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Abstract
Fully allogeneic CD3/CD28 cross-linked Th1 cells were found to elicit host-mediated anti-leukemia effects without GVHD toxicity. Mice
inoculated with a lethal dose of BCL1 leukemia demonstrated significantly enhanced survival after allogeneic Th1 treatment. Cure rates of
12.5% with a single allogeneic cell infusion and 31.25% with multiple infusions were demonstrated. Cured mice were able to reject rechallenge
with a lethal dose of tumor without further treatment. These results suggest that use of intentionally mis-matched, Th1 memory cells infused
with cross-linked CD3/CD28 could represent a novel clinical approach to eliciting potent anti-tumor effects in patients without conditioning
and without GVHD toxicity.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction
The graft vs. leukemia (GVL) immune reaction that follows allogeneic bone marrow transplant (BMT) is arguably
the most powerful anti-tumor immunotherapy in clinical use.
GVL is a curative therapy for hematological malignancy
[1,2]. The curative GVL effect can also be elicited by nonmyeloablative conditioning followed by allogeneic stem cell
transplant [3] and upon donor lymphocyte infusion (DLI)
in patients with prior allogeneic BMT [4]. GVL is effective against chemotherapy/radiation resistant hematological
malignancies [5] as well as solid/metastatic tumors [6,7]. The
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GVL effect that occurs after DLI is currently the only curative
therapy for recurrent CML patients [8].
However, the clinical application of the GVL effect is
severely limited due to graft vs. host disease (GVHD) toxicity.
Therefore, it is an important therapeutic goal to investigate and develop methods to preserve the beneficial GVL
effect while eliminating the detrimental GVHD toxicity [9].
Separation of the GVL/GVHD effects is difficult because
the effects are interrelated [10,11], both mediated by donor
T-cells [12,13] and both mediated by similar mechanisms
[14].
If these effects are coupled because GVHD serves as an
adjuvant for the GVL effect, then we could hypothesize that
if these effects were mediated by the host immune system,
rather than the graft, they could remain coupled without the
toxicity of GVHD. For example, an allogeneic cell infusion
could elicit a host vs. graft (HVG) rejection effect which
would serve as an adjuvant to a coupled host vs. leukemia
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(HVL) effect. Unlike GVHD, HVG rejection of allogeneic
cells is a non-toxic event. Thus, coupling a non-toxic HVG
effect to an HVL effect would enable the same anti-tumor
effect of allogeneic BMT to occur without the toxicity of
GVHD.
There is evidence to support that host rejection of a grafted
immune system (HVG) can be coupled to host-mediated antitumor immune responses against syngeneic tumors (HVL)
[15]. The HVL effect in this model was correlated with the
intensity of the HVG rejection response and was found not to
be due to bystander killing of tumor cells or by alloactivated
host T cells [15,16].
In chimeric tumor-bearing mice, the infusion of donor
lymphocytes (DLI) causes donor immune cell rejection of the
host immune system and conversion to full donor chimerism.
This process elicits the expected coupled GVL/GVHD
effects. However, infusion of host lymphocytes derived from
syngeneic mice into a chimeric mouse causes rejection of
the resident allogeneic donor cells (HVG) coupled to a hostmediated anti-tumor effect (HVL) [17,18]. The magnitude
of the GVL vs. HVL antitumor effects observed in these
mice were not significantly different, however the HVL effect
occurred without GVHD toxicity [19].
These experiments support the concept that an allogeneic
rejection response can be coupled to an anti-tumor effect
regardless of whether the effectors are allogeneic or syngeneic to the tumor. However, these coupled HVL/HVG
effects were demonstrated only in chimeric hosts infused
with host derived cell infusions. Clinically, it would be desirable to elicit coupled HVL/HVG effects in immunocompetent
refractory patients, especially in patients that were not candidates for allogeneic transplant or did not have a matched
donor.
Past immunotherapy attempts aimed at stimulating a
host-mediated immune attack against cancer have had very
disappointing results in the clinic [20]. This is thought to
be due to the ability of tumors to evoke several mechanisms to avoid an immune attack [21]. We have hypothesized
that fully allogeneic Th1 memory cells infused in an activated state so they produce IFN-␥ and express CD40L will
elicit host-mediated anti-tumor immunity and that the rejection of these cells will result in an inflammatory cytokine
environment that will overcome the tumor immunoavoidance which has hampered past immunotherapy protocols
[22].
Here we report evidence supporting this hypothesis in the
BCL1 mouse model of B-cell leukemia/lymphoma. We report
that infusion of fully allogeneic, CD3/CD28-cross-linked,
memory Th1 cells caused significant host-mediated antileukemia effects, providing significantly extended survival
and curative immune responses with long-term protective
tumor-specific memory. These results suggest that use of
intentionally mis-matched, Th1 memory cells infused with
cross-linked CD3/CD28 could represent a novel clinical
approach to eliciting potent anti-tumor effects in patients
without conditioning and without GVHD toxicity.

2. Materials and methods
2.1. Mice
Five to six week old female Balb/c (H-2d/d ) and male C57BL/6
(H-2b/b ) mice were purchased from the Hebrew UniversityHadassah Medical School Animal Facility, Jerusalem, Israel. All
mice were kept under specific pathogen-free (SPF) conditions and
given acidified water and food ad libitum. The study was approved
by the Animal Ethical Committee of the Hebrew University Medical School (Approval #MD-97.28-4). All mice were 6–8 weeks old
when placed on experiment. The Balb/c mice weighed between 15
and 20 g when placed on experiment.
2.2. Tumor models
BCL1 is a spontaneous B-cell leukemia/lymphoma of Balb/c
origin [23] that resembles human CLL. The line is maintained in
vivo by serial passages in Balb/c recipients. In these experiments,
animals were infused intravenously through the tail vein with 2000
BCL1 cells on day 0 and were treated with intravenous cell infusions
of various types within the window from day 0 to day 14. This BCL1
dose is lethal in 100% of the mice. Mice consistently succumb to
disease between 19 and 22 days post tumor inoculation. Upon infusion, the BCL1 tumor clone initially traffics to the spleen. Following
14–18 days, marked splenomegaly is evident. High leukocyte counts
in excess of 500,000/mm3 are routine after day 15. This model is
designed to resemble the clinical setting of minimal residual disease
after induction chemotherapy.
In some experiments, the 4T1 tumor was utilized. The 4T1 cell
line was derived from a spontaneously arising Balb/c mammary
tumor [24]. Intravenous infusion of 1 × 104 4T1 cells produces
reproducible metastasis to lungs, liver, bone and brain and is 100%
lethal.
2.3. Preparation of allogeneic Th1 memory cells
Spleen cells from male C57BL/6 mice were harvested and
treated with ammonium chloride-potassium (ACK) buffer for
lysis of red blood cells. Approximately 70–100 million cells
were isolated per spleen. CD4+ T-cells were then purified
by positive selection (purity > 97%) using CD4 immunomagnetic particles on an MS column (Miltenyi Biotec, Germany),
approximately 7–12 million CD4 cells were isolated with a
yield of 50–60%. Th1 memory cells were generated by expansion with anti-CD3 and anti-CD28–coated paramagnetic beads
(CD3/CD28 T-cell expander beads, Dynal/Invitrogen) at an initial bead:CD4 cell ratio of 3:1. The purified CD4 cells were
incubated with 20 IU/mL recombinant mouse (rm)IL-2, 20 ng/mL
rmIL-7, 10 ng/mL rmIL-12 (Peprotech, New Jersey) and 10 g/mL
antimurine IL-4 mAb (Becton Dickenson) in RPMI 1640 media
containing 10% FBS, penicillin–streptomycin–glutamine, nonessential amino acids (NEAA) (Biological Industries, Israel) and
3.3 mM N-acetyl-cysteine (NAC; Sigma) (complete media). Additional cytokine-containing complete media with rmIL-2 and rmIL-7
was added to the CD4 cultures daily from days 3–6 to maintain
the cell concentration between 0.5 and 1 × 106 cells/mL. Additional CD3/CD28 beads were also added daily from day 3 to day
6. The number of beads added was calculated to maintain a 1:1
bead:cell ratio as the cells expanded. After 6 days in culture, the CD4
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cells expanded approximately 80–100-fold and were harvested and
debeaded by physical disruption and passage over a magnet. The
phenotype of the harvested cells used in experiments were >95%
CD4+, CD45RBlo/int , CD62Llo , CD44hi and are thus referred to as
“memory cells”.

2.4. CD3/CD28 nanobead preparation
Biotinylated mouse anti-CD3 and anti-CD28 mAbs (BD
Pharmingen) were mixed at a 1:1 ratio with Strepavidincoated nanobeads (Miltenyi, Germany). These CD3/CD28-coated
nanobeads were not able to activate naı̈ve T-cells, but could activate
T-cells that had been previously activated. Therefore, the nanobeads
were titered against harvested Th1 memory cells that had been
previous activated with CD3/CD28 T-cell expander beads (Dynal,
Norway). While there were slight variations per batch, generally
20 L/107 cells was found to provide optimal activation of previously activated Th1 memory cells.

2.5. CD3/CD28 cross-linking
In experiments that required the infusion of activated Th1 memory cells, the fresh harvested Th1 cells were incubated with a
pre-titered concentration of CD3/CD28-conjugated nanobeads prior
to infusion. For optimal activation, the cells had to be incubated
with the nanobeads for a 4–8 h prior to infusion. Optimal activation caused production of IFN-␥ and upregulation of CD40L
and FasL on the cell surface. For these experiments, all infusions of CD3/CD28 cross-linked Th1 memory cells occurred after
4–8 h of pre-incubation. Cells were thoroughly washed prior to
infusion to remove any unassociated nanobeads. CD3/CD28 crosslinked Th1 memory cells used in these experiments expressed
FasL and CD40L on the cell surface and produced in excess of
5000 pg/mL/106 cells/6 h IFN-␥ and less than 20 pg/mL IL-4 per
106 cells/6 h. Th1 memory cells without CD3/CD28 cross-linking
did not produce cytokines or express FasL or CD40L.
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2.7. Cytokine production
BCL1 infused Balb/c mice were treated with complete media
(control) or various doses of allogeneic CD3/CD28 cross-linked
Th1 memory cells (treated). Mice were anesthetized on day 15 and
bled through the eye orbit vein and plasma was collected for cytokine
analysis. In some experiments, the mice were then sacrificed and the
spleens were harvested. CD4 and CD8 T-cell subsets were isolated
from splenocyte single cell suspensions by positive selection (Miltenyi Biotec, Germany). The T-cell subsets were cultured for 5 days
with syngeneic adherent antigen presenting cells (APC) and irradiated BCL1 tumor cells at a T cell:tumor cell ratio of 10:1. rmIL-2
(Peprotech) was added to the cultures at 20 IU/mL on day 3 and
maintained until day 5. Cells for each test condition were counted
on the day of supernatant harvest. The cell-free supernatant was collected to measure cytokine levels on days 2 and 5. Cytokines were
quantified using the following enzyme-linked immunosorbent assay
(ELISA) kits: IL-4, IL-10 and IFN-␥ (R & D Systems, Minneapolis, MN). Results were indexed to cytokine production per million
T-cells in culture.
2.8. Y chromosome analysis
Sex-mismatched cell infusions were used in these studies with
male donor cells into female hosts. A sensitive PCR method
described previously was used to detect the male cells within the
female hosts [25]. This assay can detect one male cell in 1 × 106
female cells.
2.9. Statistical analysis
Survival data are depicted as Kaplan-Meier curves. Significant
survival benefit was determined by time to event (death) analysis
using the logrank test [26] and by Hazard Ratio analysis [27] with
mice surviving >90 days censored from the analysis. Median survival is reported as the time at which half the mice have died and
half are still alive. Differences in cytokine levels were analyzed by
Student’s T-test.

2.6. Activated cell infusions
Either Balb/c (syngeneic) or C57BL/6 (allogeneic) mice served
as donors for activated cell infusions. Spleens were removed and
single cell suspensions of splenocytes isolated after ACK lysis of
RBC were made. The splenocytes were cultured at 37 ◦ C in RPMI
1640 complete media at 0.5 × 106 cells/mL. For activation, some
cells were activated with 100 IU of rmIL-2 (Peprotech, New Jersey)
and other groups with 0.5 g/mL PHA (Sigma). The cells were harvested and washed after 15h of activation and infused immediately.
CD3/CD28-activated splenocytes were generated by culturing isolated splenocytes with T-cell expander beads (Dynal/Invitrogen) at
a 3:1 bead:cell ratio in complete media and 20 IU rmIL-2 for 9
days. The cultures were fed daily from day 3 to day 9 with fresh
complete media containing rmIL-2 to maintain the cell density at
0.5 × 106 cells/mL, no additional beads were added to the culture.
The cells expanded approximately 90-fold over the culture period.
The phenotype of the cells upon harvest at 9 days was predominately
CD8+ lymphocytes (70–85%) and the cultures produced both IFN-␥
and IL-4 upon activation. Prior to infusion, the beads were removed
by physical disruption and passage over a magnet.

3. Results
3.1. Allogeneic rejection coupled anti-tumor effect
To determine whether rejection of allogeneic cells alone
was sufficient to elicit a host-mediated anti-tumor effect,
Balb/c mice were inoculated via tail vein with 2000 BCL1
tumor cells on day 0. On day 1, the mice were infused
via the tail vein with either 0.2 mL complete media as
control or 1 × 106 C57BL/6 derived: splenocytes; purified
CD4 cells; purified CD8 cells; IL-2 activated splenocytes; PHA activated splenocytes; ex-vivo differentiated
and expanded Th1 memory cells; ex-vivo differentiated
and expanded Th1 cells memory activated with CD3/CD28
nanobeads; CD3/CD28-microbead expanded splenocytes
or IL-2 expanded splenocytes. All infusions were in 0.2 mL
complete media. Eight animals were inoculated per treatment
group. The results are shown in Fig. 1A.
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Control mice had a median survival of 20.5 days.
Only the ex-vivo differentiated and expanded Th1 memory
cells activated by cross-linking with CD3/CD28 nanobeads
demonstrated any anti-tumor activity. Mice treated with exvivo differentiated and expanded Th1 memory cells activated
with CD3/CD28 nanobeads had a significantly extended
survival at a median of 28.5 days compared to a median survival of 20.5 days for the control mice (P < 0.0001 logrank;
hazard ratio = 4.143). The same ex-vivo differentiated and
expanded Th1 memory cells without CD3/CD28 antigen
cross-linking did not exhibit an anti-tumor effect, demonstrating that cross-linking was a critical component of the
observed effect.
To determine if the observed extended survival was
related to the allogeneic nature of the cell infusion, the
study above was repeated using donor cells derived from
syngeneic Balb/c mice (n = 6 for each treatment), rather
than allogeneic. No groups showed significant survival
compared to control when the infusions were syngeneic
(Fig. 1B), including the Th1 memory cell group with
CD3/CD28 cross-linking. This demonstrates that the allogeneic nature of the CD3/CD28 cross-linked Th1 memory
cells was a critical component of the observed anti-tumor
effect.
3.2. Dose–response
Since anti-tumor activity was detected in the allogeneic
CD3/CD28 cross-linked Th1 memory cell treatment group
at a dose of 1 × 106 cells, studies were conducted to determine if this response was repeatable and whether the activity
had a dose–response relationship. Balb/c mice were inoculated with 2000 BCL1 cells on day 0. On day 1, mice
were injected intravenously with either 0.2 mL complete
media (control), 1 × 105 , 1 × 106 or 1 × 107 C57BL/6derived CD3/CD28 cross-linked Th1 memory cells (n = 8
for each group) in 0.2 mL of complete media. The experiment was repeated 4 times. Because the control mice
in each of the 4 separate experiments survived the same
median of 20.0 days, the results were pooled and shown in
Fig. 2A.
The pooled results demonstrated an apparent inverse
dose–response. The lowest dose of 1 × 105 cells
(5–7 × 106 cells/kg) extended survival to a median of
35.5 days compared to 20 days for the control mice (logrank
test P < 0.0001; hazard ratio = 4.602). The 1 × 106 cell dose
(5–7 × 107 cells/kg) extended survival a median of 28 days
(logrank test P < 0.0001; hazard ratio = 3.526). The 1 × 107
cell dose (5–7 × 108 cells/kg) resulted in a median survival
of 20 days, the same as the control.
While the median survival of the mice treated with 1 × 105
cells was 35.5 days compared to median survival of 28 days
in the mice treated with the 1 × 106 dose, the survival curves
were not statistically different. However, the 1 × 105 dose
had an increased cure rate (12.5%) compared to the 106 dose
(6.25%).

3.3. Dose ranging
Because an inverse dose–response was initially observed,
the dose–response experiments were repeated to include
lower doses to determine if these lower doses might improve
the efficacy of the treatment. Balb/c mice were infused intravenously with 2000 BCL1 cells on day 0. On day 1, mice were
injected intravenously with either 0.2 mL complete media
(control), 1 × 103 , 1 × 104 , 1 × 105 , or 1 × 106 C57BL/6derived CD3/CD28 cross-linked Th1 memory cells (n = 10
for each group) in 0.2 mL of complete media. These results
are shown in Fig. 2B.
The median survival for the control mice was 20 days.
All tested doses resulted in statistically significant survival
benefit compared to control. The 1 × 103 dose extended
survival to a median of 22 days (logrank P < 0.0035;
hazard ratio = 2.601). The 1 × 104 dose extended survival
to a median of 29.5 days (logrank P < 0.0001; hazard
ratio = 4.282). The 1 × 105 dose extended survival to a
median of 45 days (logrank P < 0.0001; hazard ratio = 4.692).
The 1 × 106 dose extended survival to a median of 34 days
(logrank P < 0.0001; hazard ratio = 4.595). The 1 × 105 dose
resulted in a 20% “cure” rate and the 1 × 106 dose resulted in a
10% “cure” rate. No “cures” were observed in any other doses
tested. Rather than a true inverse dose–response, these results
indicate that the optimal therapeutic efficacy of the treatment occurs within a therapeutic window between 1 × 105
(5–7 × 106 cells/kg) and 1 × 106 (5–7 × 107 cells/kg) cell
dose with the 1 × 105 cell dose providing the optimal
response in terms of both survivability and cure rate of all
the doses tested.
Previous studies had demonstrated the requirement for
host-derived IFN-␥ in mediating anti-tumor effects in recipient lymphocyte infusions in chimeric mice [17]. In order
to determine if IFN-␥ levels correlated with the observed
anti-tumor effect of the allogeneic CD3/CD28 cross-linked
Th1 memory cells, the dose–response experiment was
repeated with doses of 1 × 103 , 1 × 104 , 1 × 105 , 1 × 106
and 1 × 107 . Mice (n = 8) were bled on day 15 via the
eye orbit vein and the plasma was analyzed for IFN-␥
by ELISA. The results are shown in Fig. 2C. IFN-␥ levels in the plasma were significantly elevated compared to
controls for all doses except the 1 × 107 dose (P < 0.05).
The 1 × 107 dose resulted in a significant decrease in
plasma IFN-␥ compared to control (P < 0.05). These results
correlated with the survival data, with all doses tested resulting in significant survival advantage except the 1 × 107
dose.
3.4. Allogeneic rejection response
In order to determine if the allogeneic cells were rejected
by the host, five of the mice that were infused with 1 × 105
cells and five mice infused with 1 × 106 cells were bled via
tail vein at 24 h after infusion. Since the allogeneic infusions were derived from male mice and the host mice were
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Fig. 1. (A and B) The anti-tumor effect elicited by allogeneic (A) or syngeneic (B) adoptive transfer of various immune cell types. Balb/c mice (n = 8 per treatment
group) were inoculated with 2000 BCL1 cells via tail vein on day 0. On day 1, mice were injected with 1 × 106 B57BL/6-derived immune cells (allogeneic) or
1 × 105 Balb/c-derived immune cells (syngeneic) either: fresh splenocytes alone; purified CD4 T-cells; purified CD8 T-cells; splenocytes activated with PHA
for 15 h; splenocytes activated with IL-2 for 15 h; CD3/CD28 bead activated and expanded splenocytes; ex-vivo differentiated and expanded Th1 memory cells;
or ex-vivo activated and expanded Th1 memory cells infused with CD3/CD28 nanobeads. All infusions were made in 0.2 mL complete media. Control mice
received complete media alone. The results are presented as Kaplan Meier survival curves. The survival curves for each group were compared to the control
group using the logrank test and by hazard ratio. Only the allogeneic CD3/CD28 cross-linked Th1 memory cells demonstrated a significant survival advantage
compared to control (logrank P < 0.0001; hazard ratio = 4.143).

female, an assay to detect the presence of Y chromosome
in the blood was used to determine the amount of allogeneic cells resident in the host at 24 h. The results shown
in Fig. 3 indicate that there was no detectable male allogeneic cells in the host peripheral blood at 24 h at either dose
tested.
3.5. Dose timing
To determine the effect of the treatment timing, Balb/c
mice were infused intravenously with 2000 BCL1 on
day 0 and treatment was administered on different days.
BCL1 is known to remain resident in the spleen until
about day 15, after which a spike in blood counts occurs.
1 × 105 C57BL/6 CD3/CD28 cross-linked Th1 memory cells
were infused intravenously on either day 0, 1, 7 or 14 in
0.2 mL of complete media. Control mice were infused with
0.2 mL complete media on day 0. Eight mice were included
in each treatment group.
All treatments resulted in statistically significant survival
benefit (see Fig. 4). The day 0 treatment resulted in a 25%
“cure” rate with 2 of 8 animals surviving > 90 days. Treatment
at day 1 and day 3 both resulted in a 12.5% “cure” rate. The
later doses at day 7 and day 14 did not result in any animals
surviving 90 days.

3.6. Development of tumor-speciﬁc immunity
12 animals surviving >90 days after treatment with
C57BL/6-derived CD3/CD28 cross-linked Th1 memory cells
were evaluated for development of tumor-specific immunity.
In order to determine the presence of immunologic memory
to BCL1, these “cured” animals were rechallenged with a
lethal dose of BCL1 tumor. As shown in Table 1, all animals
previously cured from BCL1 rejected subsequent challenges
with intravenous infusion of 2000 BCL1 cells (n = 8), but
not a challenge from the unrelated 4T1 tumor (n = 4). All
control mice that were previously untreated died of progressive tumor, indicating that the injected BCL1 (n = 6) and 4T1
(n = 6) cell lines were viable.
This immunologic memory could be transferred by the
intravenous injection of a single cell suspension of 1 × 107
splenocytes from cured mice into naive (i.e., non-tumorbearing and untreated) Balb/c mice. Twenty-four hours after
the splenocyte transfer, these mice were challenged with
a lethal dose of BCL1. None of the recipient mice developed tumor over a 30-day period when rechallenged with
the same tumor from which the donor mice were cured, but
developed tumors when challenged with the different 4T1
tumor. All of the naive control animals died of progressive
tumor.
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Fig. 2. (A–C) Dose–response to allogeneic CD3/CD28 cross-linked Th1 memory cells. Balb/c mice were inoculated via tail vein with 2000 BCL1 tumor
cells on day 0. In the first experiment set, the mice (n = 8 per group) were infused intravenously with CD3/CD28-cross-linked Th1 memory cells derived from
allogeneic C57BL/6 mice on day 1 at cell doses of either 1 × 105 , 1 × 106 or 1 × 107 cells in 0.2 mL of complete media. Complete media alone was infused
as control. The results of 4 pooled experiments (n = 32) are shown in subpart (A) as Kaplan Meier survival curves. The survival curves for each group were
compared to the control group using the logrank test and by hazard ratio. Animals surviving greater than 90 days were censored from the analysis. Both the
1 × 105 and 1 × 106 cell doses resulted in significant survival compared to control, but were not statistically different compared to each other. Subpart (B) shows
the Kaplan Meier survival curves of a separate experiment (n = 10) testing cell doses of either 1 × 103 , 1 × 104 , 1 × 105 or 1 × 106 cells in 0.2 mL of complete
media. Complete media alone was the control. All doses resulted in significant survival compared to control. In an additional experiment, cell doses of 1 × 103 ,
1 × 104 , 1 × 105 , 1 × 106 and 1 × 107 cells in 0.2 mL of complete media were infused on day 1. Complete media alone was the control. The mice were bled on
day 15 and the plasma analyzed for interferon-gamma level by ELISA. The results are shown in subpart (C). The 1 × 103 , 1 × 104 , 1 × 105 and 1 × 106 doses
resulted in statistically significant increased levels of interferon-␥ (* P < 0.05 by Student’s T-test). The 1 × 107 dose resulted in significantly suppressed levels
of interferon-␥ (** P < 0.05).

3.7. Th1/Th2 immune deviation
Sustained Type 1 cytokine production is necessary
to downregulate tumor Type 2 cytokines [28]. Type 1
cytokines such as IFN-␥ and granulocyte macrophage
colony-stimulating factor (GM-CSF), correlate with in vivo
tumor eradication, whereas the Type 2 cytokines, such as
IL-10, suppress antitumor reactivity [29]. Tumors actively
produce Type 2 cytokines as a strategy to avoid immune elimination [30]. Therefore, switching the cytokine environment
in cancer patients from Type 2 domination to Type 1 is an
essential requirement for eliciting anti-tumor immunity [31].
To determine if treatment with allogeneic CD3/CD28
cross-linked Th1 memory cells resulted in a shift in the
Th1/Th2 balance in the plasma and in the tumor-specific
T-cell response, control mice (n = 10) were infused with
2000 BCL1 intravenously on day 0 and treated mice (n = 10)
received 2000 BCL1 intravenously on day 0 and 1 × 105 allogeneic CD3/CD28 cross-linked Th1 memory cells on day 1.
On day 15, the mice were anesthetized and bled through the
eye orbit vein. Plasma samples were prepared and stored at
−80 ◦ C until they were analyzed. All mice were then sacrificed and spleens were removed. CD4 and CD8 T-cell subsets
were purified from the splenocytes by positive selection. The
subsets were stimulated with irradiated BCL1 tumor cells

incubated with syngeneic APC or irrelevant irradiated 4T1
tumor as control and cultured for 5 days. Supernatants from
these cultures were obtained on day 2 and day 5 of the culture
and stored at −80 ◦ C for cytokine analysis by ELISA.

Fig. 3. Allogeneic rejection response. Male C57BL/6 CD3/CD28 crosslinked Th1 memory cells were infused intravenously via tail vein in female
Balb/c mice. At 24 h, blood samples were taken and DNA prepared and
analyzed by PCR to detect presence of the Y-chromosome. Lanes 1–5 represent infusion of 1 × 105 allogeneic cells. Lanes 6–10 represent infusion
of 1 × 106 allogeneic cells. The far left lane is the 100 bp ladder. The arrow
indicates detection of Y-chromosome in the male mouse as a positive control.
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Table 1
Rechallenge and cross challenge experiments
Test group

Number

Rechallenge (no. of cells)

Tumor incidence

BCL1 cured
Naive
BCL1 cured
Naive

8
6
4
6

BCL1 (2000)
BCL1 (2000)
4T1 (1 × 104 )
4T1 (1 × 104 )

0/8
6/6
4/4
6/6

Mice that survived greater than 90 days after a lethal BCL1 infusion after
treatment with activated allogeneic Th1 memory cells (BCL1 cured) were
rechallenged with a second lethal injection of BCL1 or a lethal injection
of 4T1 tumor with no additional treatment and observed for recurrence of
tumor for 60 days. Naı̈ve mice that were not previously treated received
lethal BCL1 or 4T1 infusion without treatment as controls.
Fig. 4. Effect of the timing of allogeneic CD3/CD28 cross-linked Th1 memory cell treatment. Balb/c mice were inoculated with 2000 BCL1 tumor
cells in 0.2 mL of complete media on day 0. C57BL/6 derived allogeneic
CD3/CD28 cross-linked Th1 memory cells at a dose of 1 × 105 cells were
inoculated either together with the BCL1 cells on day 0, or separately on
day 1, day 3, day 7 or day 14 in 0.2 mL of complete media. Complete media
alone on day 1 was the control. There were 8 mice in each group tested. The
results are presented as Kaplan Meier survival curves. The survival curves
for each group were compared to the control group by hazard ratio analysis.
Animals surviving greater than 90 days were censored from the analysis.
All groups demonstrated significant survival advantage compared to control. Day 0 (hazard ratio = 4.722); Day 1 hazard ratio = 4.224; Day 3 hazard
ratio = 4.418; Day 7 hazard ratio = 2.728; and day 14 hazard ratio = 2.397.

reduction in serum levels of IL-10 compared to control. The
source of the IL-10 is likely from the BCL1 clone, as this
clone was previously found to produce substantial amounts
of IL-10 [23], a cytokine known to suppress cellular immunity
and used as a mechanism for tumor immunoavoidance. However, Tr1 cells have been described [32] which also produce
IL-10 and are found in B-cell malignancy [33], which may
have contributed to the IL-10 levels found in BCL1 bearing
mice.
3.8. Prime-boost protocol

The results shown in Fig. 5 indicate a Th2 → Th1 shift in
the treated mice in both the plasma and in the BCL1-specific
response in both T-cell subsets. Mice treated with allogeneic
CD3/CD28 cross-linked Th1 memory cells had a significant

Mice that have rejected an allogeneic cell infusion can
develop anti-allogeneic immunity that can be recalled by subsequent exposure to the alloantigens. To determine if such a

Fig. 5. Th1/Th2 balance analysis. The tumor-specific Th1/Th2 response to BCL1 tumor was evaluated in untreated mice (control) inoculated with 2000 BCL1
compared to mice inoculated with 2000 BCL1 treated with 1 × 105 allogeneic CD3/CD28 cross-linked Th1 memory cells (treated) on day 1. On day 15, CD4
and CD8 T-cells were purified from the mice and incubated for 5 days with syngeneic adherent APC and irradiated BCL1 or irradiated 4T1 (control). Results
were normalized per one million T-cells in culture and the background 4T1 cytokine production subtracted. Supernatants were analyzed by ELISA on day 2
and day 5. Also on day 15, plasma samples were analyzed by ELISA for IFN-␥, IL-4 and IL-10. 10 animals were evaluated in each group. Statistical analysis
by Student’s T-test indicated that in all cases the treated groups were significantly different than the control (P < 0.05).
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Fig. 6. Prime-boost protocol. The pooled results of 4 experiments with 8
mice per group. All mice were inoculated with 2000 BCL1 intravenously in
0.2 mL of complete media on day 0. On day 1, all mice were treated with
intravenous 1 × 105 allogeneic CD3/CD28 cross-linked Th1 memory cells
in 0.2 mL complete media. Control mice were treated with 0.2 mL complete media only. Mice received booster inoculations of 1 × 104 allogeneic
CD3/CD28 cross-linked Th1 memory cells on day 7 or on days 7 and 14.
The single infusion on day 1 resulted in a significant survival advantage
compared to control (logrank P < 0.0001; hazard ratio = 4.81). The booster
infusion on days 7 resulted in a significant survival advantage compared both
to the control and to the single infusion on day 1 (logrank P < 0.0001; hazard
ratio = 5.216). The booster infusions on days 7 and 14 resulted in a significant survival advantage compared to control, but did not differ significantly
from a single booster infusion.

recall response could enhance the efficacy of the allogeneic
CD3/CD28-cross-linked Th1 memory cell infusions, mice
primed with an initial 1 × 105 intravenous dose on day 1
were provided booster infusions of 1 × 104 cells on day 7 or
on both day 7 and day 14. The pooled results of 4 separate
experiments (n = 8 for each treatment in each experiment) are
shown in Fig. 6.
The results indicate that increased frequency of infusion
can significantly increase survival and the cure rate. A single
infusion on day 1 resulted in median survival of 33.5 days
compared to a 19-day median survival in the control mice
(logrank P < 0.0001; hazard ratio = 4.81) and a 12.5% cure
rate (4 of 32 mice). A booster infusion on day 7 extended
survival to a median of 45.0 days (logrank P < 0.0001; hazard
ratio = 5.216 compared to control) and a cure rate of 31.25%
(10 of 32 animals). The prime plus two booster infusions on
day 7 and day 14 resulted in a median survival of 48 days and
a cure rate of 25% (8 of 32 animals). The prime plus a single
booster at day 7 was not statistically different than the prime
plus two booster protocol, one on day 7 and another on day
14.

4. Discussion
We hypothesized that immunological rejection of an allogeneic cell infusion could be coupled to a host-mediated
anti-tumor immune effect in immunocompetent hosts. We
tested the adoptive transfer of a variety of activated allogeneic
immune cell types in mice injected with a lethal dose of tumor.

Only CD3/CD28 cross-linked allogeneic Th1 memory cells
elicited an anti-tumor effect. These cells differed from the
other immune cells tested in that they expressed high density
CD40L and produced high amounts of IFN-␥. Allogeneic
Th1 memory cells without CD3/CD28 cross-linking or the
same cells cross-linked with CD3/CD28 but derived from
syngeneic, rather than allogeneic, CD4 precursors failed to
elicit an antitumor effect. This demonstrates that both the
CD3/CD28 activation component and the allogeneic component (rejection) of the Th1 memory cells were required for
the observed anti-tumor effects.
The mechanism of the anti-tumor effect of activated allogeneic Th1 cell infusions remains to be further investigated.
The requirement for the Th1 memory cells to be both activated and allogeneic in order to elicit anti-tumor effects may
be related to Type 1 cytokine release and CD40L expression. Allogeneic rejection can upregulate production of Type
1 cytokines [34], and tumor regression has been found to
correlate with dominating Type 1 cytokine levels [35]. In
the presence of IFN-␥, CD40:CD40L interaction can further
enhance the release of Type 1 cytokines [36] and Type 1
cytokines can upregulate CD40L expression on host T-cells
[37,38].
CD40L mediates anti-tumor immunity through multiple
mechanisms and its expression on the infused cells and its
possible upregulation on host cells could contribute to the
observed anti-tumor effects. CD40L activates innate NK cells
[39] and up-regulates co-stimulatory molecules [40]. CD40L
and IFN-␥ provide the two signals necessary for maturation of
DC [41] and their production of large amounts of IL-12 [42].
Mature DC that produce IL-12 are the link between innate
and adaptive Type 1 immunity [43]. CD40L has also been
shown to have direct anti-tumor effects both by suppressing tumor growth and by inducing extensive tumor death
[44–46]. CD40L can also enhance CTL-mediated lysis of
tumors [47]. CD40L is considered one of the strongest inducers of Th1 responses and CD40L stimulation also abrogates
the suppressive effect of Treg cells [48].
The observation that the allogeneic Th1 memory cells only
mediated anti-tumor effects if they were activated 4–8 h prior
to infusion also supports a critical role for CD40L in the
anti-tumor mechanism. Memory cells rapidly express CD40L
upon activation from pre-formed storage [49]. Upon activation, Th1 memory cell expression of CD40L starts at 1 h to
2 h and peaks at 6 h [50] which correlates with the 4–8 h
pre-activation requirement for these cells to demonstrate antitumor effects.
The infused allogeneic CD3/CD28 cross-linked Th1
memory cells could not be detected in the peripheral blood
of animals at 24 h, supporting that the observed anti-tumor
effects were the result of a host immune response and not
mediated by the donor cells. However, we cannot rule out
that residual donor cells were resident in secondary lymphoid organs such as the spleen and were not detected by
our assay. If donor cells remained resident in the hosts, a
portion of the observed anti-tumor response may be due to
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a direct cytolytic effect of the allogeneic graft cells against
the host tumor cells (GVL). Residual donor cells mediating
GVL effects might explain why the cure rates were doubled
when the allogeneic cells were infused at the same time as
the tumor (day 0) compared to infusion a day later (day 1),
as co-infusion would enhance detection of a direct killing
mechanism.
Allogeneic immune cells contained in blood transfusions
are 99.9% cleared by immunocompetent patients within 2
days post-transfusion. However there still is a transient 1-log
increase in the circulation that can occur after 3–5 days [51].
Transient allogeneic cell increases mediating GVL effects
might explain, in part, why booster injections of allogeneic
cells at 7 days post lethal tumor inoculation was effective
but not different than booster injections on both days 7 and
14.
While it is possible that residual donor lymphocytes are
responsible for some of the anti-tumor effects demonstrated,
it is unlikely they were the major contributor to the observed
phenomenon, as the fully allogeneic nature of the donor
cells would not have resulted in lasting engraftment in the
non-conditioned animals. Allogeneic bone marrow transplantation in immunocompetent patients has always required
matched donors and cytoreductive treatment of recipients
with irradiation or cytotoxic drugs to achieve lasting engraftment. Only syngeneic marrow engraftment has been achieved
in unconditioned hosts.
The mice that survived >90 days with an apparent total
regression of tumor developed a tumor-specific immune
response that could protect against re-challenge with lethal
doses of tumor. This protective immunity could be transferred
to naı̈ve animals by adoptive transfer of host splenocytes
to naı̈ve hosts, demonstrating that the protection resides in
the host cellular immune compartment and is not a result of
residual donor cells.
However, this tumor-specific immunity was only demonstrated in a minority of the treated mice. The majority of the
mice demonstrated enhanced survival in response to the allogeneic Th1 memory cell infusions, but eventually succumbed
to disease. A possible explanation for this observation is
that the majority of mice were stimulated to elicit only
innate immunity against the tumors resulting in increased
survival but not cure. In order to elicit a cure, the immunological cascade elicited by the treatment had to transition
from innate to adaptive immunity. The 19–22 day lifespan of the tumor inoculated mice may not have been long
enough to develop an adaptive immune response in all the
mice.
Anti-tumor immunity is mediated by adaptive and innate
components of cellular immunity [52–54]. The initiation
of an innate immune response and the transition from
innate to adaptive immunity is controlled by the nature of
the cytokine environment. The innate component has been
largely attributed to natural killer (NK) cells which can lyse
tumor cells that have downregulated expression of MHC
molecules to evade immune detection [55]. Thus, innate
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immune activation can result in reduction of tumor burden
and increased survival as observed.
The adaptive component of immunity depends mainly on
CD4+ and CD8+ T cells which are primed by DC that have
processed tumor antigens and matured in a Type 1 cytokine
environment. Tumor killing by adaptive immune cells is
enhanced in the context of Type 1 cytokines, which serve to
downregulate tumor immunoavoidance mechanisms, upregulate tumor immunogenicity and counter regulate tumor
immunoavoidance mechanisms.
Our results demonstrate that the efficacy of the activated
allogeneic Th1 memory cells infusions varies as a function of
cell dose, dose timing and dosing frequency. Further studies
may be required to optimize the timing of cell infusions in
order to upregulate the expression of Type 1 cytokines to correspond with the timing of DC maturation, DC presentation
of tumor antigens to cognate T-cells in the lymph nodes, and
to the phase of cytolytic effector cell attack. This optimization may serve to increase the number of mice that transition
from a putative innate immune response to curative adaptive
immune responses.
The activated allogeneic Th1 memory cell infusions were
shown to mediate an immunomodulatory mechanism, resulting in a shift from Th2 to Th1 dominance in the tumor-bearing
mice, both in the plasma and the T-cell tumor-specific
immune response. Type 1 immunity has been shown to be
critical for immune-mediated protection against tumors as
well as tumor eradication [56–58], and deviation of the tumorspecific immune response to Type 2 is a tumor strategy for
immunoavoidance and survival [59]. A Th2 immune response
against BCL1 has been associated with a fatal outcome, while
a Th1 immune response has been shown to be protective [60].
This immunomodulatory mechanism is a significant finding, as the Balb/c mouse has a genetic predisposition to Th2
immunity in response to antigens [43,61].
The observed anti-tumor effects mediated by the activated
allogeneic Th1 memory cell infusions occurred only at low
cell doses and were abrogated at a high cell dose. The high
dose resulted in a suppressed expression of IFN-␥, while all
other doses tested resulted in increased IFN-␥ plasma levels at day 15 post-infusion. This observation is consistent
with previous observations that low doses of alloantigens
favor Th1 responses while high doses favor Th2 responses.
Th2 predominance is known to occur at high antigen doses
in response to some model antigens and to some infectious
antigens [62,63].
These findings demonstrate for the first time that an
allogeneic cell infusion can elicit anti-tumor effects in an
immunocompetent host, providing extended survival and
curative immunity. These anti-tumor effects correlated with
a Th2 to Th1 immune deviation. Translation of these results
to the clinic may provide a strategy to extend remission
in post-induction chemotherapy patients and may also benefit patients that are candidates for allogeneic BMT but
unable to tolerate the procedure or are without a matched
donor.
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