates following high-dose con-
ventional cytotoxic therapy and autologous bone marrow
cell (BMC) reconstitution. This study presents a series of
transplant experiments aiming to evaluate the eYcacy of
allogeneic BMC transplantation. Neuro-2a cells were found
to express low levels of class I major histocompatibility
complex (MHC) antigens. While radiation and syngeneic
bone marrow transplantation (BMT) reduced tumor growth
(P < 0.001), allogeneic BMT further impaired subcutane-
ous development of Neuro-2a cells (P < 0.001). Allogeneic
donor-derived T cells displayed direct cytotoxic activity
against Neuro-2a in vitro, a mechanism of immune-medi-
ated suppression of tumor growth. The proliferation of lym-
phocytes from congenic mice bearing subcutaneous tumors
was inhibited by tumor lysate, suggesting that a soluble fac-
tor suppresses cytotoxic activity of syngeneic lymphocytes.
However, the growth of Neuro-2a cells was impaired when
implanted into chimeric mice at various times after synge-

neic and allogeneic BMT. F1 (donor-host) splenocytes
were infused attempting to foster immune reconstitution,
however they engrafted transiently and had no eVect on
tumor growth. Taken together, these data indicate: (1)
Neuro-2a cells express MHC antigens and immunogenic
tumor associated antigens. (2) Allogeneic BMT is a signiW-
cantly better platform to develop graft versus tumor (GVT)
immunotherapy to NB as compared to syngeneic (autolo-
gous) immuno-hematopoietic reconstitution. (3) An eVec-
tive GVT reaction in tumor bearing mice is primed by
MHC disparity and targets tumor associated antigens.
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Introduction

Transplantation of autologous bone marrow cells (BMC) is
currently used for lympho-hematopoietic reconstitution of
neuroblastoma (NB) patients after aggressive radio and
chemotherapy [1]. However, most therapies are largely
ineYcient in eradication of the disease and many of these
children will relapse [2]. It is unclear whether disease
relapse is aVected by possible contamination of the autolo-
gous BMC graft with NB micrometastases, which may be
below the threshold of Xow cytometric and even PCR
detection [3]. Furthermore, attempts to enhance anti-tumor
immunity after high-dose chemotherapy and autologous
BMC transplantation have been concluded with modest
clinical beneWt [2, 4–6]. A major disadvantage of autolo-
gous transplants is the already proven lack of eVective reac-
tivity against the tumor [7]. Allogeneic transplants may
beneWt NB patients, as a more eYcient way to generate an
eVective graft versus tumor (GVT) reaction [8]. Recent
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reports suggest eVective induction of GVT reactions and
superior outcomes of recipients of BMC allografts suggest-
ing a need for further experimentation of reduced-intensity
allogeneic BMC and umbilical cord blood transplants in
neuroblastoma patients [9–12].

In this study we attempted to deWne immune reactivity
after allogeneic bone marrow transplantation in a murine
model of subcutaneous Neuro-2a implants. There are two
possible scenarios. The Wrst implies that Neuro-2a might
be excluded from the state of mutual donor–host toler-
ance after allogeneic BMC transplantation due to absence
of MHC antigens, rendering the tumor susceptible to
GVT activity against tumor-associated antigens. The sec-
ond scenario implies that alloreactivity against Neuro-2a
cells is mediated by MHC antigens that may be present at
a frequency lower than their detection by Xow cytometry
[13].

In formulation of the experimental design, we adopted
several assumptions. First, neuroblastoma appears to be a
particular case of a tumor characterized by low-immunoge-
nicity antigens [14, 15]. It is unclear whether this tumor is
submitted to immune surveillance, either because innate
immunity is tolerant to fetal tumors, and/or neuroblastoma
shares multiple antigens with normal mature tissues of
ectodermal origin. Second, this malignancy is characterized
by expression of classes I and II major histocompatibility
(MHC) antigens at low levels [16–18], rendering NB cells
relatively resistant to immune attack. Several approaches
have been conceived to circumvent this limitation, includ-
ing the use of natural killer (NK) cells to initiate an immune
reaction [14, 19]. Interestingly, MHC antigen expression is
induced in neuroblastoma cells under inXammatory condi-
tions, induced primarily by interferon-� (INF-�) and inter-
keukin-2 (IL-2) [20–23]. Consequently, therapeutic
approaches have focused on the use of these cytokines
to foster anti-tumor immunity [24–26]. An interesting
approach used allogeneic neuroblastoma cells to foster
immune reactivity in the presence of lymphotactin and IL-2
[27].

Materials and methods

Animal model

Mice used in this study were A/J (H2Ka, CD45.2), C57BL/
6 [H2 Kb, CD45.2], B6.SJL-Ptprca Pepcb/BoyJ (H2 Kb,
CD45.1), C57BL/6-TgN(ACTbEGFP)1Osb [GFP, H2 kb],
inbred A/C57BL/6 chimeras (H2Ka/b, CD45.2), and
NOD.SCID mice purchased from Jackson Laboratories.
Mice were housed in a barrier facility in accordance with
the guidelines of the Institutional Animal Care and Use
Committee.

Tumor cells

Neuro-2a wild type cells, a mouse neuroblastoma of strain
A origin, were obtained from the American Type Culture
Collection (ATCC). Cells were cultured to maximum 12
passages in Minimal Essential Medium (GIBCO), supple-
mented with 10% fetal bovine serum (FCS, HyClone),
MEM non-essential amino acids, 100 units/ml penicillin,
and 100 mg/ml streptomycin (Life Technologies). Tumors
were induced by subcutaneous (sc) implantation into the
shaved right Xank of 106 Neuro-2a cells in 100 �l of phos-
phate-buVered saline (PBS). Tumor growth was measured
with a caliper and the volume (mm3) was calculated accord-
ing to (width2 £ length £ 0.4).

Bone marrow cell preparation

Whole BMC (wBMC) were harvested from femurs and
tibia of donors, and low-density cells were collected as pre-
viously described [28]. Immunomagnetic T cell depletion
was performed by incubated for 45 min at 4°C with saturat-
ing amounts of biotinylated anti-mouse monoclonal anti-
bodies (mAb) speciWc to CD4, CD5, and CD8. All
antibodies were obtained from hybridoma cell cultures
(ATCC). mAb-coated cells were washed twice with PBS
containing 2% FCS and were incubated with sheep-anti-rat
IgG conjugated to M-450 magnetic beads at a ratio of
4 beads per cell (Dynal Inc.). Conjugated cells were precip-
itated by exposure to a magnetic Weld. The eYciency of T
cell depletion was reassessed by Xow cytometry using a
cocktail of primary-labeled mAb against the T cell markers
listed above.

Splenocyte preparation

Spleens were harvested from mice, minced, passed through
40-�m mesh, and dispersed into a single-cell suspension in
PBS. Red blood cells were lysed with medium containing
0.83% ammonium chloride, 0.1% potassium bicarbonate,
0.03% disodium EDTA. After 4 min, the reaction was
arrested with excess of ice-cold PBS. T cells were enriched
by elution through a cotton wool column (preferential
retention of B lymphocytes and myeloid cells by diVeren-
tial charge than the eluted T cells), or immunomagnetic
depletion using hybridoma-derived antibodies against GR-
1, Mac-1, and B220.

Flow cytometry

Measurements were performed with a Vantage SE Xow
cytometer (Becton Dickinson). Positive staining was deter-
mined on a log scale, normalized with control cells stained
with isotype control mAb. Donor chimerism was determined
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from the percentage of donor and host peripheral blood
lymphocytes (PBL) and splenocytes. Blood was collected
in heparinized serum vials in 200 �l M199, centrifuged
over 1.5-ml lymphocyte separation media (Cedarlane), and
red blood cells were lysed. Nucleated cells were incubated
for 45 min at 4°C with phycoerythrin (PE)-anti-H2 Kb

(Caltag) and Xuorescein isothiocyanate (FITC)-anti-H2Kk

mAb (eBioscience). Minor antigen disparity was assessed
using CD45.1-PE and CD45.2-FITC antibodies (eBio-
science). T cells were quantiWed using CD4-allophycocyanin
and CD8-FITC antibodies (BD Pharmingen).

Conditioning and transplantation

Recipients were conditioned with total body irradiation
(TBI) at 700 rad using an x-ray irradiator (Rad Source
2000; Rad Source Technologies Inc., Alpharetta, GA) at a
rate of 106 rad/min. After 6 h, the cells were injected into
the lateral tail vein in 200 �l PBS. GVHD was assessed
using a semiquantitative clinical scale including weight
loss, posture (hyperkeratosis of the foot pads impairs move-
ment), activity, diVuse erythema (particularly of the ear) or
dermatitis, and diarrhea. GVHD was validated by histology
in H&E sections of the ear and liver according to 0-no inWl-
tration, 1-scarce inWltrates, 2-patchy inWltration, and
3-diVuse inWltration with deterioration of tissue structure.

Proliferation assays

Splenocytes were labeled with 2.5 �M 5-(and-6-)-carboxy-
Xuorescein diacetate succinimidyl ester (CFSE, Molecular
Probes) and 5 £ 107 cells were plated on petri dishes for
45 min to enrich for lymphocytes. After 45 min, the non-
adherent cells were collected, washed, and incubated in
DMEM supplemented with 2 mM L-glutamine, 1 mM
sodium pyruvate, 13.6 �M folic acid, 270 �M L-asparagine,
548 �M L-arginine HCL, 10 mM HEPES, 50 �M 2�-
Mercaptoethanol (2-ME), 100 mg/ml streptomycin, 100 U/ml
penicillin, 5% heat-inactivated FBS, and 1% heat-inacti-
vated mouse serum (all the ingredients purchased from Beit
Haemek and Sigma). Triplicate cultures were harvested
after 3–5 days and the dilution of CFSE was analyzed by
Xow cytometry by gating on the live lymphocytes. Data
were analyzed using the ModFit software (Verity Software
House).

Cytotoxic assays

EVector splenocytes harvested from naïve mice and chime-
ras were passed through wool mesh to enrich for T lympho-
cytes (»70%). These cells were incubated with 5 £ 105

Neuro-2a target cells for 7 h at 37°C in 150 �l at 1:10 to
1:100 target:eVector ratios. Cytolysis was quantiWed by

lactate dehydrogenase (LDH) release and normalized for
background values [29].

Statistical analysis

Data are presented as mean § standard deviations for each
experimental protocol. Results in each experimental group
were evaluated for reproducibility by linear regression of
duplicate measurements. DiVerences between the experi-
mental protocols were estimated with a post hoc ScheVe
t-test and signiWcance was considered at P < 0.05.

Results

Tumor growth is aVected by the immune system

In preliminary studies, the appropriate number of Neuro-2a
cells which generate detectable subcutaneous tumors that
grow slow enough to allow a therapeutic intervention was
determined to be in the range of 0.8–1 £ 106. Transplanta-
tion of 0.8–1 £ 106 Neuro-2a cells allowed a follow up of
several weeks before reaching limiting sizes, while lower
inoculum failed to induce tumors in some mice. Notably,
we aimed at a critical mass for established tumors to per-
form continuous measurements, a model that hinders possi-
ble eradication of small tumors under various experimental
conditions. In Wrst stage, we examined the possible involve-
ment of immunogenic mechanisms in NB tumor growth.
Neuro-2a cells transplanted into congenic (H2Ka) mice
formed subcutaneous tumors at a slower tempo as com-
pared to immunocompromized NOD.SCID mice (Fig. 1a),
suggesting that a lymphocyte-mediated mechanism slowed
the development of these tumors. Notably, NOD.SCID
mice have competent NK cells.

The impact of conditioning and bone marrow transplan-
tation on tumor growth was determined according to the
experimental setting detailed in Fig. 1b. To simulate condi-
tions of a pre-existing tumor, Neuro-2a cells were
implanted subcutaneously 5 days before total body irradia-
tion (TBI) at 700 rad and bone marrow transplantation.
Irradiation and transplantation of 5 £ 106 syngeneic BMC
(n = 11) reduced tumor size as compared to naïve subcuta-
neous tumors (P < 0.001; Fig. 1c), consistent with growth
inhibition of cultured cells following irradiation (not
shown). This does not exclude the participation of immuno-
genic mechanisms in suppression of tumor growth after
syngeneic transplantation. Under the same experimental
conditions, allogeneic (H2Kb ! H2Ka) bone marrow trans-
plantation (n = 19) further reduced tumor growth
(P < 0.001). The signiWcant diVerences observed on day 30
post-transplantation (Fig. 1d) imply that Neuro-2a cells
serve as targets of MHC-disparate immune cells of donor
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origin. Measurements of MHC antigen expression using
anti-H2Kk antibody, which is cross-reactive to H2Ka,
revealed variable expression of the antigen in Neuro-2a
cells (Fig. 1e). Downregulation of MHC antigens might
explain the slower growth rates on Neuro-2a cells from
high passages (>25) as compared to low passages (5–10).
The levels of expression in cultured Neuro-2a cells are
lower than those of splenocytes of congenic A/J mice
(Fig. 1f).

Allografted mice develop cytotoxic GVT reactivity

Radiated (700 rad) recipients of 5 £ 106 allogeneic TCD-
BMC (B6 ! A) showed the levels of donor chimerism in
peripheral blood of 73 § 6 and 92 § 4% after 2 and
4 weeks from transplantation, respectively. During the Wrst
4 weeks post-transplantation, the spleen was predominantly

donor-type (Fig. 2a) demonstrating that the conditioning
regimen was largely lymphoablative. At this point of time,
the spleens contained »60% of the cellularity of naïve
H2Ka mice, with a marked reduction in fractions of CD4+

and CD8+ T cells (Fig. 2b), consistent with the predominant
myeloid and B lymphocyte reconstitution of the spleen at
early times after transplantation.

For positive identiWcation of an eVective GVT reaction
as the basis of tumor growth inhibition, splenocytes of the
chimeric mice were evaluated for cytotolysis of target
tumor cells. Mice bearing subcutaneous tumors were
grafted with allogeneic BMC (as detailed in Fig. 1b).
Splenocytes harvested after 4 weeks were co-incubated
with Neuro-2a cells for 7 h. LDH release from tumor cells
increased proportionally to the splenocyte:Neuro-2a ratio,
positively identifying eVective GVT reactivity (Fig. 2c).
To ascertain cytolysis, B6 mice were immunized twice

Fig. 1 Neuro-2a growth is 
aVected by T cell immunity. 
a 106 Neuro-2a cells were inject-
ed subcutaneously into congenic 
H2Ka (n = 15) and immuno-
compromized NOD.SCID mice 
(n = 8). Tumor volume was 
evaluated according to: 
length £ width2 £ 0.4, until the 
tumors reached maximal 
allowed sizes. Data represent 
means § standard deviations 
(SD). b The time sequence for 
transplant experiments: total 
body irradiation at 700 rad and 
intravenous infusion of bone 
marrow cells were performed 
5 days after subcutaneous 
implantation of 106 Neuro-2a 
cells. c Transplantation of 
5 £ 106 syngeneic (n = 11) and 
allogeneic (n = 19) whole bone 
marrow cells (BMC) resulted 
in reduced growth rate of the 
tumors. Data represent 
means § SD. d Tumor size at 
30 days after syngeneic 
(H2Ka ! H2Ka) and allogeneic 
(H2 Kb ! H2Ka) bone marrow 
transplantation as compared to 
growth in naïve congenic 
(H2Ka) mice. e Expression of 
H2Ka antigen in Neuro-2a cells 
using a cross-reactive anti-H2Kk 
antibody: left panel passage 6, 
right panel passage 25. f Low 
level expression of H2Kk in 
Neuro-2a cells as compared to 
splenocytes of A/J mice
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with Neuro-2a cells at 3-day interval, and after 3 days the
splenocytes were assayed for cytolytic activity. In variance
from naïve B6 splenocytes, which lacked cytotoxic
activity upon short-term in vitro stimulation, the spleno-
cytes of pre-sensitized B6 mice elicited eVective cytotox-
icity. Considering the low numbers of T cells in spleens of
chimeric mice-bearing tumors (Fig. 1b), proliferation was
determined from CFSE dilution under an LPS challenge
for 5 days. The proliferation index increased from
2.9 § 1.2 to 4.9 § 1.2 under the inXuence of LPS, used
as a non-speciWc stimulus (Fig. 2d). In comparison, the
splenocytes of naïve B6 donor mice (H2Kb) displayed
marginally higher proliferation rates upon LPS stimula-
tion. Thus, immune cells of the reconstituted chimeras pro-
liferated in response to non-speciWc stimuli and displayed
tumor-speciWc cytotoxicity.

Dissociation between GVT and GVH reactions

Recipients of allogeneic whole BMC developed GVHD
grade 1–2 at variable levels. To determine whether eVective
GVT activity may be achieved in the absence of grafted

donor T lymphocytes, the tumor growth was monitored
after transplantation of T cell depleted BMC (TCD-BMC).
Depletion of CD4+, CD5+, and CD8+ T cells from donor
BMC inoculum had a minor eVect on tumor growth as com-
pared to recipients of whole BMC (Fig. 3a), suggesting that
the infused donor lymphocytes had little or no contribution
to the GVT reaction. Thus, eVective GVT may be achieved
without causing GVHD by transplantation of TCD-BMC.

Infusion of F1 lymphocytes does not foster GVT reactivity

The superior outcome after allogeneic versus syngeneic
transplants and the Wnding that Neuro-2a cells express
MHC class I antigens implies a requirement of MHC dis-
parity in induction of GVT reactivity. However, the chime-
ric mice accepted both host type (H2Ka) and donor-type
(H2 Kb) skin grafts at 4 weeks post-transplantation, demon-
strating induction of transplant tolerance through hemato-
poietic chimerism (n = 4). If GVT reactivity could be
achieved under a state of tolerance to MHC antigens, infu-
sion of F1 splenocytes should rather foster the reaction.
In an attempt to foster reactivity, 2 £ 107 splenocytes from

Fig. 2 Immune responses after allogeneic bone marrow transplanta-
tion. a A/J mice radiated at 700 rad and allografted (H2 Kb ! H2Ka)
with 5 £ 106 T cell depleted (TCD) BMC display full donor chimerism
in the spleen. b At 4 weeks post allogeneic transplantation the chimeric
spleens include small numbers of CD4+ and CD8+ T cells (n = 13) as
compared to naïve A/J hosts (H2Ka, n = 7). c Cytotoxicity Neuro-2a
cells (target) by splenocytes (eVector) harvested at 4 weeks after allo-

geneic bone marrow transplantation (n = 6), as determined from LDH
release. Cytolysis of lymphocytes from naïve B6 donors and B6 mice
immunized with two intravenous injections of 3 £ 106 Neuro-2a cells
(at 3 day intervals) are presented as controls (n = 5). d Proliferation of
splenocytes from allografted mice (H2 Kb ! H2Ka) in response to
LPS in vitro, as determined from CFSE dilution (n = 4). Demonstrative
for assays were performed in triplicates
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F1 mice (H2Ka/b) were added to 5 £ 106 H2Kb TCD-BMC.
Infusion of F1 splenocytes on days 0 or 7, or on both days
(0 + 7) did not aVect, signiWcantly, the tumor growth rates
(Fig. 3b). There are two possible explanations: (a) ineVec-
tive engraftment of F1 splenocytes in the chimeric mice,
(b) F1 splenocytes did not acquire GVT reactivity in the
absence of MHC mismatch to the tumor.

The pattern and tempo of lymphoid reconstitution were
monitored in the grafted mice with and without F1 spleno-
cyte infusion on day 0. Spleen cellularity increased gradually
after transplantation, with an expected early quantitative
advantage (at 2 weeks) in recipients of F1 splenocytes
(Fig. 4a). However, an unexpected decrease occurred after-
wards, indicating that the infused F1 splenocytes were short
lived. Similar data were observed after infusion of F1
splenocytes on day +7 post-transplantation (not shown),

supporting their transient engraftment. A signiWcant diVer-
ence was a higher fraction of 11 § 1.2% CD4+ and CD8+ T
cells in the spleens of recipients of F1 splenocytes at
4 weeks post-transplantation (P < 0.05 vs 6.5 § 3% of
spleens of TCD-BMC recipients) (Fig. 4b).

To determine the origin of splenic T cells, minor antigen
disparity was used to dissociate between bone marrow-
derived lymphocytes (H2 Kb, CD45.1) and F1 splenocytes
(H2Ka/b, CD45.2). Although F1 splenocytes (H2Ka/b) were
observed at 1–2 weeks post-transplantation, virtually all
cells originated from the bone marrow (CD45.1) at 4 weeks
post-transplantation (Fig. 4c). The quantitative switch
occurred during the second week after F1 splenocyte infu-
sion, when bone marrow-derived immune cells became
dominant (Fig. 4d). Consistent results were observed when
F1 splenocytes were infused on day +7 post-transplantation
(not shown). Thus, F1 splenocytes engrafted transiently and
enhanced the immune recovery from the bone marrow. It is
possible that early homeostatic expansion of the F1 spleno-
cytes, although transient, contributed to lymphoid reconsti-
tution by secretion of cytokines in the hypocellular
lymphoid organs, fostering homeostatic expansion of bone
marrow-derived cells. These cells did not cause GVHD and
did not aVect signiWcantly tumor growth rates.

Target antigens of the GVT reaction

The GVT reaction presented apparently controversial infor-
mation in reference to MHC antigen speciWcity. On the one
hand, the signiWcant tumor growth inhibition attained by
allotransplant as compared to syngeneic reconstitution sug-
gests that alloreactivity to MHC antigens is essential to the
induction of an eVective GVT reaction. On the other hand,
tumor-speciWc reactivity was displayed by splenocytes
reconstituted primarily from the donor bone marrow, which
are tolerant to the tumor (and host) MHC antigens. There-
fore, a challenge experiment was performed with allogeneic
bone marrow transplantation preceding the implantation of
subcutaneous tumors (Fig. 5a). Notably, in this setting the
Neuro-2a cell implants were not exposed to radiation. Sub-
cutaneous grafting of NB cells at 2, 3, and 4 weeks after
allogeneic BMT showed remarkably slower rates of tumor
growth (P < 0.001) as compared to naïve mice (Fig. 4b).
Furthermore, early implantation of tumors at 2 weeks post-
transplantation resulted in slowest growth rates, which were
similar to tumors implanted prior to allogeneic BMT
(Fig. 5b). Taken together these data indicated that Neuro-2a
cells were submitted to immune surveillance and the pres-
ence of tumor cells during the phase of immune reconstitu-
tion fostered anti-tumor immunity.

The limited eYcacy of syngeneic transplants in reducing
tumor growth rates as compared to allogeneic transplants in
tumor-bearing mice (Fig. 1c) questioned the importance of

Fig. 3 Involvement of T cells in tumor growth inhibition. a Mice bear-
ing subcutaneous tumors were infused with 5 £ 106 allogeneic whole
bone marrow cells (wBMC, n = 19) or T cell depleted (TCD) BMC
(n = 26) according to the experimental sequence detailed in Fig. 1b.
Data represent means § SD. b Recipients allografted with 5 £ 106

TCD-BMC (H2 Kb) were infused intravenously with 2 £ 107 spleno-
cytes (F1 spln.) from F1 mice (H2Ka/b) on days 0 or 7 and on both days
(0 + 7)
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transition to adaptive immunity by transplantation. There-
fore, tumors were subcutaneously implanted at 3 and
4 weeks after syngeneic BMT (Fig. 5a), showing a signiW-
cant reduction of tumor growth rates (P < 0.01; Fig. 5c). In
fact, the growth rates of tumors implanted at 4 weeks post-
transplantation were similar after syngeneic and allogeneic
reconstitution, similar to allografted mice bearing tumors
and signiWcantly lower than mice reconstituted with synge-
neic BMC (P < 0.001; Fig. 5d). Thus, transition to adaptive
immunity after transplantation is favorable for the induc-
tion of GVT reactivity whereas the presence of tumors prior
to transplantation results in faster growth rates. These data
questioned the relative low eYcacy of syngeneic trans-
plants to induce GVT reactivity in tumor-bearing mice. To
evaluate this phenomenon, the proliferation of splenocytes
was determined in the presence of the soluble fraction of

tumor lysates. While tumor lysates equally stimulated
splenocytes of naïve B6 and A/J mice, proliferation was
inhibited in splenocytes from A/J mice bearing subcutane-
ous tumors (Fig. 5e). These data imply that the tumors
release inhibitory factors, with apparent speciWcity to inac-
tivation of syngeneic splenic lymphocytes remote from the
subcutaneous tumor.

Discussion

DiYculties in eradication of neuroblastoma in signiWcant
numbers of pediatric patients have prompted the discussion
surrounding possible immunotherapeutic approaches. In
this study, we demonstrate that eVective anti-tumor
immune reactivity is elicited by allogeneic bone marrow

Fig. 4 Immune reconstitution after allogeneic BMT and F1 spleno-
cyte infusion. a Spleen cellularity measured at weekly intervals in mice
grafted with 5 £ 106 allogeneic TCD-BMC (Allo BMT) and with
2 £ 107 F1 (H2Ka/b) splenocytes on day 0 (Allo + F1 spln.), according
to the experimental setting detailed in Fig. 1b. Spleen cellularity in
naïve donors (B6) and recipients (A/J) is given as control. b Fractional
distribution of CD4+ and CD8+ T cells in the spleen measured at week-
ly intervals after transplantation of TCD-BMC (Allo BMT) and co-
transplantation of F1 splenocytes (Allo + F1 spln.). The distribution of

these subsets in naïve H2Ka (A/J) recipients is shown as control. c Dis-
sociation between splenocytes derived from the bone marrow (H2 Kb)
and F1 splenocytes (H2Ka/b) at 1 and 2 weeks post-transplantation (up-
per panels). At 4 weeks post-transplantation (lower panels), the spleen
was reconstituted from the bone marrow cells (CD45.1), without
evidence of residual F1 splenocytes (CD45.2). d Switch in splenic con-
tribution from adoptively transferred F1 splenocytes to bone marrow-
derived cells during the Wrst two weeks after F1 splenocyte in fusion
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transplantation in tumor-bearing mice through development
of tumor-speciWc cytotolytic responses.

Neuroblastoma is submitted to immune surveillance, as
evidenced by the faster growth rates in immunocomprom-
ized as compared to congenic mice, growth inhibition by
allogeneic transplantation in tumor bearing mice, and tumor
suppression in mice that underwent BMT before the tumor
challenge. Attempting to simulate the pathological condi-
tions where bone marrow transplantation is performed in
children with pre-existing neuroblastoma, mice bearing
subcutaneous tumors were grafted with bone marrow. The
diVerences in growth rates following allogeneic and synge-
neic immuno-hematopoietic reconstitution revealed sev-
eral features of this experimental model. First, direct
cytolysis of Neuro-2a cells by lymphocytes of the chimeric

mice demonstrates speciWc sensitization to tumor antigens
in vivo. Importantly, eVective GVT reaction was attained
under conditions of partial T cell reconstitution, which
demonstrates their functional competence early after trans-
plantation. Second, an inhibitory mechanism appears to be
involved in suppression of GVT reactivity in mice bearing
tumors at the time of syngeneic transplantation. Soluble
factors within tumor lysates inhibited the proliferation of T
cells from congenic mice bearing subcutaneous tumors.
Third, the implantation of tumors after BMT is equally
eYcient in suppressing tumor growth by syngeneic and
allogeneic immune cells. Recovery of the immune system
after transplantation is associated with a period of immune
activation, which apparently abolished the inhibition of
syngeneic cell activity against the tumor. These features of

Fig. 5 Adaptive immunity inhibits tumor growth. a The time se-
quence for the transplant experiments where transplantation of 5 £ 106

TCD-BMC preceded a tumor challenge (subcutaneous implantation of
106 Neuro-2a cells). b Comparative growth rates in of Neuro-2a cells
in mice allografted (H2 Kb ! H2Ka) after tumor implantation (Tu pre-
allo BMT), and implantation of tumors at 2 weeks (n = 5), 3 weeks
(n = 9) and 4 weeks (n = 11) after allogeneic transplantation (post-
BMT). c Comparative growth rates in of Neuro-2a cells in mice grafted
with syngeneic TCD-BMC (H2Ka ! H2Ka) after tumor implantation
(Tu pre-syn BMT), and implantation of tumors at 3 and 4 weeks (n = 6)

after syngeneic transplantation (post-BMT). d Tumor size at 30 days
after subcutaneous implantation of 106 Neuro-2a cells in mice with
syngeneic and allogeneic BMT. Tumors were implanted 5 days before
transplantation (pre-BMT) or 4 weeks after transplantation (post-
BMT). e Splenic lymphocytes from naïve B6 (n = 12) and A/J mice
(n = 5) and A/J mice bearing subcutaneous tumors (n = 6) were stimu-
lated with ConA for 5 days in culture and proliferation was determined
from CFSE dilution. The data represent the ratio between control
responders and incubation with the soluble fraction of Neuro-2a tumor
lysate
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the GVT reaction reveal complex patterns of cellular
responses to the tumor that involve several mechanisms of
activation while the tumor attempts to evade immune sur-
veillance.

Within this complex pattern of regulation of the GVT
reaction, it is questioned what is the role of MHC disparity.
On the one hand, suppression of tumor growth following
allogeneic BMT and the cytotoxic activity of mismatched
lymphocytes (from immunized and chimeric mice) suggest
that MHC disparity is essential to generate a potent GVT
reaction. Several data support a requirement for MHC dis-
parity: (a) Using a cross-reactive antibody, Neuro-2a cells
were found to express low levels of MHC class I mole-
cules. Although neuroblastoma is traditionally considered
to express low levels of MHC class I and II antigens [16–
18], as few as one MHC class I molecule per cell is suY-
cient (in principle) for T cell activation and lysis of tumor
cells [13, 30, 31]. In fact, inWltration of cytolytic T cells
into the tumor increases the expression of MHC antigens
through secretion of INF-� and IL-2, contributing to prim-
ing of additional T cells against tumor associated antigens
[20–23]. (b) Naïve B6 mice (H2 Kb) reject the tumor cells
and immunization with Neuro-2a cells elicits tumor-spe-
ciWc cytotoxic activity. This type of rejection is a conse-
quence of MHC incompatibility between host immunity
and non-self tissue. (c) Infusion of F1 splenocytes (H2Ka/b),
which are unresponsive to H2Ka and engraft transiently,
failed to further suppress tumor growth. These data suggest
a requirement for MHC mismatch to elicit an eVective GVT
reaction and imply that MHC antigens serve as targets of
cytotoxic lymphocytes.

On the other hand, MHC antigen disparity per se is insuY-
cient to explain the inhibition of tumor growth for several
reasons: (a) The diVerences in tumor growth rates were mar-
ginally aVected by exclusion of T cells from the donor inocu-
lum, thus GVT cannot be considered to be a GVH-like
reaction mediated by mature donor lymphocytes within the
graft. (b) Cytolytic activity was attributed to lymphocytes
derived from the bone marrow after allogeneic transplanta-
tion, which are tolerant to host MHC antigens. The state of
tolerance to host MHC antigens was demonstrated by accep-
tance of both donor (H2 Kb) and host-type (H2Ka) skin grafts
by the chimeric mice. (c) Tumor growth was equally sup-
pressed in mice undergoing immune reconstitution after syn-
geneic and allogeneic BMT preceding the tumor challenge.
Thus, the faster growth rates following syngeneic (as com-
pared to allogeneic) reconstitution in tumor bearing mice are
attributed to inhibitory mechanisms, rather than ineVective
immunization. The apparent mechanism of GVT reactivity
involves a facilitating eVect of MHC disparity without spe-
ciWc targeting of the MHC antigens.

The evolving scenario suggests that MHC disparity is
essential to initiate a GVT response and overcome inhibi-

tory mechanisms, however, the MHC antigens themselves
are not targeted in the tumor. The MHC-independent nature
of tumor cytolysis is evident from the eVective GVT reac-
tivity of donor lymphocytes tolerant to tumor (and host)
MHC in allografted tumor bearing mice, and tumor growth
suppression following syngeneic immune reconstitution.
By elimination, the cytotoxic cells target tumor-associated
antigens, which are considered as essential targets of T cell-
mediated immunotherapy [32]. None of the tumor-associ-
ated antigens detected in NB are speciWc and the majority is
shared by normal tissue, including disialogangliosides GD2
and GD3 [33], survivin [34], transferrin receptor [35], the
adhesion molecule L1-CAM [36], T cell acute lymphoblas-
tic leukemia-associated antigen 1 (TALLA-1) [37], and the
B7 costimulatory family member 4Ig-B7-H3 [38]. How-
ever, if tumor antigen uptake is performed by the lympho-
cytes themselves, this process should be MHC-unrestricted
as well, to explain the similarity in growth suppression after
syngeneic and allogeneic BMC transplantation. This sce-
nario does not explain the role of MHC antigens in priming
the GVT reaction in tumor-bearing mice. Therefore, anti-
gen presenting cells may be involved in the process of GVT
reactivity, providing the context of MHC-dependent anti-
gen presentation along with MHC-unrestricted cytolysis. It
is therefore postulated that antigen presenting cells are
involved in the physiological process of sensitization
against the tumor [39–41], a mechanism that includes the
requirement for priming by MHC antigen disparity in the
process of induction of anti-tumor reactivity. Inhibition of
tumor progression upon challenging early after allogeneic
transplantation (under limiting numbers of T cells) is sug-
gestive of superior antigen uptake capacity, which is char-
acteristic of immature dendritic cells. In addition, the GVT
reaction might include a MHC-independent process medi-
ated by NK cells, which are among Wrst subsets that
develop after bone marrow transplantation. Tumor cell lysis
by MHC class I-independent NK activity may be involved
in all situations analyzed in this study [42–44], however it
cannot explain the variations in outcomes with reference to
MHC disparity, despite the close interaction between NK
and dendritic cells [40, 41]. The data presented here suggest
that lymphocytes are the primary eVectors of cytotoxic
activity within the GVT reaction.

As a tumor that is often present during the pre-natal
phase, it is questioned what is the involvement of innate
immunity and the shared antigens with the immune-privi-
leged ectodermal tissue in failure of the immune system to
suppress neuroblastoma [18]. Although in our models the
tumors were implanted in mature mice, it is evident that the
developing immune system after syngeneic and allogeneic
transplantation restores immune surveillance of this tumor.
Furthermore, tumor lysate was found to inhibit the prolifer-
ation of lymphocytes of mice-bearing subcutaneous tumors,
123
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which explains in part the lower eYcacy of tumor suppres-
sion by syngeneic transplants against pre-implanted tumors.
Neuroblastoma was also shown to inhibit dendritic cell
development and function [45–48], in addition to other
mechanisms of evasion from immune surveillance by direct
killing of cytotoxic cells [49]. It is therefore a complex pat-
tern of communication between the tumor and cytotoxic
cells, mediated by antigen presenting cells and aVected by
soluble inhibitory factors that operate also at remote sites
such as the spleen.

The results of these studies challenge some of the preva-
lent notions concerning this tumor. First, some studies
described low or absent expression of MHC class I and
class II antigens in primary human neuroblastoma, suggest-
ing that this tumor is not a potential target of alloimmune
responses [50]. These data raised the possibility that the
tumor might be excluded from the mutual donor–host toler-
ance induced by allogeneic bone marrow transplantation,
rendering it susceptible to attack by MHC-independent
mechanisms. However, we found that Neuro-2a cells, a
prevalent experimental model, display H2Ka antigens at
low levels. In contradiction to our initial assumption,
alloreactivity was an essential ingredient in generation of
an eVective GVT reaction against established tumors, as
seen in tumor growth suppression after allogeneic trans-
plantation in tumor bearing mice. Second, the prior studies
suggested that immune reactivity against neuroblastoma is
impaired by the low immunogenicity of antigens speciWc to
this tumor [14, 15]. This concept may be true only in rela-
tive terms [32]. Our data show that MHC antigens are not
targeted, rather participate in priming of the GVT reaction
against tumor associated antigens. Third, although initially
considered that robust lympho-hematopoietic reconstitution
is a prerequisite to achieve anti-tumor activity, partial
immune reconstitution was suYcient and eVective. The fact
that bone marrow-derived T cells initiate the GVT reaction
which provides a signiWcant pragmatic advantage in refer-
ence to possible dissociation between GVT and GVH reac-
tions by elimination of donor T cells in the graft.
Furthermore, this observation is important in the context of
haploidentical transplants, which elicit more vigorous GVH
responses and require stringent T cell depletion [8, 10].
Possible induction of GVT reactions by non-myeloablative
transplants should be explored, considering the superior
capacity of cells to track micrometastases, reach intra-mar-
row spread of neuroblastoma, and restore the mechanisms
of immune surveillance [51, 52]. Finally, donor-derived
lymphocytes appear to be the primary eVectors of tumor
cytolysis, dendritic cells are the mediators, and NK cells
may participate as an additional mechanism. The evidence
for this proposition includes faster growth rates in lympho-
cyte-deWcient NOD.SCID mice, the requirement for MHC
mismatch to overcome inhibition and initiate GVT, and the

absence of signiWcant diVerences when T cells are depleted
from the donor inoculum.

In summary, although lympho-hematopoietic reconsti-
tution of hosts with syngeneic bone marrow is superior in
terms of safety and reduced intensity of conditioning, our
results suggest that this approach is rather ineVective
except extreme cases where administration of cytotoxic
agents causes irreversible bone marrow aplasia. Allotrans-
plants are evidently eYcient in inducing a potent GVT
reaction against neuroblastoma, where MHC disparity at
the level of antigen presenting cells is important in induc-
tion of cytolytic responses against tumor associated anti-
gens.
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