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ABSTRACT

resistance and sensitivity to the GM-CSF effect.

A primary focus of cancer therapeutics today is precision, or target directed, therapy. Combination treatment with
precision therapy can involve both immune and signal pathway targets. One approach involving the chemokine GM-
CSF involves enhancement of the immune system. Herein is a review of the literature and the current therapeutic
role of GM-CSF, including the proposed immune mechanisms and potential applications of GM-CSF to enhance
anticancer immunotherapy. GM-CSF’s potent effects on dendritic cell activation and subsequent stimulation of
T-lymphocyte activity make it an attractive potential addition to combination therapeutic regimens, including
radiation therapy, oncolytic viral therapy, immune checkpoint inhibition, and autologous tumor vaccines, and
warrants further clinical exploration, with an emphasis on identifying concomitant molecular pathways that mediate
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INTRODUCTION

Cancer therapeutics have rapidly expanded and presently include
viruses, plasmids, and targeted cell therapeutics. More recently,
cancer biologists have also turned to agents that target relevant
molecular signals and immune response pathways which are
enabling strategic combination opportunities. While the immune
response to neoplasm is a physiologic process occurring daily,
escape mechanisms can develop allowing for cancer proliferation.

To combat these mechanisms, several immune therapies have
recently been developed and FDA approved as indicated therapy;
these include several checkpoint inhibitors, which prevent blockade
of the immune regulatory cells; Chimeric Antigen Receptor T-cell
(CAR-T) therapies, which increase antigen targeting T cells; cell
therapeutics activated by granulocyte-monocyte colony stimulating
factor (GM-SCF); and prostatic acid phosphatase (PAP) and viral
oncolytic therapeutics enhanced by GM-CSF expressing plasmid [1-
6]. Uses of immune stimulatory cytokines are an attractive direction
for continued and expanded development in tumor research [7].

One cytokine established in current therapeutic use is Granulocyte-
Monocyte Colony Stimulating Factor (GM-CSF). GM-CSF
has primarily been studied as a hematopoietic growth factor,
particularly enhancing the proliferation and differentiation of
the precursors cells within the myeloid lineage [8]. In fact, this
function has been utilized for years to enhance patient recovery

following depletion of bone marrow cells, which is performed
in preparation for a bone marrow transplant [9]. Recombinant
human (RH) GM-CSF (sargramostim) was registered as indicated
therapy by FDA for neutrophil recovery in patients with NLL, ALL,
Hodgkin and non-Hodgkin lymphoma in March of 1991 [10]. In
addition, GM-CSF use was also FDA approved as a component
of sipuleucelT. Sipuleucel-T is a therapeutic cancer vaccine that
administers autologous Peripheral-Blood Mononuclear Cells
(PBMC:s) including Antigen Presenting Cells (APCs) that have
been activated ex vivo with GM-CSF fused to prostate antigen and
Prostatic Acid Phosphate (PAP). In the case of sipuleucel-T, the
activated PBMCs have the capability to induce immune responses
against PAP and inhibit cell proliferation signals with the aid of
GM-CSF [11-15].

Recent data has revealed that GM-CSF not only acts as a
hematopoietic growth factor, but also performs a significant role
in immune modulation. One such mechanism includes assisting
the immune system with recognizing cancer cell neoantigens,
thereby mounting an effective immune response. In this role, not
only does GM-CSF engage in proliferation and stimulation of the
myeloid lineage [16-18], but also in the recruitment and activation
of dendritic cells [19], the expression of Major Histocompatibility
Complexes (MHC), the activation of T-cells [16,17] and the
facilitation of immune response to cancer neoantigens [20]. As a
result, GM-CSF can be an attractive addition to cancer therapeutic
development.
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METHODS
GM-CSF molecular pathway

GM-CSF activates several pathways responsible for proliferation
of hematopoietic cells and modulation of the immune system,
including neutrophil and monocyte activation (Figure 1).
Functional activity is initiated by GM-CSF binding to an alpha
subunit receptor (GM-CSFRa), responsible for signal activation,
and beta subunit (GM-CSFRP), responsible for signal transduction.
After binding, protein synthesis and tyrosine phosphorylation
cascades are engaged [21,22]. Affected pathways include NFkB,
Jak2/Stat5, PI3K-Akt, and ERK1/2, all of which contribute to cell

differentiation via transcription of gene products [16-18].
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GM-CSF has been shown to activate nuclear factor kappa-light-
chain-enhancer of activated B cells (NFkB), a protein complex
that contributes to the inflammatory response [23]. Ordinarily,
NF«B is bound by the IkB kinase complex in the inactivate state.
When IkB is phosphorylated, it releases NFkB and is degraded in
the proteasome. Subsequently, free NFkB may translocate to the
nucleus to stimulate transcription of immune and inflammatory
cytokines [24]. GM-CSF’s interaction with GM-CSFR is required
for this release. The a- and B-chains of GM-CSFR interact with
IkB kinase beta (IkKP), which is one of three components that
make up the IkB kinase complex. In the presence of GM-CSF,
the GM-CSFRa chain interacts with IkKp, resulting in the release
of NFkB [25]. Once NFxB is activated, multiple sequential
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Figure 1: Molecular signaling pathways for GM-CSF. GM-CSF activates NFkB via its inhibition
of IkKB and activates the RAS/ERK pathway. These two pathways promote proliferation and
inflammatory signaling. Via activation of Jak2, GM-CSF promotes cell survival and additional

inflammation.

downstream effects occur, including the activation, proliferation,

and differentiation of T- and B-cells [26].

Beyond its role with NFkB, GM-CSF also initiates the Janus Kinase
(JAK) and Signal Transduce and Activation of Transcription
(STAT) pathway [22]. STAT proteins then translocate to the
nucleus to modify gene transcription, including Bcl2, an important
gene in regulating apoptosis [27]. Physiologically, the JAK/STAT
pathway is involved in multiple signaling mechanisms responsible
for activating cytokines, growth factors, cell proliferation, and
differentiation. These events are essential for hematopoiesis and
immune development [28]. In addition, JAK/STAT is involved
in MHC expression [29]. IFN-y is important in inducing MHC 11
molecules in nucleated cells through JAK/STAT signaling which
further contribute to the immune response [30].

Finally, JAK2 phosphorylation also activates PI3K and ERK1/2
along with the MEK/ERK pathway [31]. These two pathways
work in concert with the aforementioned pathways. Cell survival
is dependent on PI3K and JAK/STAT5-Bcl2 signaling, while cell
proliferation occurs with NFkB and MEK/ERK1/2 signaling. In
conclusion, GM-CSF controls differentiation and survival of key
immune effector cells, including macrophages, granulocytes and
eosinophils through involvement and interaction with NFxB and

JAK2 [16-18].
GM-CSF in cancer

GM-CSF is commonly found within the tumor microenvironment

[32,33]. Expression of GM-CSF has been linked to both tumor
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proliferation and tumor inhibitory activity [16-18,33]. The effects
of GM-CSF (whether pro- or anti-tumor) may be dependent upon
the type of tumor. In colorectal cancer, an elevation of serum GM-
CSF correlated with a better prognostic outcome. In fact, colorectal
cancer cells that produced GM-CSF were more often diagnosed at
a lower tumor stage, and these patients had a prolonged survival
rate compared to those cells which did not produce GM-CSF [34].
In contrast, patients with glioblastoma multiforme experienced
a poorer prognosis and worse tumor grade with increased levels
of GM-CSF and GM-CSEFR [35]. Similarly, elevated GM-CSF was
also associated with a poorer prognosis in squamous cell carcinoma
of the head and neck [18]. The mechanism to explain differential
effects is not well understood but is likely dependent on proteins
and other cytokines in the tumor microenvironment that interact

with GM-CSF to mediate tumor genesis or inhibit tumor growth
[20].

Effects on immune cells

Stimulation of myeloid lineage: GM-CSF is a major growth factor
in myeloid stem cell differentiation to granulocyte and macrophage
progenitor cells [36-40]. Lung epithelial cells, uterine cells, vascular
endothelial cells, hematopoietic stem cells and fibroblasts also all
express GM-CSFRa, which mediates additional response to GM-
CSF. Similarly, monocytes, macrophages, neutrophils, eosinophils,
basophils, and dendritic cells express a cognate receptor for GM-
CSF. In contrast, lymphoid cells do not express GM-CSFRa,
including T-cells, NK cells, and B-cells (CD19+). Consequently,
GM-CSF’s direct effects are generally limited to the myeloid lineage
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rather than the lymphoid lineage under normal conditions [41].
However, studies have shown that hematopoietic malignancies may
express GM-CSFRa, which represents a direct interaction between
GM-CSF and lymphoid cells [16,41]. Other studies have also shown
that malignancies, such as hairy-cell leukemia, breast cancer, lung
cancer, and B cell malignancy, may express GM-CSFRa, which may
represent a direct interaction between GM-CSF and lymphoid cells
in the tumor microenvironment [16,41,42].

Information regarding the peripheral mechanism of GM-CSF
can be gleaned from studies of inflammatory conditions such as
Rheumatoid Arthritis (RA). One study compared twice monthly
administration of mavrilimumab, an anti-GM-CSFRa antibody,
versus placebo in 305 patients with RA. Researchers then
compared serum biomarkers and whole blood gene expression
profiles between the groups. In patients receiving the antibody,
there was decreased expression of myeloid cells and reduced T
cell activation [43]. Mavrilimumab was also associated with a
therapeutic response, underscoring GM-CSF’s proinflammatory
activity [44]. Another study examined an injectable, DNA-encoded
GM-CSF in order to understand its impact on monocyte derived
Langerhans Cells (LCs). Following injection into the skin of mice,
researchers found increased density of LCs at the inoculation site,
indicating proliferation of monocytes in the presence of GM-CSF
[45]. Thus, GM-CSF stimulates the myeloid lineage both within the
bone marrow and more peripherally, as evidenced by the LC study.

Differentiation of Dendritic Cells (DCs) from monocytes: It
is well established that GM-CSF promotes differentiation of
monocytes into Dendritic Cells (DCs) under both inflammatory
and steady-state conditions [17,46-48]. DCs express CD1lc and
MHCHII, whereas macrophages do not [49]. Although more recent
data suggests that the two monocyte derivatives are more similar
than previously thought (macrophages may also express MHC-II),
DCs alone express CD11c, CD80, and CD86, which are important
costimulatory molecules expressed by APCs to activate T-cells [50].
This indicates that GM-CSF can promote a class of phagocytic cells
that can present antigens to T-cells, thereby enhancing an anti-
tumor response [51].

The common dendritic Cell Precursor Cell (CDP) may differentiate
into three major DC subsets: migratory, Lymphoid-Resident
(LR), and plasmacytoid (pDC) [51,52]. Each subset differs in its
response to GM-CSF. First, differentiation of migratory DCs
requires GM-CSF. Conversely, LR DCs rely very little on GM-CSF
for differentiation. The plasmacytoid subgroup’s response to GM-
CSF is dependent upon its stage of differentiation. It appears that
the pDC lineage is inhibited by GM-CSF stimulation of the CDP;
however, terminal differentiation of pDC precursors to pDCs
is likely enhanced by DCs [17]. Clinical research supports these
findings; a GM-CSF vaccine was shown to exhibit enhanced anti-
tumor immunity through CD8a-, CD1lc+ DC expression [53].
This subset of DCs are categorized as migratory dendritic cells and
correlate with tumor cell phagocytosis and anti-tumor immunity
through the expression of costimulatory molecules [21,54,55].
Therefore, GM-CSF promotes both the general DC lineage along
with the most highly anti-tumor subset of DCs.

Recruitment of Dendritic Cells (DCs): While the mechanism
by which GM-CSF recruits DCs is still under investigation, the
current hypothesis proposes that GM-CSF causes the release of
chemoattractant to recruit DCs, including C-C motif chemokine
ligand 2 (CCL22). To this point, a study analyzed GM-CSF’s role in

murine colon specimens that had been infected with C. rodentium.

In the event of an infection, increased levels of chemokine CCL22
were noted along with DCs localized to the lamina propria of the
GI mucosa. However, in GM-CSF-/- mice, there was no increase
in DC infiltration, nor an increase in CCL22. Expectedly, the
GM-CSF-/- mice had increased bacterial burden of C. rodentium.
Interestingly, administering GM-CSF to the GM-CSF./- mice
reversed the deficient DC response [19].

Notably, GM-CSF’s chemokine up regulation was specific to the
chemokine CCL22; in contrast, chemokine CCL8 was expressed
in similar levels by wild type and GM-CSF-/- mice infected with
C. rodentium. To further explore CCL22’s role in DC recruitment,
wild type mice were injected with anti-CCL22 antibody or control
IgG. After two weeks, the anti-CCL22 group showed a significant
increase in bacterial colonization compared to the control IgG
group, despite the fact that both had functional GM-CSF. These
results highlight GM-CSF’s role in DC recruitment, which is likely
mediated by chemokines including CCL22 [19].

Other studies highlight additional chemokines induced by GM-
CSF. Particularly, researchers administered anti-GM-CSF antibody
to a murine Clostridium difficile model and found decreased levels
of TNF-a, IL-1B, iNOS, CXCLI1, and CXCL2, but no changes in
CCL2, CCL4, CXCL9, or CXCL10. CCL22 was not analyzed
in this study [56]. Another study examining GM-CSF in bone
marrow found increased levels of CCL1, but not CCL5, upon
administration of GM-CSF to murine bone marrow macrophages
[57]. Dendritic cells express receptors complementary to several of
these chemokine ligands, further emphasizing the importance of

GM-CSF chemokine induction in DC migration [19,58].

Beyond attracting DCs to the site of an infection, there is evidence
that GM-CSF recruits DCs to draining lymph nodes [21]. In a study
of anti-cytotoxic T-lymphocyte-associated protein 4 (anti-CTLA4)
cancer antibodies, co-administration of GM-CSF increased DC
density in the draining lymph node, thereby increase the exposure
of cancer antigens to T cells in the paracortex, as well as in the
spleen, leading to an increased tumor-specific T-cell response [59].
Similarly, the aforementioned study involving DNA-encoded GM-
CSF injections into mice found increased recruitment of DCs to
draining lymph nodes, as the cells more than doubled in GM-
CSF injected murine models when compared to models without
treatment [45].

Finally, a study of tuberculosis observed the effects of differential
expression of GM-CS in target organs. In their study, mice were
engineered to overexpress GM-CSF in the lungs with knock-out
of GM-CSF in other organs. They noted adequate recruitment of
both T-cells and macrophages to the site of infection (lungs) along
with production of IFN-y and TNF-q, but impaired long-term
granulomatous response at 60-90 days, resulting in murine demise.
They attribute these findings to adequate production of certain
chemokines such as RANTES alongside deficient expression
of lymphotactin and MIP-1 B [60]. Therefore, GM-CSF’s role in
chemokine induction may be dependent on distribution of GM-
CSF through target organs.

Activation of Dendritic Cells (DCs) and enhanced expression of
Major Histocompatibility Complexes (MHC): The mechanism
by which GM-CSF activates DCs can be elucidated through
study of known GM-CSF-mediated inflammation and host-
defense pathways. Broadly, GM-CSF induces phagocytosis at the
site of inflammation as a form of protection against pathogens
[61,62]. However, the type of pathogen dictates the class of
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phagocyte utilized, which may include monocytes, macrophages,
granulocytes, and DCs [49,63,64]. Of particular interest, DCs
are monocyte-derived cells that can be programmed by GM-CSF
[65]. Upon activation of DCs, GM-CSF promotes up regulation of
genes for inflammasome function, chemotaxis, and phagocytosis.
A potential outcome is induction of inflammatory cell death
via pyroptosis, which is activated by the inflammasome [49,64].
Pyroptosis is Caspase 1-dependent programmed cell death, which is
characterized by the induction of inflammatory cytokines including
IL-1B and IL-18, along with rapid cell death by plasma membrane
rupture and release of proinflammatory cytosolic material [66].

GM-CSF promotes this manner of cell death [49,64].

GM-CSF also plays an important role in the expression of MHC by
DCs. A murine study found that GM-CSF alone or in combination
with interleukin-4 (IL-4) both elicited an increase in MHC class 11
(MHCII) expression on DCs [67]. A similar study corroborates the
finding that GM-CSF alone leads to extensive MHC-II expression
and proliferation of DCs in liver-derived murine cells [68].
Alternatively, GM-CSF can increase basophil expression of MHC-
I1. Basophils normally do not express MHC-II, but when GM-CSF
is combined with various cytokines (i.e. combination with IFNYy),
MHCHII expression has been demonstrated in basophils [69].

Others have also demonstrated GM-CSF induced an increase in
mRNA levels of class II Trans activator (CIITA), a crucial regulator
of MHCHI expression in human derived monocytes. GM-CSF
specifically increased expression of CIITA types I and III, which
resulted in an increase of both total protein and RNA of MHC-
II molecules. IFN-y, however, increased CIITA types III and IV.
Since GM-CSF and IFN-y both increased CIITA type III, this
molecule may be amplified in co-expression of GM-CSF and IFN-y,
perhaps explaining the significant increase in MHC-II expression
in the study by Voskamp et al. with combination GM-CSF and
IFNYy compared to when GM-CSF and IFN-y were administered
separately (69,70].

In contrast to the evidence linking GM-CSF to MHC-II expression,
there is limited data to demonstrate GM-CSF’s effect on expression
of MHC class I (MHC class II) molecules. In a pre-clinical study,
GM-CSF increased the levels of MHC-I molecules and boosted the
anti-tumor immune response, though the study does not describe
the mechanism behind this effect [71]. In another study investigating
GM-CSF’s relationship with MHC, it is suggested that GM-CSF
expression results in low levels of the class I molecules by regulating
the invariant chain (li) in myelomonocytic cells in the absence of
MHCHI molecules. The i has a strong association with class 11
molecules through its interaction with the class II peptide-binding
groove. It is inferred that this same Ii portion can bind to the class
I peptide binding groove. However, li has a much greater affinity
for MHC-II than MHC; therefore, in normal conditions GM-CSF
yields low levels of MHC relative to MHC-I1 [72]. The relationship
between GM-CSF and MHC is further described by clinical trials
employing GM-CSF and subsequently noting increases in MHC-I
and/or MHCIL. Some of these therapeutics are discussed later in
this review.

Effects on Tcells: While GM-CSF is frequently secreted by T-cells to
activate neutrophils, macrophages, eosinophils, and basophils [73],
GM-CSF has been shown to indirectly cause proliferation of CD4+
and CD8+ T-lymphocytes [74]. Following expansion of macrophage
and dendritic cell lineages with GM-CSF, these immune cells
subsequently serve as Antigen Presenting Cells (APC) supporting
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an antigen-induced immune response capacity [67]. Further, GM-
CSF increases the frequency of CD4+ and CD25+ T cells (the
regulatory-cell subset), which is correlated to high density of MHC-
II and B7 (CD80) on DCs [21,67]. Although this study suggests
promotion of a T regulatory subtype, it also highlights enhanced
expression of costimulatory molecules and MHC, which feeds back
to enhance T-cell function.

Furthermore, GM-CSF modulates differentiation of helper T cell
subtypes: Tcell helper subtype 1 and 2 (Th1 and Th2). Mice lacking
GM-CSF died upon exposure to Mycobacterium tuberculosis due
to the inability to produce a Thl response [21,60]. In another
study, an HIV-1 vaccine containing gp120 and GM-CSF elicited a
seven-fold increase in [FN-y, implying a greater Th1 response [75].
Although, it was also shown that the GM-CSF Th 1-specific response
enhanced by IFN-y subsequently exacerbated autoimmune
disorders such as multiple sclerosis [73,76]. G250-GM-CSF fusion
gene is an experimental cancer therapeutic that has been tested
and also demonstrated significant Th1 and Th2 response related to
the GM-CSF component in support of anti-cancer activity. G250
is a widely expressed renal cell associated antigen and immune
response with elevation in CD3 and CD4 cell populates along with
activation of immunomodulating dendritic cells against renal cell
cancer was demonstrated [77].

study involving DNA-encoded GM-

CSF injections into mice found improved activation of T-cells

The aforementioned

versus poorly immunogenic tumor antigens, including peptide
immunization of skin sites with mutant p53. In contrast, control
cells did not mount any detectable T-cell response versus this
peptide. Finally, this study also found more rapid and robust
expression of antibodies in the GM-CSF injected mice following
immunization with a common melanoma DNA segment encoding
a tyrosinase, indicating a potential role for Blymphocytes [45].

GM:-CSF anticancer clinical applications and trials

Several novel therapeutics are in development to integrate GM-
CSF in the treatment of cancer. These therapeutics utilize a wide
breadth of delivery vehicles, including plasmid DNA, oncolytic
viruses expressing GM-CSF, and recombinant GM-CSF. The hope
is that by integrating GM-CSF into treatment regimens, existing
immune treatments can be enhanced to more effectively control
cancer and to induce durable periods of remission. As detailed in
this review, GM-CSF interacts with multiple immune modalities,
including Dendritic Cells (DCs), helper T cells, and cytotoxic T
cells. Through enhancement of their individual and collective
functions, GM-CSF enhances the body’s anticancer immune
activity, which makes it an attractive mechanism to target tumor
cells.

Previous clinical studies have shown enhanced anti-tumor responses
with the use of GM-CSF as a therapeutic. Systemic therapy with
recombinant GM-CSF was associated with an increase in Prostate-
Specific Antigen (PSA) specific CD4+ T cell and CD8+ T cell
precursors among treated prostate cancer patients. In metastatic
prostate
was developed as a therapeutic vaccine consisting of autologous
Peripheral-Blood Mononuclear Cells (PBMCs) with activation by
PA2024 recombinant fusion protein of a prostate antigen fused
with GM-CSF [11-15]. In a multicenter phase III trial, 341 patients
received sipuleucel T and 171 received placebo treatment of cells

castration-resistant cancer specifically, sipuleucel-T

expressing costimulatory CD54 molecule, and all patients enrolled
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in the study received previous combined androgen blockade
therapy. The results show a significant improvement in overall
survival where treatment group was 25.8 months and control
group was 21.7 months. For 3-year survival, 31.7% for treatment
group was compared with 23% for placebo. In addition, the
survival improved across subgroups, such as increased PSA level
[78]. This study further emphasizes the capability of GM-CSF to
activate T cells and associated cytokines for cancer therapy, and
sipuleucel-T was approved by the FDA in 2010 with the observed
beneficial outcomes [15].

GM-CSF protein has also been tested as a therapeutic for advanced
melanoma. A phase III trial administered adjuvant GM-CSF
(sargramostim) peptide vaccine on days 1 through 14 on 28 days
cycles for a total of 13 cycles of treatment or placebo peptide
vaccine to completely resected stage IV or high-risk stage III
melanoma patients after IFN-a-2b therapy. Median overall survival
between treatment and placebo appeared improved (69.6 vs. 59.3
months, respectively), but was not statistically significant. However,
there was no difference in adverse events between treatment and
placebo, indicating GM-CSF treatment can be safely administered.
Although insufficient evidence of anticancer activity related to
GM-CSF protein was observed in one trial, it was concluded that
a different subset of melanoma patients with resected visceral
melanoma metastases could benefit from GM-CSF therapy. In
addition, GM-CSF could be combined with other therapies to
provide a statistically significant response [79].

GM-CSF in combination with radiation: GM-CSF can be
considered as an experimental adjuvant to radiation therapy.
Radiation therapy can yield a systemic response outside of the
targeted area through the immune system (abscopal effect) [80].
Abscopal response refers to the phenomenon in which systemic
chemotherapy is enhanced following local irradiation of a tumor.
It is suspected to be due to release of tumor antigens from dying
irradiated cells, which spur an improved immune response to
distant cancer sites [81,82]. Promising results have been exhibited
in a study observing abscopal responses for metastatic solid tumors.
In one study, 11 out of 41 patients presented with a positive abscopal
response after treatment with radiation and GM-CSF, the overall
survival improved from 8.33 to 20.98 months (95% CI 14.2 to
42.9) [83]. Further clinical trials of radiation therapy supplemented
with GM-CSF are ongoing [84].

GM-CSF Vaccine (GVAX): GVAX involves a tumor cell transfection
of GMSCF plasmid to stimulate anticancer immune response
[85,86]. This immunotherapy has shown promising results as a
cancer therapeutic in pre-clinical and clinical studies involving
various types of cancer [87-89].

Promising results of immune activation have been extensively
demonstrated with GVAX in vitro and in vivo [85,86,90,91]. In
one clinical study, GVAX was used for 20 patients with stage IIB-
IV melanoma, and increase in serum GM-CSF levels along with
an increased immune response and decreased levels of myeloid-
derived suppressor cells was observed [92]. In another phase I study
of glioblastoma patients, GVAX was administered to 10 patients
and demonstrated enhanced immune responses with significantly
increased expression of CTLA-4, PD-1, 4-1BB, and OX40 by CD4+
cells and PD-1 and 4-1BB by CD8+ T cells [93].

GVAX was also sequentially administered to prostate cancer
patients for four treatment cycles as adjuvant therapy after docetaxel
at an initial dose of 5 x 108 cells followed by 3 x 108 cells for three
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more doses followed by an additional 6 doses of GVAX post radical
prostatectomy in 5 patients. The results showed a median drop
of 1.47 ng/ml for PSA. All five patients completing treatment
had undetectable PSA levels 3 years after radical prostatectomy.
It is also important to note that no grade 3 or 4 adverse effects
were noted in any of the patients [94]. Following these promising
results, two phase I1I clinical trials were initiated in prostate cancer,
VITAL-1 and VITAL-2. These trials were designed to investigate
GVAX compared to standard of care chemotherapy. The VITAL-1
study randomized castration resistant prostate cancer patients to
receive GVAX or docetaxel, was terminated early when analysis
showed no therapeutic benefit. However, subset analysis showed
that patients with a projected survival >18 months have a hazard
ratio of 0.90 (95% CI:0.61-1.33) meaning that immunotherapy
could improve outcomes compared to chemotherapy alone. In
terms of safety concerns, this study reported grade 3, 4, or 5 adverse
events at a rate of 25% and majority of the deaths were attributed
to pancreatic cancer progression. Neutropenia was noted to be the
most common grade 3-5 adverse event with 42 out of 278 (15%)
in the chemotherapy group, and the total number of grade 3-5
adverse events were reported at a higher rate in chemotherapy at
16.9% than for immunotherapy at 4.2%. The most common grade
3.5 adverse event for immunotherapy was fatigue in 7 out of 307
(29%), meaning that adverse events could still occur with GM-CSF
therapy, but death related to serious adverse events was unlikely

due to the treatment of GM-CSF [95,96].

GVAX has also been tested in other solid tumors including
NSCLC. In 43 patients with early stage or advanced NSCLC, 3
exhibited a complete response, with two remaining without disease
after 5 years demonstrating a durable response [97]. A subsequent
trial which enrolled 83 patients showed similar results, with 3
patients achieving a durable complete response [98]. While these
results were promising, following the results of the VITAL-1 and -2
trials, no phase III trials were developed.

A bystander GVAX vaccine has also been explored to potentially
expand GVAX activity. A phase I trial evaluating safety of the
vaccine demonstrated common adverse local effects including
erythema, swelling and pruritis in a majority of the patients, with
limited grade 3 or 4 adverse events. The study did not show a
partial or complete tumor response in the 49 treated patients, so
combination studies with other agents were recommended [85].
Further research involving GM-CSF based vaccines is ongoing [99].

Oncolytic viruses employing GM-CSF: Another manner in which
GM-CSF has been employed in anticancer immunity is through the
use of oncolytic viruses [100]. The mechanism behind oncolytic
viruses attacking cancer cells is two-fold. First, viruses infect cancer
cells; this step has been particularly studied in melanoma,
colorectal carcinoma, metastatic pancreatic carcinoma, and
multiple myeloma. Cancer cells have defective IFN-y response and
are subsequently more likely to accept viral material in the
intracellular compartment [100]. In this way, viruses such as the
herpesvirus, adenovirus and vaccinia virus can enact lytic processes
within tumor cells, slowing the growth of the overall cancer through
cell death [101-103]. Second, as viruses are taken into these cells,
the infection may create an “inflammatory storm” in the tumor
microenvironment, attracting both an innate and adaptive immune
response to the cancer cells [104]. Because cytotoxic CD8+ T-cells
must lyse the host cell of a virus to clear the perceived threat, the
cancer cell itself is destroyed immunologically [104]. Concurrent

with the inflammatory storm, many cytokines are released in the
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tumor microenvironment to attract the immune response. GM-CSF
in particular enhances the stimulation of neutrophils, dendritic
cells, eosinophils, basophils and macrophages to enhance both
the innate and adaptive immune response [104]. Therapeutically,
this effect may be enhanced with viral gene manipulation, through
which a gene encoding the expression of GM-CSF is incorporated
into the viral genome prior to its injection into the tumor site [104].
The addition of GM-CSF to multiple oncolytic viral vehicles, such
as the herpesvirus, adenovirus, and vaccinia virus have shown the
ability to trigger a significant clinical antitumor immune response
compared to non-transfected oncolytic viruses [101-104].

In one particular study, the anti-tumor effects of the herpes virus
strain NV 1034, which expressed GM-CSF, were compared to NV
1023, which did not express GM-CSF [101]. The NV 1034 strain
displayed a significantly greater antitumor reaction than the NV
1023 strain in mice. Importantly, these two strains did not perform
significantly differently in mice that were depleted of CD4+ and
CD8+ Tecells, underscoring the proposed mechanism that GM-
CSF enhances immune effector activity versus cancer [101].

A second study conjugated the GM-CSF gene with a cancer-specific
E2F promoter region to create GM-E2F, which was incorporated
into an adenoviral genome [102]. E2F is a transcription factor that
regulates the progression from G1 to S of the cell cycle. Many cancers
up regulate E2F, particularly tumors with mutant Retinoblastoma
(Rb), which tightly regulates E2F to prevent aberrant progression
through the cell cycle [105]. In oncolytic viruses, E2ZF promoter
regions have been incorporated to increase specificity for cancer
cells rather than healthy cells. Mechanistically, if the promoter is
activated by a protein specific to the cancer, then the protein (in
this case, GM-CSF) should be expressed more highly in malignant
versus normal cells [106].

In the study employing GM-E2F, GM-CSF was found to be
efficacious in producing antitumor effects, consistent with prior
studies. Additionally, the GM-E2F oncolytic virus was more
effective than the E2F oncolytic virus alone in mice, even if the
mice were immunodeficient. Lastly, the tumors treated GM-E2F
were found to have eosinophilic infiltrate into the tumor, while
EF2-treated tumors were not, demonstrating that GM-CSF may
actually alter the composition of the immune response rather than
just enhancing it [102].

Finally, a third study incorporated GM-CSF into the Guang 9
(VG9) strain of vaccinia viruses [103]. This too produced a strong
tumoricidal response in a mice melanoma model, with notable
inhibition of tumor growth, prolonged-survival and a cytotoxic
response. The immune response was measured wvia antibodies
against the tumor, which continued to increase 21 days following
injection with the GM-CSF strain; levels declined after 21 days in
the non-GM-CSF strain [103].

Taken together, these studies evaluated various effects of GM-CSF
when combined with a myriad of viruses. In sum, GM-CSF appears
to play a vital role in the immunogenic response to oncolytic viruses
and significantly enhance the treatment’s effects.

One major obstacle to the use of oncolytic viruses is induction of
neutralizing antibody as early as 3-4 weeks after first dose thereby
limiting prolonged anticancer activity. This is especially true if the
vector is a common virus, in which case the patient’s body has
likely developed immune memory [107]. Therefore, several steps
must be taken initially in order to prevent the immune system from
neutralizing the virus. The most straightforward of these initial
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steps is to inject the oncolytic virus directly into the tumor, which
is a common route of administration of oncolytic viruses [104,107].
However, this is not feasible in all metastatic or systemic cancers

[100,104].

Another option, therefore, includes combining oncolytic virus
treatment with chemotherapy. In this way, one can initially suppress
the immune response via chemotherapeutic agents, which would
allow the virus to infect vulnerable cancer cells and begin the lytic
process. Once the immune system recovers from chemotherapy, it
can then attack the infected cells [100,107]. The recovery of the
immune system in this phase may be accelerated by incorporating
cytokines, including GM-CSF.

A third option is injection of the virus into the patient with a
protective coat [100,107]. The virus would then be protected
extracellularly from the immune response, preventing
neutralization. Examples of these coats include liposomes and a

polyvalent diazonium polymer [100,107].

A final option is the “Trojan horse” mechanism, whereby
immune cells (usually cytotoxic T-cells, but also natural killer cells,
monocytes, dendritic cells or endothelial cells) are removed from
the body and infected with the oncolytic virus [100,107]. These
cells are then injected back into the patient and the virus is safely
hidden within the host cells from an immune reaction [100,107].
When these cells respond to tumor antigens, the virus becomes
free to infect cancer cells, express GM-CSF and spur an immune
response to the cancer. In short, the antitumor effects of oncolytic
viruses can be greatly enhanced by the addition of GM-CSF into
the viral genome. At the same time, steps must be taken to ensure
that these viruses reach cancer cells before being destroyed by the
immune system too early.

Clinical trials employing GM-CSF as a cancer therapeutic:

OncoVEXGM-CSF, also known as Talimogene Laherparepvec
(T-VEQ) is an oncolytic virus derived from human Herpes Simplex
Virus 1 (HSV-1) with insertion of the GM-CSF gene. T-VEC was the
first oncolytic virus therapy to receive FDA approval for significant
clinical benefit and safe administration in advanced melanoma
patients in 2015 [11]. In a phase II trial for metastatic melanoma
patients, T-VEC was given to 50 patients who previously did not
respond to standard therapy of dacarbazine/temozolomide or ILD-
2. Thirteen patients (26%) reported complete or partial response
after a median follow up of 18 months. In addition, overall survival
was 58% (T-VEC) versus 40% (control) for patients with stage IV
disease at one year, which justified initiation of a phase III trial
[4]. The OPTiM trial involved 436 patients, 295 received T-VEC
and 141 received subcutaneous recombinant GM-CSF. Median
overall survival was 23.3 months (95% CI:19.5-19.6) for T-VEC
and 18.9 months (95% CI: 16.0-23.7) (HR: 0.79; 95% CI, 0.62-
1.00; p=0.0494) for control. The Objective Response Rate (ORR)
consisting of complete and partial responses was 31.5% (95%
Cl:26.3-37.2) for TVEC and 6.4% (95% CI: 3.0-11.8) for control.
T-VEC significantly demonstrated improved responses over GM-
CSF alone (p<0.0001) [12].

Vigil; autologous tumor vaccine+rhGM-CSF ¢DNA and bi-

shRNAfurin: Vigil is an autologous tumor cell vaccine constructed
from fresh autologous tumor tissue and transfected ex vivo with
a multigenic plasmid encoding a GM-CSF DNA expressive unit
and a bifunctional short hairpin RNA (bi-shRNAfurin), whose
mechanism is to suppress furin and the downstream expression of

TGFB1 and TGFP2 [108]. Furin is a protease that cleaves TGF
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proprotein into its active TGFB1l and TGFB2 derivatives. By
blocking the translation of furin, Vigil minimizes the downstream
immunosuppressive effects of TGFp, allowing immune cells to
infiltrate the tumor microenvironment. Combination of GM-
CSF expression and knockdown of TGFB1 and TGFB2 mediate
synergistic mechanisms to improve immune function versus cancer.
Additionally, the autologous tumor vaccine introduces the personal
tumor neoantigens to the immune repertoire thus priming T cells
to the individual tumor neoantigens. Educating immune effector T
cells towards cancer specific neoantigens will optimize the response
specifically against the invading cancer and would be predicted to
minimize off target toxicity related to immune response including
Vigil and/or combination immunotherapies (i.e. checkpoint
inhibitors) [109]. With these 3 mechanisms (neoantigen
identification, GM-CSF expression, and TGFB knockdown)
working in concert, Vigil empowers the immune system to identify
and eliminate cancer cells [109].

Phase I and II trials of Vigil have demonstrated a remarkable safety
profile along with anti-tumor activity against several solid tumors,
Ewing’s sarcoma and melanoma [110-116]. Vigil treated Ewing
sarcoma patients (N=16) were compared with a contemporaneous
group of Ewing sarcoma patients that did not receive Vigil (N=12)
over a period of 3 years. During that period, the Vigil treated group
received a monthly injection of Vigil, to which they experienced no
> Grade 3 toxicities. The Vigil treated group saw a l-year survival
of 73%, compared to only 23% in the non-Vigil group. The Vigil
treated group also had a median overall survival of 731 days
compared to 207 days in the control group [93].

A phase I trial of advanced stage solid tumor patients demonstrated
safety of Vigil. In addition, y-IFN-ELISPOT spot positive response
was correlated with prolonged survival in these patients [110]. Long
term follow up of 3 years continued to demonstrate improved overall
survival correlation with y-IFN-ELISPOT indicating that Vigil is able
to activate an immune response [111]. Additionally, Vigil is able to
increase levels of CD4+/CD8+ T cells in advanced cancer patients
[117]. In ovarian cancer, a phase II trial demonstrated safety with
no Grade 3/4 toxic events observed. In addition, {FN-ELISPOT
positivity was increased post treatment with Vigil and correlated
with improved RFS [118,119]. A follow up Phase IIb randomized
trial in ovarian cancer was recently completed. Significant clinical
benefit in both RFS and OS was found in tumors with BRCA wild
type expression [120]. This may be attributed to intact homologous
recombination machinery and therefore more clonal versus sub
clonal neoantigens [121,122]. Collectively these results suggest that
Vigil is able to activate the immune system, specifically through the
induction of memory T cells to induce durable tumor responses.

GM-CSF  in combination with Immune
Immune Checkpoint Inhibitor (ICI) therapy. Immune checkpoint
inhibitors mitigate immunosuppressive mechanisms of cancer
cells by blocking the interaction of PD-L1 with PD-1 or CTLA-4
with CD80/86. Physiologically, the interaction of PD-L1:PD-1 or
CTLA-4:CD80/86 indicates that an immune cell has bound a self-
cell. To prevent autoimmunity, these immune checkpoints inhibit
T-cell destruction of the self-cell. While this may be beneficial under
ordinary circumstances, cancer cells may also express CD80/86 or
PD-L1 to prevent their own destruction by the immune system.
ICIs have been developed to enhance immune detection and
elimination of cancer cells by blocking this interaction [1,2]. GM-

CSF effectively enhances immune function; the combination of
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GM-CSF with ICI therapy appears mechanistically synergistic.
Indeed, research is underway to evaluate the use of GM-CSF+ICls
in vitro and in vivo.

Combination of GM-CSF with ipilimumab, a CTLA-4 inhibitor,
has proven successful in several trials [123]. In one study of
advanced ovarian cancer, ipilimumab was administered to patients
who had previously received a vaccine transduced with GM-CSF.
In this study, patients showed increased inflammatory infiltrate
as well as tumor regression, demonstrating improved anticancer
activity of the ICI via an immune mechanism [124,125]. Another
study evaluated pancreatic cancer patients receiving ipilimumab
alone vs. ipilimumab+GVAX. The combination arm uniquely
demonstrated a downward trend in CA 199 levels, unlike the
ipilimumab monotherapy arm. The medial Overall Survival (OS)
in the combination group was improved from the ipilimumab
monotherapy group (5.7 months vs. 3.6 months, respectively)
with enhanced l-year OS (27% vs. 7%, respectively). Furthermore,
significant enhancement of Twcell repertoire was demonstrated

(p=0.031) [126].

Additionally, a murine hepatoma model tested the systemic
anticancer effects of local GM-CSF microspheres in combination
with microwave radiotherapy and anti-CTLA-4 blockade. The mice
received various combinations of these treatments, and then were
rechallenged with tumor cells 8 weeks after treatment. Following
microwave radiation alone, only 20% of mice rejected the tumor
radiation*GM-CSF, 50%
rejected the tumor rechallenge. Finally, 90% of mice who received
all 3 (radiation*GM-CSF microspheres +CTLA-4 blockade)

rejected the tumor rechallenge. This demonstrates enhanced

rechallenge. Following microwave

antitumor immunity in the combination group. This group also
saw elimination of distant tumors, despite local injection indicating
an abscopal effect [127].

Similar synergism has been identified between GM-CSF and
inhibition of the PD-1/PD-L1 axis. One study examined the
combination of PD-1 blockade with GM-CSF-secreting tumor
cell immunotherapy in mice models of melanoma and colon
carcinoma. Interestingly, mice with the combination therapy
had improved survival compared with mice receiving either
treatment alone. The immune mechanism was validated by several
measurements. First, an in vivo CTL assay demonstrated improved
antigen-specific Tcell response, which correlated with survival.
Second, splenocytes were observed to secrete higher levels of
proinflammatory cytokines. Finally, the tumor microenvironment
was enriched with functional CD8+ T-lymphocytes [128]. Taken
together, these results demonstrate an immune-driven synergism
between GM-CSF and ICIs. Subsequently, some mice continued to
receive the combination, while others went back to monotherapy
with either the PD-1 blockade or the GM-CSF-secreting tumor cell
immunotherapy. Interestingly, the improved antigen-specific T-cell
expansion only persisted in the combination group [128].

There is some evidence that PD-1/PD-L1 blockade may potentiate
the anticancer immune response triggered by GM-CSF vaccines.
Researchers found that mice who received GM-CSF demonstrated
increased expression of PD-1 by T cells, with increased PD-L1
expression on tumor cells. This group compared PD-1/PD-
L1 blockade alone, GM-CSF vaccine alone, and PD-1/PD-L1
blockade + GM-CSF vaccine together. The combination produced
superior anti-cancer effects compared to either monotherapy,
with delayed tumor growth (p<0.05) or decreased tumor weight
(p<0.05). Interestingly, the anticancer response was maintained
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when mice were rechallenged with prostate cancer cells (the
same as cell line as the original tumor). The anticancer effects
were not seen when rechallenged with a melanoma cell line. This
indicates that the generated T-cell response was specific to the
original tumor’s antigen [129]. In a phase I/II study patients with
colorectal adenocarcinoma were administered GVAX along with
cyclophosphamide and pembrolizumab, an anti-PD-1 antibody.
Although the phase I/1I study was discontinued due to absent
primary objective responses, the authors highlighted a significant
decline (> 30%) in Carcinoembryonic Antigen (CEA) levels,
along with increased anti-CEA antibodies in 7 out of 17 patients.
As pembrolizumab therapy alone did not affect CEA levels in
prior clinical studies, GVAX combined with cyclophosphamide
was determined to upregulate an immune response [86]. Taken
together, these studies demonstrate enhanced immune-driven
anticancer effects when ICls are enhanced with GM-CSF, and vice
versa.

CONCLUSION

As cancer cells evolve to express novel mutations, so must our
cancer therapeutics evolve with novel discoveries and applications?
With increased understanding and appreciation of GM-CSF's
role in immune modulation, the therapeutic role of GM-CSF
is expanding to address the demand for effective immune-based
cancer therapeutics. Through the effects of GM-CSF on cell
mediators, this signaling molecule influences proliferation and
survival of immune cells along with the release of pro-inflammatory
cytokines. In addition, the immune system machinery can also be
vastly expanded through activation and proliferation of DCs and

T cells.

This array of signaling mechanisms can be harnessed for utilization
in cancer therapeutics. Recent clinical studies analyzed the
efficacy of GM-CSF as a primary therapy and as an adjuvant
therapy for chemotherapy, immunotherapy and radiation. With
the encouraging results observed, research trials with GM-CSF
should continue to increase options for cancer therapy. GM-CSF
should also be studied in specific types of cancer to fully evaluate
the therapeutic utility as well as the side effects of this therapy. In
these analyses, particular attention should be given to concurrent
signaling patterns that may influence the efficacy of GM-CSF so
that ideal responders can be identified based on the tumor or tumor
microenvironment characteristics. Because GM-CSF interacts with
awide array of molecular pathways, additional investigations should
be pursued to further reveal details of GM-CSF mechanisms.
Together, these observations will guide implementation of GM-
CSF as an anti-tumor therapeutic agent.
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