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Abstract

Recently, we showed that post cyclophosphamide (CTX) microenvironment benefits the function
of transferred T cells. Analysis of the kinetics of cellular recovery after CTX treatment showed
that a single 4 mg/mouse CTX treatment decreased the absolute number of leukocytes in the
peripheral blood (PBL) at days 3-15, and in the spleen and bone marrow (BM) at days 3-6. The
absolute numbers of CD11c*CD11b~ and CD11c*CD11b* dendritic cells (DCs), CD11b* and
Ly6G* myeloid cells, T and B cells, CD4*CD25* T regulatory (Teg) cells, and NK1.1* cells also
decreased. The cell numbers returned to control levels during the recovery phase. The absolute
numbers of B cells remained low for 3 weeks. The numbers of DCs increased in PBL and spleen
at day 9 but returned to control levels at day 15. These data indicate that CTX alters the cellular
microenvironment in Kinetics that might be precisely targeted to benefit the host.
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Introduction

Cyclophosphamide (CTX) is a chemotherapeutic agent widely used to treat various types of
malignancies as well as lymphoproliferative and autoimmune disorders (1, 2). Besides its
direct cytotoxic effect as a deoxyribonucleic acid (DNA) alkylating agent, CTX has been
used as an immunomodulatory agent in protocols for cancer vaccination (3, 4) and adoptive
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cell transfer (ACT) therapy (2). Several reports have shown a strong synergistic effect of
combined therapy with CTX and adoptively transferred T cells in inhibiting tumor growth in
different murine (5, 6) and human (7-9) tumors. In this regard, CTX can facilitate adoptive
immunotherapy by depleting and inhibiting the suppressive function of T regulatory (Tyeg)
cells (10-13). An alternative hypothesis that the increased production of type I interferon
(IFN) (14, 15) (along with the induction of granulocyte-macrophage colony-stimulating
factor (GM-CSF), IL-1B, IL-2, IL-7, IL-15, IL-21, and IFN-y (6), therefore sustaining the
proliferation, survival, and activity of transferred T cells. CTX has also been shown to
activate cells of the innate immune system, in particular dendritic cells (DCs), and increase
the number and persistence of CD44M3" CD4* and CD8* T cells (15-17). Moreover, the
immunopoteniating activity of CTX has been found to be mediated by a reduction in T cell-
derived IL-10 and transforming growth factor-B (TGF-B production (18) and a shiftin T
helper (Th) 2 (IL-10 and TGF- B)/Th1 (IL2 and IFN-y) cytokine production (19).

In spite of the many studies mentioned above, the specific mechanisms by which CTX
conditioning can enhance the activity of adoptively transferred T cells are still a matter of
debate. Moreover, these mechanisms have mostly been investigated during the lymphopenic
phase, and only a few studies have addressed the role of the cellular components that might
be altered as the host recovers from the induced lymphopenia (the recovery phase; days
5-18). Because most of the beneficial effects of CTX for ACT therapy could be mediated by
its effects on the endogenous cells, exploring how endogenous immune cells in a recipient
host are altered by CTX treatment can help shed light on what mechanisms are most relevant
to lymphopenic immunomodulation. Therefore, this study aimed to determine the alterations
in the relative and absolute numbers of different types of immune cells in lymphoid and non-
lymphoid compartments at multiple time points during the lymphopenic and rebounding
(recovery) phases. In summary, our data showed that CTX treatment resulted in alteration
within the leukocyte compartments in different organs. These changes in the host cellularity
post CTX treatment can be manipulated in a way that can benefit the application of CTX in
immunotherapy.

Materials and Methods
Mice
C57BL/6 (Ly5.2; B6) were purchased from the Jackson Laboratory (Bar Harbor, ME). All

animals were housed under specific pathogen-free conditions in accordance with
institutional and federal guidelines at the Medical University of South Carolina, USA.

Cell lines, antibodies and reagents

Anti-CD16/CD32, and FITC-, PE-, and cychrome-conjugated monoclonal antibodies
(mADbs) against CD11c, CD11b/CD18, Gr-1 (Ly6G, CD3, CD4, CD8, CD25, B220, and
NKZ1.1 were purchased from BD Pharmingen (San Diego, CA). CTX (Sigma, St. Louis,
MO) was reconstituted in PBS and frozen until used.

Preparation of immune cells

Mice were injected intraperitoneally (i.p.) with PBS or 4 mg/mouse CTX as described
previously (15). At the indicated time points, mice were bled from the orbital sinus to
harvest peripheral blood (PBL) and sacrificed to harvest spleen and bone marrow (BM). The
total number of leucocytes in PBL was enumerated using an automated instrument for
complete blood counts (CBC) (VetScan HM2™ Hematology System, Abaxis®, Union City,
CA).
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Erythrocytes were then depleted with ammonium chloride-potassium chloride (ACK;
Invitrogen, Carlsbad, CA) buffer (20). Spleen and BM suspensions were prepared and
counted using a hemocytometer with trypan blue dye exclusion (20).

Flow cytometry

Statistics

Results

Fresh single-cell suspensions of leukocytes from PBL, spleen, and BM were prepared as
described above. About 1 x 10° cells were treated with anti-CD16/CD32 for 5 min on ice.
Cells were then stained with the indicated conjugated mAbs and incubated for 30 min on
ice. Cells were washed twice and re-suspended in 0.3 ml of 0.5% BSA/0.02% sodium azide
solution. Cells were acquired on a FACSCalibur™ (BD Biosciences, San Jose, CA) and
analyzed using CellQuest™ software (BD Biosciences). The absolute numbers of different
cell populations in each compartment were calculated as: % cells from flow cytometry x
total number of cells/100.

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 ttest. The Pvalues < 0.05 were considered statistically significant

Effect of CTX on the total cell number of PBL, spleen, and BM

To understand the effect of CTX therapy on cellularity in the host lymphoid and non-
lymphoid compartments, B6 mice were i.p. Injected with a single dose of CTX (4 mg/
mouse). The results showed that CTX induced a rapid lymphopenia (days 1-6) in PBL (Fig.
1A), spleen (Fig. 1B), and BM (Fig. 1C), followed by a recovery phase, in which the cellular
components started to rebound from lymphopenia. By day 18, the total number of PBL
returned to the normal level; spleen and BM cell numbers, however, reached the recovery
phase by day 9. In all experiments, control mice were treated with PBS (indicated as day 0
in the figures).

CTX induced alteration in the levels of DCs in different organs

CTX treatment induced a modest but significant increase in the relative and absolute
numbers of CD11c¢*CD11b™ DCs in PBL (Fig. 2A) and spleen (Fig. 2B) during the recovery
phase, peaking on day 12 post treatment. However, the relative and absolute numbers of
CD11c*CD11b* DCs increased markedly in PBL (Fig. 2A) and spleen (Fig. 2B) during the
recovery phase, peaking on day 12 post treatment; These cells recovered to normal by day
15 of treatment (data not depicted). Compared to PBL and spleen, BM showed an increase
in the relative, but not the absolute, number of CD11¢*CD11b* DCs on day 3 and recovered
to the control level by day 6 after treatments (Fig. 2C).

Effect of CTX on the numbers of myeloid cells

As shown in Fig. 3, CTX treatment did not result in any significant changes in the frequency
of CD11b* myeloid cells in PBL, spleen and BM. The absolute number of these cells
decreased significantly during the lymphopenic phase and was back to the normal level by
day 12 after treatment.

The frequency of Ly6G* myeloid cells in PBL (Fig. 3A, left panel), spleen (Fig. 3B, left
panel), and BM (Fig. 3C, left panel) increased significantly on day 3 and reached the
pretreatment level by day 6 after treatment. In PBL, the absolute number of this cell
population decreased significantly on days 3 and 6 and considerably recovered to normal by
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day 9 (Fig. 3A, right panel). In spleen, however, their absolute number decreased
significantly on day 3 and recovered by day 6 (Fig. 3B, right panel). Compared to those in
PBL and spleen, CTX did not induce significant alteration in the relative and absolute
numbers of Ly6G* cells in BM (Fig. 3C, right panel).

Of interest, PBL, spleen, and BM from CTX-treated mice showed a remarkable increase in
the relative and absolute numbers of CD11b*Ly6G™ (the phenotype of myeloid-derived
suppressor cells; MDSCs, peaking on day 6 post treatment (Fig. 3). A considerable recovery
was observed in PBL (Fig. 3A) by day 12, whereas the cell number continued to increase in
spleen (Fig. 3B) and BM (Fig. 3C); MDSCs levels returned to control level by day 15 of
treatment (data not depicted).

Effect of CTX on the numbers of T and B lymphocytes

CTX treatment significantly induced a modest increase in the percentage of CD4* T cells in
PBL (Fig. 4A, left panel), spleen (Fig. 4B, left panel), and BM (Fig. 4C, left panel) on day 3.
However, their absolute numbers in PBL (Fig. 4A, right panel) and spleen (Fig. 4B, right
panel) dropped sharply on day 3, with a gradual return to pre-treatment levels range by day
12 after treatment. In contrast, the cell number in BM did not change significantly as
compared with control (Fig. 4C, right panel).

As shown in Fig. 4, CTX treatment induced similar changes in the relative and absolute
numbers of CD8* T cells to those observed with CD4* T cells. The frequency, in parallel
with the total number, of B220* B cells decreased sharply in PBL (Fig. 4A), spleen (Fig.
4B), and BM (Fig. 4C) in response to CTX treatment. By day 12 after treatment, B cell
number in bone marrow (Fig. 4C) was restored, whereas PBL (Fig. 4A) and spleen (Fig. 4B)
remained affected.

Effect of CTX on the numbers of Tieq cells

CTX treatment induced a marked decrease in the percentage of CD4*CD25" Tygq cells on
day 6 in PBL (Fig. 5A, left panel) and BM (Fig. 5C, left panel) and on days 3 and 6 in
spleen (Fig. 5B, left panel). Congruent with the effect of CTX on the relative number of
these cells, it also induced decreases in their absolute number, which returned to its control
level by day 12 in PBL (Fig. 5A, right panel), day 9 in spleen (Fig. 5B, right panel), and day
6 in BM (Fig. 5C, right panel).

Effect of CTX on the numbers of NK cells

The percentage of NK1.1" cells did not change substantially in PBL (Fig. 5A, left panel) and
spleen (Fig. 5B, left panel) by CTX treatment. There was, however, a significant increase in
the percentage of these cells in BM on day 3 after CTX treatment (Fig. 5C, left panel). The
absolute number of NK1.1* cells in PBL (Fig. 5A, right panel) and spleen (Fig. 5B, right
panel) decreased remarkably, and the recovery was evident by days 12 in PBL and 9 in
spleen. Conversely, the cell number in BM remained unchanged during all time points (Fig.
5C, right panel).

Discussion

Several reports have shown a strong synergistic effect of combined therapy with CTX and
adoptively transferred T cells in inhibiting tumor growth in mice (25, 28). The specific
mechanisms of the beneficial effects of CTX, however, remained unclear. Moreover, these
mechanisms have mostly been investigated during the lymphopenic phase, and few studies
addressed the role of the cellular components that might be altered at the recovery phase (11,
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13, 21, 22). In this study, we analyzed the Kkinetics of the alteration in different cell
populations at different time points during both the cytoreductive and rebounding phases.

The data showed that CTX treatment induced lymphopenia in PBL (days 3-15), spleen, and
BM (days 3-6). This lymphopenia resulted in decreases in the absolute numbers of DCs
(CD11c*CD11b™ and CD11c*CD11b*), myeloid cells (CD11b*, Ly6G*, and
CD11b*Ly6G"), lymphocytes (B cells [B220*] and T cells [CD4" and CD8"]), Tyeq cells
(CD4*CD25%), and natural killer cells (NK1.1*). The data further showed that different
immune cell populations were back to normal levels during the recovery phase (day 9
onward). However, B cells, MDSCs, and DCs were different in their pattern of recovery
form CTX-induced lymphopenia. The absolute numbers of B cells remained low for 3
weeks after CTX treatment. In keeping with reports that demonstrated a transient
accumulation of myeloid cells with the phenotype of MDSCs (CD11b*Ly6G* population) in
the spleen following CTX treatment (15, 23, 24), a significant increase in these cells was
seen in PBL, spleen, and BM by day 6 and returned back to their normal level by day 15
after treatment. The numbers of CD11¢*CD11b™ and CD11c*CD11b* DCs increased
significantly in blood and spleen by day 9 and recovered to normal by day 15 after
treatment. The increase in the circulating levels of DCs would be of paramount significance
since DC maturation stimuli can be administered in vivo at these time points to induce full
maturation of DCs and their migration to lymph nodes. Indeed, we tested this hypothesis
recently using poly(l:C), the typical TLR3 agonist, to mature DCs and induce their
migration to lymph nodes to enhance antigen-specific T cell responses (25). Our observation
of post CTX DC expansion is consistent with the recent clinical studies that showed
increases in the number of DCs in PBL of cancer patients treated with CTX and G-CSF (26,
27). Although these reports did not examine the sole effect of CTX or G-CSF on DC
mobilization, the current results showed that CTX per se was capable of inducing systemic
DC expansion. Our recent reports suggested that CTX-induced expansion of DCs was
associated with proliferation of DCs in BM during the lymphopenic phase and in blood and
spleen during the recovery phase. In addition, CTX induced a dynamic surge in the
expression of growth factors and chemokines in BM, where CCR2 and FIt3 signaling
pathways were critical for DC expansion (28).

In immunocomptetent (lymphoreplete) hosts, endogenous cells, such as T, B, and NK,
compete for homeostatic and survival cytokines, particularly 1L-7 and IL-15, with the
transferred T cells. Such competition is known as the cytokine sink effect (29, 30).
Conversely, lymphodepletion reduces competing cytokine sinks (31). Using pmel-1 adoptive
transfer mouse model, it has been demonstrated that, in mice deficient for both IL-7 and
IL-15, the antitumor efficacy of tumor-reactive CD8* T cells adoptively transferred into
lymphodeplete hosts was completely abrogated. On the contrary, the antitumor responses
were restored when these cytokines were exogenously administered or when the host cells
competing for these cytokines were removed by using mice lacking both Rag2 and yc (these
mice lack B cells, T cells, and NK cells) (29). Therefore, the depletion of endogenous B220*
B cells, CD4* and CD8* T cells, and NK1.1" cells as shown in our study can explain the
beneficial effects of CTX preconditioning to the survival and homeostatic-driven and
antigen-driven expansion of adoptively transferred T cells. The delayed recovery of B cells
(B220™) after CTX treatment would explain the beneficial effects of CTX treatment in
autoimmune diseases (2).

Besides decreasing the circulating levels of lymphocytes and NK cells, CTX also
significantly decreased the numbers Tyeq cells, explaining another mechanism for the
beneficial effects of CTX to adoptive T cell therapy. In fact, studies conducted by Antony et
al. have persuasively shown that Tyeq cells suppress the antitumor activity of tumor-reactive
CD8™ T cells transferred into lymphoreplete hosts (32), where the antitumor responses were
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enhanced by the adoptive transfer of tumor-reactive CD8" T cells into mice deficient in
CD4* T cells, but not in mice deficient in CD8* T cells. They showed further that transfer of
CDA4*CD25" Tpeq cells alone or together with CD4*CD25™ helper T cells into CD4™ T cell-
deficient mice prevented the efficacy of the adoptive cell therapy. By contrast, transfer of
these helper T cells alone induced autoimmunity and regression of established tumor,
indicating to the restriction of the suppressive activity to the CD25* T cell population (32).

The overall decreases in the relative and absolute numbers of Tyeq cells in PBL and spleen at
the lymphopenic phase (day 3-6) is expected due to the induced leucopenia. On the other
hand, the return of Tyeq cell number to normal values in spleen and to slightly higher values
over the normal levels in PBL could be attributed to the steady state of mobilization of
lymphoid cell precursors from BM to periphery. The decreases in frequency of Tyeq cells in
BM on days 3 and 6 support this concept. The decreases in the numbers of Teq cells during
the early lymphopenic phase post CTX treatment (Fig. 5) would explain the enhanced T cell
responses after peptide vaccination 1 day after adoptive transfer of OT-1 CD8* T cells into
CTX-treated mice as we reported previously (15). The T cell responses can also benefit from
the higher numbers of DCs (Fig. 2) at the recovery phase even in the presence of normal
numbers of Tyeq cells at this stage especially after provision of DC-stimulant such as
poly(1:C) as we reported recently (25).

Besides the inhibitory effects of Teq cells, MDSCs are also another arm of the
immunosuppressive cells. It has been observed in mice that reducing the numbers of
MDSCs after treatment with gemcitabine can increase the antitumor activity of CD8* T cells
and activated NK cells (33). Similar to our results in the mouse model, we have recently
reported that cancer patients treated with CTX-containing chemotherapy harbor a high
number of MDSC, which are capable of suppressing T cell responses in vitro (34).

Our initial published studies (15) demonstrated that vaccination at the lymphopenic phase
post CTX treatment, at which MDSC are decreased in numbers, enhanced expansion of
OT-1 CD8* T cells to peptide vaccination and that this enhanced expansion continued
during the recovery phase, at which high number of MDSC exist (Fig. 3). Furthermore, our
recent studies showed that peptide vaccination with OVA peptide (SIINFEKL) or melanoma
peptide (gp100) at the recovery phase can enhance expansion of CD8" T cells in vivo (25).
Coupling the results of these studies with the results of the current study, it can be suggested
that high numbers of MDSC don’t abrogate CD8* T cell responses to vaccination in
particular if a potent adjuvant system such poly(l:C) is co-administered. The host
microenvironment created post effective vaccination could favor blocking of MDSC
suppressive activity or induce their differentiation into a beneficial cell subset. In line with
this, treatment of CD11b*Ly6G™ cells isolated from immune compromised animals or
patients with agents such as GM-CSF/IL-4 and all-trans-retinoic acid blocked their
suppressive activity (35, 36). Rather, the suppressive function of MDSCs could be blocked
by targeting their regulatory pathways (37). Indeed, a recent study has clearly shown that
adoptive transfer of CD8" T cells (pmel-1) engineered to secrete the inflammatory cytokine
IL-12 into lymphodepleted tumor-bearing recipients can trigger the differentiation of MDSC
into beneficial host cells that enhanced the anti-tumor responses of the transferred cells in
IFN-y-mediated mechanisms (38). Studies are currently investigated by our group to address
the effects of post vaccination environment on MDSC phenotype and functions. In
conclusion, the expansion of cells with MDSC phenotype post CTX treatment at certain
time points as shown in our studies can be targeted to benefit the host.

In summary, our data suggest that CTX therapy leads to dynamic alterations in the host
celluarity in different organs at certain time points. It is feasible that application of strategies
to manipulate these post CTX phases in vivo taking into consideration their dynamic nature
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Fig. 1. Kinetics of the total cell number of PBL, spleen, and bone marrow after CTX treatment
C57BL/6 mice were injected i.p. with PBS or CTX (4 mg/mouse). The average of the data
from PBS-treated mice (control group) is depicted as day 0 in the figure. At the indicated
time points, mice were bled to collect PBL and then sacrificed to harvest spleen and BM.
The total number of leucocytes was determined in the PBL (A), spleen (B), and BM (C).
Data represent the mean + SD (n = 4).
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Fig. 2. Effect of CTX treatment on the relative and absolute numbers of CD11¢*CD11b™ and
CD11c*CD11b* cells

C57BL/6 mice were injected i.p. with PBS or CTX (4 mg/mouse). The average of the data
from PBS-treated mice (control group) is depicted as day 0 in the figure. At the indicated
time points, mice were bled to collect PBL and then sacrificed to harvest spleen and BM.
Leucocytes were counted, stained with mAbs against the indicated cell markers, and then
analyzed by flow cytometry. The total leukocytes were gated after exclusion of dead cells
and from which the frequency of CD11¢*CD11b* (R1) and CD11c¢*CD11b™ (R2) was
analyzed in the blood as a representative dot plot analysis as shown in (A). The relative and
absolute numbers in PBL (B), spleen (C), and BM (D) are depicted. The absolute numbers
were calculated as (total cell number x %) /100. Data represent the mean = SD (n = 4).
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Fig. 3. Effect of CTX treatment on the relative and absolute numbers of CD11b*, Ly6G*, and
CD11b*Ly6G™ cells

C57BL/6 mice were injected i.p. with PBS or CTX (4 mg/mouse). The average of the data
from PBS-treated mice (control group) is depicted as day 0 in the figure. At the indicated
time points, mice were bled to collect PBL and then sacrificed to harvest spleen and BM.
Leucocytes were counted, stained with mAbs against the indicated cell markers, and then
analyzed by flow cytometry. The total leukocytes were gated after exclusion of dead cells
and from which the frequency of Ly6G*CD11b* (upper right), Ly6G*CD11b~ (lower right),
and Ly6G"CD11b* (upper right) was analyzed in the blood as a representative dot plot
analysis shown in (A). The relative and absolute numbers depicted in PBL (A), spleen (B),
and BM (C) as described in the legend of Fig. 2. Data represent the mean = SD (n = 4).
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Fig. 4. Effect of CTX treatment on the relative and absolute numbers of CD4* and CD8* T cells
and B220" B cells

C57BL/6 mice were injected i.p. with PBS or CTX (4 mg/mouse). The average of the data
from PBS-treated mice (control group) is depicted as day 0 in the figure. At the indicated
time points, mice were bled to collect PBL and then sacrificed to harvest spleen and BM.
Leucocytes were counted, stained with mAbs against the indicated cell markers, and then
analyzed by flow cytometry. The total leukocytes were gated after exclusion of dead cells
and from which the frequency of the indicated cell populations was analyzed in the blood of
control mice treated with PBS as a representative dot plot analysis shown in (A). The
relative and absolute numbers depicted in PBL (A), spleen (B), and BM (C) as described in
the legend of Fig. 2. Data represent the mean + SD (n = 4).

Cell Immunol. Author manuscript; available in PMC 2013 October 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Page 15

0 -
& <
Q Xt
I [
e i
= T B S
==pp FS —» CD4! —» CD4

Spleen

=3

% Treg & NK cells in PBL
o N & @ o
No. of Treg & NK cells in PBL
(x108/ml)

—o— CO4+ CO25+
—*—NK1.1+

a 3 [ 9 12 a 3 -] 9 12

\
Wi

12
12

% Treg & NK cells in spleen
O = NWw s @
' g
«
No. of Treg & NK cells in spleen
(x108)
23 ~
Ot o=t thw

o

% Treg & NK cells in BM
o w o w B
No. of Treg & NK cells in BM
(x108),
= EN
th o= N

N
i

=)

0 3 ] 9 12 o 3 B 9
Days post CTX treatment Days post CTX treatment

Fig. 5. Effect of CTX treatment on the relative and absolute numbers of Treq (CD4*CcD25%) and
NK1.1* cells

C57BL/6 mice were injected i.p. with PBS or CTX (4 mg/mouse). The average of the data
from PBS-treated mice (control group) is depicted as day 0 in the figure. At the indicated
time points, mice were bled to collect PBL and then sacrificed to harvest spleen and BM.
Leucocytes were counted, stained with mAbs against the indicated cell markers, and then
analyzed by flow cytometry. The total leukocytes were gated after exclusion of dead cells
and from which the frequency of the indicated cell populations was analyzed in the blood of
control mice treated with PBS as a representative dot plot analysis shown in (A). The
relative and absolute numbers depicted in PBL (A), spleen (B), and BM (C) as described in
the legend of Fig. 2. Data represent the mean + SD (n = 4).
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