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Abstract
We have shown recently that cyclophosphamide (CTX) treatment induced a marked increase in the
numbers of immature dendritic cells (DCs) in blood, coinciding with enhanced antigen-specific
responses of the adoptively transferred CD8+ T cells. Because this DC expansion was preceded by
DC proliferation in bone marrow (BM), we tested whether BM post CTX treatment can generate
higher numbers of functional DCs. BM was harvested three days after treatment of C57BL/6 mice
with PBS or CTX and cultured with GM-CSF/IL-4 in vitro. Compared with control, BM from CTX-
treated mice showed faster generation and yielded higher numbers of DCs with superior activation
in response to toll-like receptor (TLR) agonists. Vaccination with peptide-pulsed DCs generated from
BM from CTX-treated mice induced comparable adjuvant effects to those induced by control DCs.
Taken together, post CTX BM harbors higher numbers of DC precursors capable of differentiating
into functional DCs, which be targeted to create host microenvironment riches in activated DCs upon
treatment with TLR agonists.
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Introduction
Cyclophosphamide (CTX) is a common anti-cancer chemotherapeutic agent used alone or in
combination with other chemotherapeutic drugs for the treatment of several human
malignancies [1;2]. Recent studies have also demonstrated that preconditioning a recipient host
with CTX-induced lymphodepletion regimen prior adoptive transfer of T cells can significantly
improve the homeostasis-driven responses (activation, proliferation and functions) [3;4] as
well as the antigen-specific responses of the adoptively transferred T-cells upon vaccination
with MHC class I or MHC class II peptides [5–8]. Even in absence of adoptive T cell transfer,
CTX preconditioning regimen can also augment T-cell responses to active vaccination,
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including DC-based vaccination [8–18]. Mechanisms that have been suggested to underlie
these beneficial effects of CTX-induced lymphodepletion to T cell responses include: 1)
enhanced engraftment and survival of the transferred T cells by creation of an immunological
“niche” [19]; 2) induction of survival cytokines [5;7;20;21]; 3) elimination of regulatory
CD4+CD25+ T cells [9;21–29], and 4) depletion of endogenous cells that compete with the
transferred T cells for cytokines “i.e. elimination of the cytokine sink” [5;19;30–37]. Recent
studies would suggest, however, that these mechanisms might not be the principal means by
which lymphodepletion augments adoptive immunotherapy [7;21;37;38–40]. Therefore,
understanding the precise mechanisms of how CTX alters the host microenvironment is of a
great significance to improve the clinical application of this drug in cancer immunotherapy.

Recently, we have reported that CTX preconditioning increases the numbers of DCs in the
peripheral blood from days 9–16 [7]. Moreover, the expanded DCs significantly contributed
to the beneficial effects of CTX to adoptive T cell therapy since their depletion reduced the
antigen-specific expansion of the adoptively transferred CD8+ T cells [7]. In line with our
studies, previous studies also showed that CTX can induce myelomonocytosis, including DCs,
where its enhanced anti-tumor effects associated with recruitment of a large pool of DCs in
the peripheral and the tumor site [7;21;41–43]. Of note, we have found that CTX-induced DC
expansion was preceded by proliferation of cells with DC phenotype
(CD11c+CD11b+Ly6G−) in the BM early (2–3 days) after CTX treatment [43]. This
observation is consistent with the capability of CTX to induce mobilization of hematopoietic
stem cells from BM to circulation alone or in combination with granulocyte-colony stimulating
factor (G-CSF) [42;44;45;46;47;48;49]. These hematopoietic stem cells harvested from
peripheral blood of cancer patients treated with CTX gave rise to higher yield of DCs in
vitro than their control counterpart [50;51;52;53;54]. These studies indicate to the important
role of DCs in mediation of the mechanisms of CTX to T cell responses.

The capability of CTX to expand DCs in vivo led us to evaluate whether BM post CTX
treatment has the capability to generate higher numbers of DCs and whether they can be respond
to toll-like receptor (TLR) agonists in vitro and therefore benefit T cell responses in vivo. Our
data showed that BM harvested from CTX-treated mice generated higher number of DCs with
superior activation phenotype in response to stimulation with different TLR agonists as
compared to their control counterpart. Additionally, DCs generated from CTX-treated mice
were capable of inducing T-cell response in vivo. Taken together, our results indicate that post
CTX BM harbors higher numbers of DC precursors that could be targeted in vivo to create a
host environment riches in DCs that can be activated by TLR agonists to enhance the
application of CTX in cancer immunotherapy.

Materials and Methods
Mice

Females B6.SJL (Ly5.1) and C57BL/6 (Ly5.2) mice (8-week old) were purchased from The
Jackson Laboratory (Bar Harbor, ME). OT-1 T cell receptor (TCR) transgenic (Vα2/Vβ5) mice
on Ly5.1 background were bred with B6.SJL mice to generate Ly5.1+/Ly5.1+ mice
heterozygous for the OT-1 TCR transgene. Presence of the transgene was confirmed by flow
cytometry with mAb specific for Vα2. All animals were housed under specific pathogen-free
conditions at the Medical University of South Carolina in accordance with institutional and
federal guidelines.

Antibodies and reagents
Anti-CD16/CD32, and FITC-, PE-, APC-, and cytochrome-conjugated mAbs, including anti-
Ly5.1, anti-CD8, anti-CD11c, anti-CD11b, anti-CD40, anti-CD80, anti-CD86, CD8 and Ly6G
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were purchased from Pharmingen (San Diego, CA). SIINFEKL, an ovalbumin (OVA) MHC
class-I peptide, was purchased from American Peptide Company, Inc. (Sunnyvale, CA).
Peptide was dissolved in 10% dimethy sulfoxide (DMSO) (Sigma, St. Louis, MO) and diluted
in PBS to the indicated concentrations. CTX was purchased from (Sigma, St. Louis, MO),
stored at −70°C, and reconstituted in PBS before use. Murine recombinant GM-CSF and IL-4
cytokines were purchased from R&D systems (Minneapolis, MN).

Generation of DCs from BM cells
BM-derived DCs were generated as we previously described [55–57]. Briefly, BM was flushed
from the femurs and tibias of mice and then depleted of red blood cells by lysis with ACK
buffer (Biofluids, Camarillo, CA). Equal numbers of BM cells from PBS-treated and CTX-
treated mice were suspended in complete RPMI and then supplemented with murine GM-CSF
(10ng/mL) and murine IL-4 (10ng/mL) and cultured in 175 T flasks at 1 × 106 cells/ml. On
day 4 of culture, complete RPMI medium containing the same amount of cytokines was added
to increase the total volume by 50%. On day 7, non-adherent and loosely adherent DCs were
harvested, washed twice and the phenotype of DCs (CD11c+CD11b+) were confirmed by the
flow cytometry. In some experiments, generated DCs were harvested on day 4 of the culture
for phonotypic and activation analysis.

Treatment of DCs with TLR agonists
Non-adherent cells were harvested on day 7 from BM cultures, washed twice with PBS and
then counted with hemocytometer. Cells were seeded into 6-well plates and then treated with
different TLR agonists, including pam3CysK4 (a TLR2/6 agonist; 50μg/ml; Sigma-Aldrich),
polyinosinic:polycytidylic acid; poly(I:C) (a TLR3 agonist; 25μg/ml); Sigma-Aldrich, St.
Louis, MO), lipopolysaccharide (LPS) (a TLR4 agonist, 10ng/ml; Sigma-Aldrich), imiquimod
(1-(2-methylpropyl)-1 H-imidazo[4,5-c] quinolin-4-amine) (a TLR7/8 agonist; 10μg/ml;
Coley Pharmaceutical Group), or CpG ODN (a TLR9 agonist; 4μg/ml) (Coley Pharmaceutical
Group) for 24 hours.

Adoptive transfer of OT-1 T cells and vaccination
Spleens and lymph nodes from naïve OT-1 TCR transgenic mice were harvested under sterile
conditions, homogenized, and washed in HBSS (Cellgro). Pooled cells were then passed over
a CD8− selection column from R&D Systems (Minneapolis, MN) to collect the CD8+ T-cells.
Naive CD8+Ly5.1+ OT-1 T cells (1.5 × 106) were adoptively transferred into naive congenic
C57BL/6 Ly5.2+ recipient mice and monitored by flow cytometry with anti-Ly5.1 and anti-
CD8 mAb. After adoptive transfer, this antigen-specific CD8+ T-cell population represented
approximately 0.3% of cells in the lymphoid organs. For vaccination with DCs, the non-
adherent population which generated from BMPBS or BMCTX were harvested on day 7 and
stimulated with LPS for 24 hours followed by pulsing with 5 μg/ml of SIINFIKLE peptide for
2 hours at 37°C. One million DCs were injected intravenously (i.v.) into mice adoptively
transferred 1 day before with 1×106 Ly5.1 OT-1 cells. Single intraperitoneal (i.p.) injection of
PBS or 200μg/mouse poly(I:C) was performed immediately after DC vaccination. On day 7
of DC vaccination, mice were bled to analyze OT-1 cells numbers in the peripheral blood.

Flow cytometry
Fresh single-cell suspensions were prepared and 1 × 106 cells were treated with anti-CD16/
CD32 for 5 min on ice. Cells were then stained with the indicated conjugated mAb, and
incubated for 30 min on ice. These cells were washed twice and re-suspended in 0.3 mL of
0.5% BSA, 0.02% sodium azide solution. Cells were analyzed by flow cytometry using the
Cell Quest software package (Becton Dickinson, San Jose, CA).
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Analysis of gene expression of TLRs in DCs by real time PCR analysis
On day 7 of the culture, non-adherent cells were harvested, washed out twice with PBS and
the total RNA was isolated from the cells using Stat-40 (Invitrogen, Carlsbad, CA). The RNA
was then reverse transcribed to a single-stranded cDNA according to the manufacturer's
protocol (Invitrogen). Real-time PCR was performed on a Gene Amp 7300 Sequence Detection
System (PE Biosystems, Foster City, CA). The primer-pairs for the gene analysis are listed in
Table 1. The sequences of TLR2, TLR3, TLR4, TLR5, TLR6, TLR7, and TLR9 were designed
as previously described in [58] and as shown in Table 1. For a given real-time PCR sample,
the RNA expression level was calculated from cycle threshold value with the Rockit program.
In our analysis, we normalized the results to a reference control gene, beta2-microglobin, and
reported as the expression level as mean normalized expression.

Statistics
Numerical data obtained from each experiment were expressed as mean ± SD and the statistical
differences between experimental and control groups were assessed using the Student's t-test.
P values less than 0.05 were considered statistically significant.

Results
CTX treatment induces higher frequency of DCs in BM

We have recently found that the increases in the numbers of DCs in the peripheral blood after
treatment of B6 mice with CTX is preceded by a rapid (in 3 days) increase in the numbers of
proliferating cells in BM expressing DC phenotype (CD11c+CD11b+) [43], indicating that post
CTX therapy DC precursors in BM possess a high proliferation capacity. Therefore, we first
determined the numbers of DCs in BM harvested 3 days after treatement with CTX or PBS.
As expected, the total number of mononuclear cells in BM from CTX-treated mice was lower
than in BM from PBS-treated mice (Fig. 1A) due to the CTX-induced lymphopenia as we
previously reported [21]. Phenotypically DCs are characterized as CD11c+CD11b+, while
other myeloid (macrophages and neutrophils) can be characterized as
CD11c−CD11b+Ly6G+. We gated on the total CD11c+ populations (CD11c+CD11b+ +
CD11c+CD11b−) shown in R2 Figure 1B and on CD11b+CD11c− population shown in R3 in
Figure 1B. As compared to BM from PBS-treated mice, BM from CTX-treated mice showed
higher numbers of the total CD11c+ (i.e. CD11c+CD11b+ added to CD11c+CD11b−; 13.3%
versus 4.7%) and lower number of CD11c−CD11b+ cells (32% versus 52%) (Fig. 1B). Most
of CD11c+ cells were CD11+CD11b−. Further analysis showed that BM from CTX-treated
mice has higher numbers of CD11b+Ly6G− cells and lower numbers of CD11b−Ly6G+ cells
as opposed to BM from PBS-treated mice (Fig. 1C). The absolute numbers of these populations
were lower than in the control BM (data not shown) due to the presence of lymphopenia in
CTX-treated mice (Fig. 1A). Because DCs differentiate from CD11c+CD11b−,
CD11c+CD11b+, and CD11c−CD11b+ populations, these data suggest BM from CTX-treated
mice harbors higher numbers of DC precursors than BM from PBS-treated mice. We then
analyzed the expresion levels of the activation marker CD86 in cells gated in R2 and R3 of
BM from PBS-treated mice and BM from CTX-treated mice. As shown in Figure 1D, the total
CD11c+ populations (R2: CD11c+CD11b+ + CD11c+CD11b−) as well as the
CD11c−CD11b+ population (R3) in BM from CTX-treated mice (bold lines) expressed higher
levels of the costimulatory molecule CD86 than those in BM from PBS-treated mice (dashed
lines).

BM from CTX-treated mice can generate higher number of DC in vitro
Because BM from CTX-treated mice showed higher frequency of DC precursor (Fig. 1), we
then asked whether it is capable of generating higher numbers of subsequent DCs in vitro as
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opposed to BM from PBS-treated mice. BM was collected 3 days after treatment of mice with
PBS (n=3) or CTX (n=6). We chose day 3 because we have found previously that the numbers
of proliferating DCs in BM was the highest at this time point after CTX treatment [43]. Equal
numbers of BM from PBS-treated mice and BM from CTX-treated mice cells were cultured
in the presence of GM-CSF and IL-4 as described in the Materials and Methods. To determine
wheher DC precursors in BM from CTX-treated mice differentiate into DCs faster than those
in BM from PBS-treated mice, we analyzed the total number of DCs and other myeloid cells
in the non-adherent and adherent populations generated after 4 and 7 days of culturing BM
from CTX-treated mice and BM from PBS-treated mice.

On day 4 of BM culture, the total numbers of the non-adherent cells harvested from BM from
CTX-treated mice (Fig. 2A) were higher while the total numbers of the adherent cells were
slightly lower as compared to those harvested from BM from PBS-treated mice. The relative
numbers of cells expressing both CD11c and CD11b increased in BM from CTX-treated mice,
which showed 24% CD11c+CD11b+ cells in the non-adherent population versus 17% in BM
from PBS-treated mice; and 29% in the adherent population versus 19% in BM from PBS-
treated mice. Although the numbers of CD11c−CD11b+ cells in the non-adherent populations
of BM from CTX-treated mice increased from 46% to 55%, it was decreased in the adherent
population from 63% to 48% (Fig. 2B). Interestingly, the absolute numbers of both
CD11c+CD11b+ and CD11c−CD11b+ populations in BM from CTX-treated mice were
significantly higher than those in control (Fig. 2C).

As shown in Figure 1C, DCs (CD11c+CD11b+) in BM also expressed significant levels of the
myeloid marker Ly6G, indicating to their immature phenotype. Because expression of Ly6G
in DCs decreases during their differentaion [59; 60], we analyzed its expression in the non-
adherent and adherent populations of BM from CTX-treated mice and BM from PBS-treated
mice on day 4. Interstingly, the expression of this myleoid marker on CD11c+ cells in the non-
adherent and adherent populations generated on day 4 from BM from CTX-treated mice was
lower than those generated from BM from PBS-treated mice (Fig. 2D). In the non-adherent
population generated from BM from CTX-treated mice, 24% CD11c+ cells expressed Ly6G
as compared to 58% in BM from PBS-treated mice (Fig. 2D). In the adherent population of
BM from CTX-treated mice, 32% CD11c+ cells expressed Ly6G as compared to 48%
CD11c+ in BM from PBS-treated mice (Fig. 2D).

On day 7 of BM culture, the total numbers of the non-adherent cells harvested from BMCTX

were higher with no significant alteration in the total numbers of the adherent cells (Fig. 3A).
The relative numbers of CD11c+CD11b+ cells in BM from PBS-treated mice and BM from
CTX-treated mice were higher than on day 4. In the non-adherent population, 78% and 75%
of cellls were CD11c+CD11b+ in BM from CTX-treated mice and BM from PBS-treated mice,
respectively (Fig. 3B). In the adherent population, BM from CTX-treated mice showed higher
level CD11c+CD11b+ cells (82% versus 52% in control) but lower level of CD11c−CD11b+

cells (7% versus 35% in control) (Fig. 3B). Consistent with the relative numbers, the absolute
numbers of CD11c+CD11b+ cells in In the non-adherent populations generated from BM from
CTX-treated mice were higher than those generated from BM from PBS-treated mice (Fig.
3C). As expected, the expression level of both Ly6G on DCs on day 7 was very low (data not
shown).

To get more insight into the quality of CD11c+CD11b+ and CD11c−CD11b+ cells generated
from BM from CTX-treated mice as compared to BM from PBS-treated mice, we analyzed
the activation phenotype of these cells by flow cytomtery after staining with mAb toward the
costimulatory molecule CD86. Day 4 analysis of CD86 expression in CD11c+CD11b+ cells
showed similar levels in the non-adherent population of BM from CTX-treated mice and
control (57% and 52%, respectively) (Fig. 4A, upper panel), while the adherent population of
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BM from PBS-treated mice showed slightly higher expression of CD86 (24%) than those in
BM from CTX-treated mice (16%) (Fig. 4A, lower panel). On day 7, however,
CD11c+CD11b+ cells in the in non-adherent and adherent populations of BM from CTX-
treated mice expressed lower and higher expression levels, respectively, of CD86 as compared
to CD11c+CD11b+ cells of BM from PBS-treated mice (Fig. 4B, upper panel).
CD11c−CD11b+ cells in the in the adherent, but not in the non-adherent, populations of BM
from CTX-treated mice expressed higher expression level of CD86 as compared to
CD11c−CD11b+ cells of BM from PBS-treated mice (Fig. 4B, lower panel).

CD11c+CD11b+ and CD11c−CD11b+ cells generated from BM from CTX-treated mice can
respond to the stimulatory effects of TLR agonists

Although BM from CTX-treated mice generated higher numbers of DCs in vitro, these cells
might be biologically nonfunctional. Therefore, we tested if these DCs can normally acquire
activation phenotype in response to stimulation by potent stimuli such as TLR agonists as
opposed to control DCs. First, we measured the gene expression levels of different TLRs in
the non-adherent population (which contains >75% DCs; Fig. 3B), harvested on day 7 of BM
culture. Real time PCR analysis showed that DCs generated from BM from CTX-treated mice
and control expressed similar levels of TLRs, including TLR2, TLR4, TLR5, TLR6, TLR7,
and TLR9 (Fig. 5). Of note, TLR4 showed the highest level as compared to the other TLRs.

We then treated the non-adherent population generated on day 7 with the optimal
concentrations of TLR agonists, which we selected in pilot experiments based on their
activation of DCs without significant induction of cell death (data not shown). Equal numbers
of non-adherent populations from BM from PBS- and CTX-treated mice, harvested on day 7
of BM culture, were stimulated with different TLR agonists in vitro for 24 hours. Because
about 15–20% cells in the non-adherent population contains monocytes/macrophages
(CD11c−CD11b+), we also analyzed the activation of these cells in response to the stimulatory
effects of the tested TLR agonists. Based on CD86 expression, CD11c+CD11b+ (Fig. 6A) and
CD11c−CD11b+ (Fig. 6B) cells generated from BM from CTX-treated mice showed higher
activation phenotype as compared to those generated from BM from PBS-treated mice in
response to treatments with different TLR agonists. Overall, the magnitude of CD86 expression
in CD11c+CD11b+ cells (Fig. 6A) was higher than its expression in CD11c−CD11b+ cells (Fig.
6B). Of note, treatment with the TLR4 agonist LPS showed the highest effect on the activation
of CD11c−CD11b+ cells generated from BM from CTX-treated mice (Fig. 6B). Similar profiles
of CD80 and CD40 expression were also observed in both CD11c−CD11b+ and
CD11c−CD11b+ cells (data not shown).

DCs generated from BMCTX can prime CD8+ T-cells in vivo
To further demonstrate the DCs generated from BM from CTX-treated mice are functional,
we tested whether they can prime T cells in vivo. We used OT-1 TCR transgenic mouse model
as we previously described [21;56;57;61]. In this model, OT-1 CD8+ T cells, which can
recognize the non-self MHC class-I OVA peptide SIINFEKL, are transferred into naïve
congenic recipient mice followed by vaccination with SIINFEKL peptide in combination with
the TLR3 agonist poly(I:C). DCs were generated from BM from PBS- and CTX-treated mice
and harvested on day 7 and then activated with the TLR4 agonist LPS since it showed the
highest stimulatory effects on DCs (Fig. 6). Cells were then washed and pulsed with 1μg/mL
SIINFEKL peptide and used to vaccinate recipient mice adoptively transferred 1 day before
with one million OT-1 cells. DC vaccine was co-administered with or without poly(I:C). The
numbers of OT-I cells were analyzed in the recipient mice after 7 days of vaccination. As shown
in Figure 7A, vaccination with DCs generated from BM from PBS- and CTX-treated mice
induced similar adjuvant effects to the adoptively transferred T-cells as indicated by the
comparable expansion of the OT-1 cells in the peripheral blood. The ability of DC vaccination
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to prime OT-1 cells was further augmented in both groups when it was combined with poly
(I:C) administration (Fig. 7A). These results indicate that DCs from BM from CTX-treated
mice can prime T cells in vivo. To confirm that effector T-cells generated after vaccination
with DCs from BM from CTX-treated mice can differentiate into memory cells, vaccinated
mice were boosted with OVA-peptide 30 days after priming and the number of memory OT-1
cells were measured in the peripheral blood after 3 days of boosting (as shown in Figure 7B).
Boosting of mice primed with DCs generated from BM of PBS- or CTX-treated mice induced
similar expansion of memory cells. These data indicate, under this experimental condition, that
vaccination with DCs generated from BM of CTX-treated mice are biologically functional in
vivo and can prime T cells to differentiate into effecter and memory responses.

Discussion
We have recently reported that single CTX treatment can induce a substantial expansion of
DCs in the peripheral blood during the recovery from lymphopenia, peaking on day 12 [7]. In
a subsequent study, we also observed higher numbers of proliferating cells with DC phenotype
(CD11c+CD11b+) in the BM after 3 days of CTX treatment [43], indicating that post CTX BM
is rich in DC precursors with higher tendency to differentiate into DCs in vivo. These
observations led us in the present study to compare the capability of BM from CTX-treated
and control mice to generate DCs in vitro in response to GM-CSF and IL-4. Our results showed
the tendency of post CTX BM to give rise to a higher yeild of DCs in vitro. The kinetics of
generation of DCs from BM of CTX-treated mice was more rapid than those of control BM,
indicating that shorter time (about 4 days) might be sufficient to generate high numbers of DCs
from BM harvested post chemotherapy. Our results are consistent with the previous studies,
including ours, showing the ability of CTX to induce myelomonocytosis [7;21;42;43] and
mobilization of hematopoietic stem cells [44]. Previous studies also demonstrated higher yield
of DCs from hematopoietic stem cells harvested from peripheral blood of cancer patients
treated with CTX alone or in combination with G-CSF [50–54]. Importantly, our results
showed that DCs generated from BM from CTX-treated mice can respond to the stimulatory
effects of TLR agonists in vitro (Fig. 6) and can prime T cells in vivo (Fig. 7), indicating that
they are biologically functional.

In our previous study, the kinetic analysis of proliferation of cells with CD11c+CD11b+

phenotype in BM indicated that the highest rate of these cells occured by day 3 after CTX
treatment [43]. Therefore, we chose this time point in our studies. Additionaly previous studies
showed that mobilization of hematopoietic stem cells from BM to circulation peaks at this time
point post CTX treatment [42;45;62]. Interestingly, although CTX treatment induced a
significant lymphopenia in BM, the relative numbers of DCs (CD11c+) were higher than in
the steady state BM (Fig. 1A). Of note, DCs in BM from CTX-treated mice expressed higher
activation phenotype as evidenced by the increased expression level of the costimulatory
molecule CD86 (Fig. 1D). This rapid activation of DCs in fresh BM of CTX-treated mice is
consistent with our previous studies showing the rapid activation of DCs in the spleen and liver
3 days after CTX treatment [21]. In line with this observation, treatment of B6 mice with sub-
lethal body irradiation induced rapid increase in the numbers of activated DCs in lymph nodes
[63]. Indeed, earlier studies have also reported that mouse interdigitating DCs isolated 3 days
after CTX treatment showed an enhanced accessory function compared with the control DCs
[64], and that follicular DCs harvested from lymph nodes 2–3 days post CTX treatment retained
exogenous antigen for long time and were capable of inducing a better antibody responses
[65]. Although it is not clearly known how DCs are activated after application of these
lymphopenic regimens (CTX therapy and radiotherapy), we and others have correlated these
activation with the systemic release of inflammatory cytokines after CTX treatment [7;21;
63]. It has also been demonstrated that activation of DCs after the application of total body
irradiation is mediated by LPS released due to microbial translocation after gut injury [63].
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Taken together, it can be suggested that chemotherapy or radiotherapy can induce activation
of DCs in different lymphoid compartments, including BM. This would explain why adoptive
T cell transfer and vaccination following chemotherapy or radiotherapy results in a more robust
anti-tumor immunity [7;12;63;66–72]. It is still required, however, to determine the optimal
time point after chemotherapy or radiotherapy at which DCs can be manipulated to show the
most beneficial effects to antigen-specific T cell responses.

To understand whether BM from CTX-treated mice can generate functional DCs in vitro, we
performed in vitro and in vivo experiments. When BM from control (steady state) and CTX-
treated mice were cultured in vitro with GM-CSF and IL-4, we found on day 4 of the culture
that BM from CTX-treated mice yielded higher number of non-adherent cells with higher levels
of cells with the DC phenotype CD11c+CD11b+ as compared to those generated from control.
This observation is consistent with our recent studies showing the presence of higher numbers
of proliferating DCs in BM 3 days after CTX treatment measured by in vivo bromodeoxyuridine
(BrdU) proliferation assay [43]. Interestingly, the increase in the total numbers of the non-
adherent cells was coincided with a significant decrease in the total numbers of the adherent
cells (Fig. 2B). Given that most of the non-adherent population on day 4 of BMCTX showed
DC phenotype, it could be suggested that adherent cells in BM from CTX-treated mice loose
their adherence and differentiate into DCs. This is consistent with the presence of lower levels
of CD11b+Ly6G+ cells (neutrophils) and higher levels of CD11b+Ly6G− (monocytes) in fresh
BM from CTX-treated mice than in control (Fig. 1B) as opposed to their counterparts.
Furthermore, both non-adherent and adherent cells on day 4 of BM from CTX-treated mice
culture showed lower numbers of CD11c+Ly6G+ cells and higher number of CD11c+Ly6G−

cells (Fig. 3A). Given that DC progenitors and Ly6G+ monocytes are endowed with immediate
DC precursor potential [73], the data suggest that post BM from CTX-treated mice has a
tendency to rapidly generate higher number of DCs due to the increased levels of DC
precursors.

Overnight treatment of DCs in the non-adherent and adherent populations of BM from CTX-
treated mice with different TLR agonists induced higher levels of CD86 expression than in
DCs of control (Fig. 6A). Among these TLR agonists, LPS showed the highest stimulatory
effects on CD11c+CD11b+ and CD11c−CD11b+ cells. The hyper responsiveness of DCs to
TLR4 agonist could be attributed to their expression of higher levels of TLR4 than the other
TLRs (Fig. 5). Although activation of DCs after a single or combinatorial treatment with TLR
agonists has been established [74], our studies would add another observation that post
chemotherapy DCs might have a phenotype which is hyper-responsive to the stimulatory
effects of TLR agonists. Further studies are required to understand the mechanisms underlying
this observation.

Consistent with previous studies, including ours, that showed enhanced adjuvant effects of
vaccination with DCs stimulated in vitro with TLR agonists [61;75–77], vaccination with LPS-
activated and peptide-pulsed DCs was able to induce a robust antigen-specific expansion of
effector T cells, in particular after administration of poly(I:C) (Fig. 7A). These effector cells
responded effectively to peptide revaccination (Fig. 7B). Vaccination with DCs generated from
BM from CTX-treated mice were capable of inducing comparable T cell expansion to those
of DCs generated from control (Fig. 6), indicating that DCs generated post chemotherapy can
prime T cells in vivo. Although it is not clear why BM from CTX-treated mice DCs induced
comparable CD8+ T cells expansion to those induced by control DCs even though they showed
higher activation phenotype in vitro, it could be suggested that the LPS-induced hyper
activation of DCs generated from BM from CTX-treated mice lead to a negative feedback
mechanisms and anti-inflammatory signals such as up-regulation of MSK1/MSK2 and SOC1
pathways that have been found to be induced in DCs upon triggering of a strong TLR signaling
[78–81]. Alternatively, it could be due to the low threshold of the T cell responses that can be

Salem et al. Page 8

Cell Immunol. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



achieved after DC-based vaccination in the OT-1 model, which is based on vaccination with
the non-self tumor OVA antigen. Therefore, further studies are required to evaluate the potency
DCs from BM of CTX-treated mice in a self tumor antigen model, in which threshold of T cell
responses to DC-based vaccination requires a strong activation of DCs. Further studies are also
required to optimize the responses of these DCs to activation with TLR agonists in vitro and
in vivo so that they can be of more benefit to T cell responses.

In conclusion, our results indicate that post chemotherapy with CTX can rapidly create a host
microenvironment in BM rich in proliferating DC precursors which are capable of
differentiating into functional DCs. Our results would suggest that these cells could provide a
platform for the manipulation of DCs in vivo post CTX therapy in the vaccination setting. These
DCs can be targeted in vivo with factors that accelerate their mobilization (such as Flt3 ligand)
differentiation and maturation (such as GM-CSF) or activation (such as TLR agonists). When
manipulation of DCs in vivo with these factors is fine-tuned with active vaccination, it can
significantly improve the application of CTX in cancer immunotherapy for the generation of
effective antigen-specific responses.
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Figure 1. CTX treatment induced an increased level of DCs in fresh BM
C57BL/6 mice were i.p. treated with PBS (n=3 mice/group) or 4mg/mouse CTX (n=6 mice/
group) and BM was harvested 3 days after treatments. BM single cell suspensions were
prepared and stained with anti-CD11c, anti-CD11b, anti-Ly6G (Gr-1), and anti-CD86 mAbs.
(A) Shows the total cell number of BM cells. (B) Shows the expression levels of CD11c and
CD11b in the total BM. Cells are gated on CD11c+CD11b+ and CD11c+CD11b− (R2)
populations and on CD11c−CD11b+ population (R3). (C) Shows the expression level of Ly6G
in the total BM cells. (D) Shows the expression levels of CD86 on cells gated on R2 (gated on
CD11c+CD11b+ + CD11c−CD11b+) and R3 (gated on CD11c−CD11b+). *, Statistically
significant (P<0.05).
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Figure 2. Non-adherent population harvested on day-4 culture of BM from CTX-treated mice
showed higher number of CD11c+ cells
C57BL/6 mice were i.p. treated with PBS (n=3 mice/group) or 4mg/mouse CTX (n=6 mice/
group) and BM was harvested 3 days after treatments. BM single cell suspensions were
prepared and cultured with 10ng/mL of GM-CSF and IL-4. On day 4, the non-adherent and
adherent populations were harvested, counted and their phenotypic characterization was
analyzed by flow cytometry after staining with anti-CD11c, anti-CD11b, and anti-Ly6G mAbs.
(A) Shows the total cell number of the non-adherent and adherent populations. (B) Shows the
expression levels of CD11b and CD11c in the non-adherent (left panel) and adherent (right
panel) cells in BM from PBS-treated mice (upper panel) and BM from CTX-treated mice (lower
panel). (C) Shows the absolute numbers of CD11c+ and CD11b+ cells in the non-adherent and
adherent populations from BM from PBS-treated mice (upper panel) and BM from CTX-
treated mice (lower panel). The absolute number of cells was calculated by multiplying the %
cells with a certain phenotype by the total number of the non-adherent and adherent cells. (D)
Shows the expression levels of CD11c and Ly6G in in the non-adherent (left panel) and
adherent (right panel) in BM from PBS-treated mice (upper panel) and BM from CTX-treated
mice (lower panel). *, Statistically significant (P<0.05).
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Figure 3. Non-adherent population of day 7 BM from CTX-treated mice culture showed higher
number of CD11c+ cells
C57BL/6 mice were i.p. treated with PBS (n=3 mice/group) or 4mg/mouse CTX (n=6 mice/
group) and BM was harvested 3 days after treatments. BM single cell suspensions were
prepared and cultured with 10ng/mL of GM-CSF and IL-4. On day 4, the non-adherent and
adherent cells were harvested, counted and their phenotypic characterization was analyzed by
flow cytometry. (A) Shows the total cell number of the non-adherent and adherent populations
of BM from PBS-treated mice and BM from CTX-treated mice. (B) Shows the expression
levels of CD11b and CD11c in the non-adherent (left panel) and adherent (right panel) cells
of BM from PBS-treated mice (upper panel) and BM from CTX-treated mice (lower panel).
(C) Shows the absolute numbers of CD11c+ and CD11b+ subsets in the non-adherent and
adherent populations of BM from PBS-treated mice and BM from CTX-treated mice harvested
on day 7. The absolute number of cells was calculated by multiplying the % cells with a certain
phenotype by the total number of non-adherent and adherent cells. *, Statistically significant
(P<0.05).
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Figure 4. Non-adherent cells from BM from CTX-treated mice showed higher activation phenotype
C57BL/6 mice were i.p. treated with PBS (n=3 mice/group) or 4mg/mouse CTX (n=6 mice/
group) and BM was harvested 3 days after treatments. BM single cell suspensions were
prepared and cultured with 10ng/mL of GM-CSF and IL-4. On day 4, (A) and 7 (B), the non-
adherent (left panel) and adherent (right panel) cells from BM of PBS- and CTX-treated mice
were harvested and stained with anti-CD11c, anti-CD11b, and anti-CD86 mAbs and the
expression level of the activation marker CD86 was analyzed by 3-color flow cytometry in
CD11c+CD11b+ (upper panel) and CD11c−CD11b+ (lower panel) cells. *, Statistically
significant (P<0.05).
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Figure 5. DCs generated from BM from CTX-treated mice culture express simlar levels of different
TLRs
C57BL/6 mice were i.p. treated with PBS (n=3 mice/group) or 4mg/mouse CTX (n=6 mice/
group) and BM was harvested 3 days after treatments. BM single cell suspensions were
prepared and cultured with 10ng/mL of GM-CSF and IL-4. On day 7 of culture, the non-
adherent cells were harvested and processed for the real-time PCR analysis. Results are
expressed as normalized mean expression.
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Figure 6. DCs generated from BM from CTX-treated mice can respond to stimulation with TLR
agonists
C57BL/6 mice were i.p. treated with PBS (n=3 mice/group) or 4mg/mouse CTX (n=6 mice/
group) and BM was harvested 3 days after treatments. BM single cell suspensions were
prepared and cultured with 10ng/mL of GM-CSF and IL-4. The non-adherent cells were
harvested on day 7, counted, re-plated and treated for 24 hours with pam3CysK4 (a TLR2/6
agonist; 50μg/mL), poly(I:C) (a TLR3 agonist; 25μg/mL); LPS (a TLR4 agonist, 10ng/mL),
imiquimode (a TLR7/8 agonist; 10μg/mL), or CpG ODN (a TLR9 agonist; 4μg/mL). (A)
Shows the expression level of the activation marker CD86 on CD11c+CD11b+ and (B) shows
the percentage of CD86 expression on CD11c−CD11b+ cells. *, Statistically significant
(P<0.05).
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Figure 7. DCs generated from BM from CTX-treated mice can prime T cells in vivo
B6 mice (on Ly5.2 background) were treated with PBS and CTX as described in Figure 1
legend. After 3 days of treatment, BM was harvested and cultured with 10ng/mL of GM-CSF
and IL-4. On day 7 of the culture, the non-adherent cells were harvested, counted and activated
with 10ng/mL LPS for 24 hours. Cells were washed and pulsed with 5μg/mL of SIINFEKL
peptide for 2 hours. Cells were then washed and injected through lateral tail vein into recipient
B6 mice (on Ly5.2 background; n=4/group) adoptively transferred 1 day before with 1.5 ×
106 cells of naïve OT-1 cells harvested from lymph nodes and spleen of B6 mice on Ly5.1
background. (A) Shows the numbers of effector OT-1 cells in the peripheral blood harvested
7 days after vaccination with DCs. (B) Shows the number of memory OT-1 cells in the
peripheral blood harvested 3 days after s.c. revaccination with 100μg/mouse SIINFEKL 40
days after priming. *, Statistically significant (P<0.05).
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Table 1

Primers used in the analysis of mouse TLR gene expression

Genbank No Primer Sequence (5' to 3')

NM_009735 B2M F 5'-TGTCTCACTGACCGGCCTGTAT-3'

B2M R 5'-GTTCAGTATGTTCGGCTTCCCA-3'

NM_030682 Tlr1F 5'- TTCCGTGATGCACAGCTCCTT-3

Tlr1R 5'-TCTGCTCGCCTGAGTTCTTCA-3'

NM_011905 Tlr2 F 5'-CCAAGAGGAAGCCCAAGAAAG-3'

Tlr2 R 5'-AGGCATCATAGCAAACGTCCC-3'

NM_126166 Tlr3 F 5'-CTTGCGTTGCGAAGTGAAGAA-3'

Tlr3 R 5'-CCAATTGTCTGGAAACACCCC-3'

NM_021297 Tlr4 F 5'-AGCAGGTGGAATTGTATCGCC-3'

Tlr4 R 5'-CCCATTCCAGGTAGGTGTTTCT-3'

NM_016928 Tlr5 R 5' -ATATCCACCGAAGACTGCGATG-3'

Tlr5 R 5' -AGTGACCGTGCACAGGATGAA-3'

NM_011604 Tlr6 F 5'-GAATGTGACCCTCCAGCACAT-3'

Tlr6 R 5'-AGTTTAACCGAGCACTTCCAGG-3'

NM_133211 Tlr7 F 5'-CTGGAGTTCAGAGGCAACCATT-3'

Tlr7 R 5'-GTTATCACCGGCTCTCCATAGAA-3'

NM_133212 Tlr8 F 5'-GCCTCAGAGCCTCCAAGAGTTA-3'

Tlr8 R 5'-CCAGCAAGTGAAGGTGAGGAA-3'

NM_031178 Tlr9 F 5'-AGCTGAACATGAACGGCATCT-3'

Tlr9 R 5'-TGAGCGTGTACTTGTTGAGCG-3'

NM_205819 Tlr11 F 5'-CTTGCATTTCCTCTCCCTTGTG-3'

Tlr11 R 5'-AGGTCAAGTGCACGAAGCTCA-3'

NM_205823 Tlr12 F 5'-CCAAATACGGATGAGCCCAGA-3'

Tlr12 F 5'-AGGAACAATACTGCCGGAGCA-3'

NM_205820 Tlr13 F 5'-TTGTCACCTGCTCGGAAACCTA-3'

Tlr13 F 5'-GCTGCTTAATGCCCTCTGCAT-3'
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