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Although cyclophosphamide was tradi-
tionally regarded as an immunosuppres-
sant, owing to its robust cytotoxicity 
for rapidly proliferating cells (including 
leukocytes), several studies have dem-
onstrated that this drug can also exert 
immunostimulatory properties, which 
can be taken advantage of to enhance 
the efficacy of anticancer immunother-
apy.1 The mechanisms that have been 
proposed to underlie this paradoxical 
phenomenon are related to the ability 
of cyclophosphamide to (1) establish a 
myelo-leukodepleted state, providing 
space for adoptively transferred immune 
effector cells,1 (2) suppress the activity 
of regulatory T cells,1 (3) induce homeo-
static proliferation among B and T cells, 
(4) facilitate tumor infiltration by lym-
phocytes and (5) trigger a cytokine storm 
during the recovery phase that follows 
leukodepletion.2 Studies in mice have 
shown that Type I interferon (IFN) is 
an important mediator of the immuno-
modulatory effects of cyclophosphamide, 
accounting for the expansion of memory 
CD4+ and CD8+ T cells,3 as well as of 
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dendritic cells (DCs).4 Genomic and 
proteomic analyses have demonstrated 
that cyclophosphamide alters the expres-
sion of ~1000 genes in the bone marrow 
and spleen, as well as the levels of a high 
number of cytokines/chemokines in the 
plasma and bone marrow of tumor-bear-
ing mice.5 However, in spite of a multi-
plicity of studies (reviewed in ref. 1), the 
specific mechanisms whereby cyclophos-
phamide exerts so many immunomodu-
latory effects are still matter of debate. 
Moreover, these mechanisms have most 
often been investigated in murine models.

In order to identify the mediators and 
mechanisms through which cyclophos-
phamide potentiate anticancer immune 
responses in humans, we analyzed the 
systemic effects of a single administra-
tion of high-dose cyclophosphamide 
(3–4 g/m2) in patients affected by hema-
tologic malignancies. In particular, 
we analyzed the transcriptional profile 
of peripheral blood mononuclear cells 
(PBMCs) before and at different time 
points (1, 2 and 5 d) after treatment.6 
The transcriptional modulation induced 

by cyclophosphamide turned out to be 
broad (890 distinct genes were differ-
entially expressed), rapid (it manifested 
1–2 d post-treatment) and transient 
(most transcripts altered by cyclophos-
phamide returned to pre-treatment levels 
by day 5).

We then functionally classified the 
genes that were differentially expressed 
in response to cyclophosphamide by gene 
ontology (GO) and pathway analyses. 
Among downregulated genes, the most 
significantly enriched GO biological 
processes terms included “metabolic,” 
“cell cycle,” “ribonucleoprotein complex 
biogenesis” and “biosynthetic” processes, 
as expected for a cytotoxic treatment. 
Remarkably, the most significantly 
enriched biological process among the 
genes that were upregulated by cyclo-
phosphamide was “immune response,” 
along with “response to stress” and “cell 
death.” In addition, upregulated genes 
were associated with the pathways “lyso-
some,” “p53 signaling,” “inflammation 
mediated by chemokine and cytokine 
signaling” and “B cell activation.”

Cyclophosphamide, within well-defined therapeutic regimens, increases the antineoplastic effects of immunotherapy. 
we have recently identified multiple factors and mechanisms that underlie the paradoxical synergy between these two 
treatment modalities. In particular, we found that cyclophosphamide stimulates anticancer immune responses upon the 
perception by the immune system of inflammatory danger signals associated with the death of leukocytes, via p53 and 
type I interferon-related mechanisms.
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Alongside, the administration of high-
dose cyclophosphamide altered the expres-
sion of numerous genes associated with 
stress, cell death, DNA damage repair, 
apoptosis, autophagy and chemotherapy 
resistance, including genes whose prod-
ucts are related to the “p53 signaling path-
way” (CDKN1A, CCND3, BAX, BBC3, 
BID, DDB2, SESN2). Since Type I IFN 
signaling can stimulate p53 responses to 
stress, and vice versa, p53 can activate 
the IFN signal transduction pathway,8 
it is tempting to speculate that p53 and 
Type I IFN might cooperate not only to 
trigger cyclophosphamide-mediated apop-
tosis, but also to potently stimulate innate 
immune cells and promote the secretion of 
pro-inflammatory cytokines, most likely 
via the upregulation of IRF7 and IRF5.

The administration of high-dose cyclo-
phosphamide also increased the circulat-
ing levels of Type I IFN-induced cytokines 
(CXCL10, TNFSF13B) and inflammatory 
mediators (CCL2, IL-8). The latter have 
been shown by others to be secreted in 
response to apoptotic bodies in the course 
of sterile inflammatory responses.9 Of 
interest, cytofluorometric analyses revealed 
that high-dose cyclophosphamide induces 
a state of leukodepletion affecting both 
monocytes and lymphocytes, yet does so in 
a rather selective manner, with specific cell 
subpopulations undergoing differential 
quantitative alterations. Indeed, while we 
found total monocytes to be depleted, we 
observed increased percentages of a specific 
monocyte subset (namely, CD14+CD16+ 
cells) that is characterized by macrophage-
like morphology, robust endocytic activ-
ity, elevated antigen presentation capacity 
and intense secretion of pro-inflammatory 
cytokines.10 Moreover, cyclophosphamide 
appeared to elevate the percentage of 
MARCO- and IL8R-expressing mono-
cytes as that of MARCO-expressing circu-
lating DCs, while increasing the expression 
levels of HLA-DR on both these types of 
antigen-presenting cells (APCs). Of note, 
following the administration of high-
dose cyclophosphamide, along with the 
expected lymphodepletion, we observed 
the expansion of lymphocytes expressing 
the activation marker CD69, the co-stim-
ulatory molecule OX40 and IL8R.

In conclusion, our findings suggest 
that the cyclophosphamide-induced death 

superfamily, such as TNFRSF1A (best 
known as TNFR1), which triggers either 
inflammation or apoptosis upon TNFα 
binding, TNFSF13B (BAFF), which 
plays a critical role in B-cell expansion/
migration, and TNFRSF4 (OX40), which 
is important for antigen-specific T-cell 
expansion/survival, were upregulated. 
Of note, several among cyclophospha-
mide-induced genes (OAS1, CXCL10, 
TNFSF13B, IFITM2, IFI6, IRF5, IRF7, 
STAT2, UBE2L6, UNC93B1, ISG20L1, 
TYK2) are known to be transactivated in 
response to Type I IFN, and are indica-
tive of a Type I IFN signature in different 
settings.7

“Immune response”-related transcripts 
included many coding for scavenger 
receptors (CD68, MARCO, CD163L1 
SCARB2) and C1R, encoding a compo-
nent of the supramolecular complex C1, 
which is involved in the recognition of 
stressed and dying cells. Along similar 
lines, the levels of transcripts coding for 
factors implicated in antigen processing 
and presentation (CIITA, CD68, CTSC, 
CTSL1, CTSZ, GLA, GAA, TPP1, 
NEU1, SLC11A, LAMP-2) or receptors 
for inflammatory and anti-inflammatory 
cytokines (IL8R, IL10R, IL17R) were 
increased. Also genes encoding recep-
tors of the tumor necrosis factor (TNF) 

Figure 1. Sterile inflammatory response induced by cyclophosphamide. the administration of 
cyclophosphamide results in the death of highly proliferating cells (including lymphocytes and 
monocytes) along with the activation of the p53 signaling pathway and type I interferon (IFN)-
regulated genes, favoring the elicitation of the innate immune responses. Dead cells indeed emit 
danger-associated molecular patterns (DAMPs) that can be recognized by pattern recognition 
receptors on antigen presenting cells, such monocytes and dendritic cells (DCs). these DAMPs 
generally stimulate the phagocytosis of apoptotic corpses, exacerbate antigen presentation and 
promote the secretion of pro-inflammatory cytokines, leading to the homeostatic proliferation 
and activation of t cells.
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of leukocytes is perceived by surround-
ing cells as a danger signal and promote 
the establishment of a systemic sterile 
inflammatory response characterized by 
increased concentrations of pro-inflam-
matory cytokines and the expansion of 

activated APCs and lymphocytes (Fig. 1). 
Such a sterile inflammatory response may 
engender an immunogenic milieu that 
boosts the efficacy immunotherapeu-
tic interventions. Furthermore, our data 
point to a critical role for Type I IFN and 

p53 in the regulation of cyclophospha-
mide-induced sterile inflammation.
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