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Standard or high-dose chemotherapy regimens have achieved 
significant success in cancer therapy; however, these gains reached 
a plateau over the past two decades in part due to drug resistance 
and toxicity. One approach to overcoming this has been the use of 
metronomic chemotherapy, which refers to the frequent administration 
of chemotherapy, often daily, with no prolonged drug-free breaks, at 
doses significantly lower than the maximum tolerated dose [1,2]. One 
of the most frequently used drugs in such protocols is a relatively safe 
and inexpensive agent- Cyclophosphamide (CTX). Since its approval in 
1959 by the Food and Drug Administration, CTX, has been one of the 
most widely used alkylating agents in the treatment of hematological 
and solid malignancies. At high doses it has potent cytotoxic and 
lymphoablative activity; however, at low doses using a metronomic 
protocol it has immunostimulatory and anti-angiogenic activity while 
retaining antitumor activity, providing an alternative therapeutic 
strategy for select patients [1]. The effectiveness of metronomic 
chemotherapy regimens, at least in animal models, can be improved 
when combined with anti-angiogenic agents resulting in sustained 
tumor regressions [3]. Herein we discuss the immunomodulating effect 
of a novel metronomic chemotherapy combination and its potential 
application to patients with metastatic Castration-Resistant Prostate 
Cancer (CRPC). 

Limitations of Current Prostate Cancer Therapy
The American Cancer Society estimates that 240,890 men in the 

United States will be diagnosed in 2012 with prostate cancer, resulting 
in approximately 33,720 deaths [4]. Those patients who have recurrent 
or metastatic prostate cancer will inevitably develop castration-
resistant disease after an initial period of hormone responsiveness. 
Since chemotherapy has a limited impact on overall patient survival 
and is accompanied by treatment-related toxicity, immunotherapy has 
become an attractive approach to treat elderly patients with prostate 
cancer. This is supported by the recent phase III trial of the sipuleucel-T 
vaccine in patients with CRPC demonstrated a statistically significant 
improvement in Overall Survival (OS) [5]. However, in patients with 
advanced prostate cancer, tumor related immune suppression and 
tolerance can both facilitate tumor progression and impede active 
specific immunotherapy. 

Targeting Tumor Related Immunosuppression
A patient’s immune response can have an important role in 

preventing the development of malignancy and immunotherapy 
has promise in treating neoplasia. However, patients with 
cancer, especially those with advanced disease, are known to be 
immunologically compromised [6], facilitating tumor progression 
and limiting the efficacy of immune intervention. Immunity in cancer 
patients is negatively regulated by a number of tumor induced cellular 
mechanisms, including regulatory T-cells (Tregs) and Myeloid-
Derived Suppressor Cells (MDSCs). It is our hope that increasing our 
understanding of the mechanisms that hinder immune cell number, 

function, induction, and expansion will lead to the development of new 
therapeutic approaches. 

Tregs are a subset of human lymphocytes that have attracted 
significant interest recently due of their role in controlling T-cell 
responses in neoplasia [7,8]. Various methods to isolate this T-cell 
subset are based on the expression of cellular surface markers; however, 
none is specific for Tregs, and their identity is best measured by their 
suppressor function. The classical Treg phenotype, CD4+CD25brFoxp3+, 
has shown immunosuppressive function in vitro, and increased levels 
of Tregs have been found in the tumors and peripheral blood of 
prostate cancer patients [9,10]. Consistent with these observations, 
and with the increased frequency of CD4+CD25highFoxP3+ Tregs in the 
Peripheral Blood (PB) of prostate cancer patients, is a direct correlation 
between Tregs and tumor stage and grade [9,11]. Together these 
findings suggest that Tregs have a role in prostate cancer progression, 
suggesting that therapeutic strategies aimed at their inhibition and/
or depletion may improve outcomes and response to immunotherapy 
for prostate cancer patients [9]. Currently, a variety of Treg-depleting 
agents are being examined, and a few have been approved for routine 
clinical use. Further, a few, small clinical studies in melanoma and 
prostate cancer have combined these drugs with vaccines resulting in 
the demonstration of efficacy [12,13]. 

MDSCs, another cellular population with immune suppressive 
activity, encompass a heterogeneous population of immature cells 
that expand during pathological conditions including cancer [14]. 
MDSCs are immature myeloid cells that include precursors for 
Dendritic Cells (DCs), macrophages, and granulocytes with multiple 
immunosuppressive mechanisms including arginase, inducible 
nitric oxide synthase, and reactive oxygen species. MDSCs are 
major contributors to the tumor associated immune dysfunction in 
association with their accumulation in the blood, bone marrow, and 
tumor and can inhibit both adaptive and innate immunity [15]. MDSCs 
expand in response to tumor-secreted growth factors supporting 
the hypothesis that inflammation promotes MDSC accumulation 
in association with the down-regulation of immune surveillance 
and antitumor immunity and facilitation of tumor growth [16]. This 
hypothesis has been supported in several studies in cancer patients, 
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where MDSC expansion has been associated with tumor angiogenesis, 
growth, and impaired responses to immunotherapy [17,18]. This 
mechanism of tumor progression is supported by preclinical studies 
demonstrating an increase in MDSC frequency during tumor growth 
[19-22], increased number of myeloid precursors that directly correlate 
with tumor burden [23] and suppressed T-cell numbers and function 
[14,20,24]. Clinically, MDSC frequency has correlated with tumor size 
and number, as well as, with cancer pathological grade and clinical 
stage [25,26]. 

Chemotherapy Agents that Target Tregs and MDSCs
Since the observation by Maguire [27] that CTX could increase 

T-cell responses, numerous studies have suggested that some anticancer 
agents, in addition to their direct cytotoxic effects on tumor cells, can 
promote immunity, resulting in enhanced antitumor responses [28-
31]. Metronomic CTX chemotherapy has been shown to selectively 
reduce the frequency of circulating Tregs with little influence on the 
number of lymphocytes and NK cells [32]. Numerous mechanisms have 
been proposed for CTX-induced immunomodulatory effects including 
inducing a Th2/Th1 shift in cytokine production [33], reducing tumor-
induced suppressor T-cell frequencies [32], a reduction in various 
soluble mediators [34], and an enhanced long-term survival and 
proliferation of lymphocytes [35]. Moreover, CTX has intrinsic “pro-
immunogenic” activities on tumor cells, inducing the apoptosis of a 
variety of tumor types [36]. However, CTX has also been shown to 
transiently increase MDSCs in non-tumor-bearing animals [37], and 
a higher level of MDSCs has been reported in patients with advanced 
cancer who received combination doxorubicin and CTX therapy [26]. 
This increase in MDSCs may be protocol dependent with a resulting 
MDSC decrease when administered using a metronomic protocol [38]. 

Emerging data has demonstrated that lenalidomide has significant 
clinical activity in patients with metastatic CRPC [39], and it has 
shown immunomodulatory activity [40,41] including a reduction in 
the number of immunosuppressive Tregs [42]. Lenalidomide has also 
been shown to modulation of tumor cell microenvironment [43] and to 
inhibit angiogenesis [44]. Thus, treatment with lenalidomide in vivo has 
also been shown to. Little information exists regarding lenalidomide’s 
effect on MDSCs. However, since MDSCs are expanded by tumor-
secreted growth factors, such as Vascular Endothelial Growth Factor 
(VEGF) [44] whose expression is inhibited by lenalidomide that 
could potentially inhibit MDSC recruitment and expansion. Further, 
lenalidomide inhibits inflammation [45] and; therefore, is likely to 
limit MDSC expansion. Consistent with this mechanism of action, a 
recent study demonstrated that lenalidomide administration could 
augment the T-cell response to pneumococcal (PCV) vaccination in 
multiple myeloma patients [46]. 

Rational of Dual Inhibition of MDSCs and Tregs
As Tregs and MDSCs are immunosuppressive, therapeutic strategies 

that reduce these cells may augment host anti-tumor immunity 
to endogenous and exogenous antigens and result in therapeutic 
benefit. However, given the propensity of tumors for multiple and 
varied mechanisms of immune evasion, targeting a single cellular 
mediator may not be sufficient to control tumor growth. To overcome 
this limitation, one possible approach would be to target multiple 
suppressive elements (MDSCs and Tregs), which we posit will improve 
therapeutic activity. Both lenalidomide and CTX have demonstrated 
clinical immunoregulatory and therapeutic activity for patients with 
metastatic prostate cancer. Further, CTX can decrease the proportion 
of Tregs in cancer patients; while lenalidomide can potentially blunt 

the surge of MDSCs from CTX by inhibiting MDSC recruitment and 
expansion through cytokine modulation and down regulation. We are 
currently investigating the therapeutic and immunoregulatory activity 
of this novel combination of metronomic CTX and lenalidomide in 
a phase I/II investigator-initiated study in patients with metastatic 
CRPC who have failed prior docetaxel therapy [47]. The longitudinal 
impact of chemotherapy on the frequency and function of MDSCs and 
Tregs is under analysis, and the potential correlation of these changes 
with treatment outcome will be investigated. It is hoped that this study 
will lead to the development of new biomarkers to monitor biological 
activity of this novel chemotherapy in patients with CRPC.
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