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Simple Summary: Recently, cancer prognoses have improved by using a new class of drugs called
immune checkpoint inhibitors. These treatments work by helping a person’s immune system better
recognize and kill cancer cells. Unfortunately, these drugs may cause the immune system to attack
normal (i.e., non-cancerous) tissues and can cause serious organ injury. One common and severe
toxicity is colitis—inflammation of the bowels—leading to diarrhea, bleeding, and, rarely, death.
Sargramostim (recombinant human granulocyte-macrophage colony-stimulating factor (GM-CSF))
has been used clinically for nearly 30 years and has been used as a treatment adjunct for other
inflammatory diseases of the bowel, such as Crohn’s disease or ulcerative colitis. Some data suggest
that it may be an effective treatment in preventing the side effects of immune checkpoint inhibitor
therapy by speeding up the maturation of different blood cells and may quiet inflammation and
improve healing in the gastrointestinal tract. Sargramostim may even be linked to prolonged
patient survival.

Abstract: Immune checkpoint inhibitor (ICI) therapy improves outcomes in several cancers. Un-
fortunately, many patients experience grade 3–4 treatment-related adverse events, including gas-
trointestinal (GI) toxicities which are common. These GI immune-related adverse events (irAEs)
induced by ICIs present significant clinical challenges, require prompt intervention, and result in
treatment delays or discontinuations. The treatment for these potentially severe and even fatal GI
irAEs which include enterocolitis, severe diarrhea, and hepatitis may interfere with the anti-cancer
approach. Sargramostim (glycosylated, yeast-derived, recombinant human GM-CSF) is an agent that
has been used in clinical practice for more than 30 years with a well-recognized safety profile and
has been studied in many therapeutic areas. The mechanism of action of sargramostim may treat
moderate-to-severe GI irAEs without impairing the anti-cancer therapy. Some early data also suggest
a potential survival benefit. Through the differentiation/maturation of monocytes, macrophages, and
neutrophils and induction of anti-inflammatory T cell responses, GM-CSF aids in GI homeostasis,
mucosal healing, and mucosal immunity. GM-CSF knockout mice are susceptible to severe colitis
which was prevented with murine GM-CSF administration. For some patients with GI mucosa and
immune cell function impairment, e.g., Crohn’s disease, sargramostim reduces disease severity. In
a prospective, randomized study (ECOG 1608), advanced melanoma patients had a reduction in
grade 3–5 GI irAEs and less frequent colonic perforation in the sargramostim plus ipilimumab arm
compared to ipilimumab alone. Sargramostim continues to be studied with ICIs for the prophylactic
management of irAEs while also potentially providing a survival benefit.
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1. Introduction

Immune checkpoint inhibitors (ICIs), particularly those targeting programmed death-
1/ligand-1 (PD-1/PD-L1) and cytotoxic T lymphocyte antigen-4 (CTLA-4), harness the
body’s own defenses to target and destroy tumor cells, revolutionizing cancer care and
offering renewed hope to patients with previously untreatable malignancies [1,2]. While
these transformative therapies have greatly improved oncologic care, some patients may
not achieve the desired anti-tumor responses. Further, ICI therapy may cause immune-
related adverse events (irAEs) that require treatment interruptions, dose reductions, or co-
administration of medications which themselves may not be well-tolerated or may decrease
anti-cancer activity; the treatment may even have to be discontinued entirely [3–6].

Given the vast surface area of the gastrointestinal (GI) tract [7], its high epithelial
turnover [8], and its established role as a site for immune surveillance of foreign antigens
(e.g., the microbiome, diet, other xenobiotics, etc.) that can become maladapted in the
context of autoimmunity [9,10], it is not surprising GI irAEs due to ICI therapy—including
enterocolitis and hepatitis—are common, morbid, and in some cases, fatal [4,11].

The development of strategies to alter this biology may offer the promise of amplifying
the potency and broadening the use of checkpoint blockade in cancer therapy by improving
the safety profile of these revolutionary medications. Prophylactic medications to prevent
or ameliorate GI irAEs may enable the benefits of ICIs to be extended to a greater number
of patients.

We review our current understanding of GI irAEs due to ICI therapy and discuss
rescue treatments for mild, moderate, and severe toxicity. Unfortunately, these approaches
may impair the anti-cancer response. We then present emerging data for the use of sar-
gramostim (glycosylated, yeast-derived, recombinant human granulocyte-macrophage
colony-stimulating factor (rhu GM-CSF), Leukine®) to prevent GI irAEs. Sargramostim
is an agent that has been used in clinical practice for more than 30 years and has a well-
recognized safety profile with therapeutic potential as a host-directed immunotherapy. Its
unique mechanism of action may enable the management of moderate-to-severe GI irAEs
without impairing anti-cancer therapy. We review and present literature that may support
the use of sargramostim as a viable therapeutic adjunct.

2. Gastrointestinal Immune-Related Adverse Events

Checkpoint blockade, similar to other immunotherapies (e.g., adoptive T cell or
cytokine-based), has the potential to induce diverse systemic toxicities [6,11], manifest-
ing as either single organ injury or multiple system toxicities [12]. These toxicities of-
ten occur weeks to months after treatment initiation [13]. While irAEs have been re-
ported involving nearly every organ system (e.g., neurologic, cardiac, and endocrine), ICI
toxicities most often affect barrier organs, such as the skin, liver, and luminal GI tract,
likely owing to the immune regulatory role for PD-1/PD-L1 and, particularly, CTLA-4 at
these respective sites [12,14]. Correspondingly, CTLA-4 inhibitors (e.g., ipilimumab and
tremelimumab)—alone or in combination—are more frequently associated with GI irAEs,
such as enterocolitis or hepatitis, as opposed to PD-1/PD-L1 blockade alone [6,13,14]. The
management of ICI irAEs has been discussed extensively elsewhere (“Management of
Immune-Related Adverse Events in Patients Treated With Immune Checkpoint Inhibitor
Therapy: ASCO Guideline Update”) [15].

GI irAEs most commonly involve the colon with approximately 80% of patients with
GI irAEs showing involvement on histopathology, although a substantial subset have
inflammation isolated to the stomach or small intestine (~20%) [16,17]. Although most
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GI irAEs are relatively mild, 15–20% of patients receiving CTLA-4 inhibitors and 2–5% of
patients receiving PD-1/PD-L1 inhibitors will develop severe enterocolitis, with a smaller
fraction progressing to life-threatening inflammation (Table 1) [14,18,19]. Best practices for
the diagnosis and treatment of GI irAEs have also been discussed elsewhere and are beyond
the scope of this review (“AGA Clinical Practice Update on Diagnosis and Management of
Immune Checkpoint Inhibitor Colitis and Hepatitis: Expert Review”) [19].

Table 1. Symptoms and frequency of immune checkpoint inhibitor-induced enterocolitis.

Grading Symptoms CTLA-4 Inhibitor
Frequency (%)

PD-1/PD-L1 Inhibitor
Frequency (%)

Mild Diarrhea, nausea, vomiting,
decreased appetite, reflux 20–40 7–20

Moderate/
Severe

Diarrhea (commonly watery, can
be bloody), nausea, vomiting,

decreased appetite, reflux,
cramping, urgency, fever

15–20 2–5

Mild GI irAEs are generally managed with empiric, symptom-directed treatment [19].
Patients experiencing symptoms that affect daily living should undergo diagnostic test-
ing. The pattern of GI luminal involvement and severity of mucosal injury observed
on endoscopy correlate poorly with both symptoms and cross-sectional imaging [18,20].
Consequently, endoscopy plays a critical role in the management of these toxicities [19].
The management of GI irAEs should be tailored to the results of testing and may include
withholding ICI therapy and treating with immunosuppression. See Section 2.3 below.

2.1. Mechanisms Underlying GI irAEs

The mechanisms driving GI irAEs are beginning to be understood (Figure 1) [12,21,22].
These varied processes may lead to severe GI symptoms in the patient. As with most
irAEs visualized on biopsy, GI luminal toxicities demonstrate an acute lymphocytic and
neutrophilic response [13,23]. Signs of chronic structural changes to the colon are generally
absent. Detailed analyses of this immune infiltrate have indicated that these cells are
predominately activated effector CD8+ T cells (Teff) that are proliferative and express high
levels of granzyme B and interferon-gamma (IFN-γ) [21,22]. Perhaps not surprisingly,
these cells also highly express PD-1 and CTLA-4, along with a number of other immune
checkpoint proteins (Figure 1) [21]. A clonotypic analysis of these cells indicated that they
originate from the resident memory T cell (TRM) pool in the colonic mucosa. Tang et al. [24]
suggest that a proinflammatory state results due to the hyperactivation of Teff cells and
differentiation of CD8+ TRMs to cytotoxic T lymphocytes (Figure 1). A smaller expansion
of CD4+ T cells with an IFN-γ-secreting TH1 phenotype is also evident, while other helper
T cell populations appear to be unchanged (e.g., TH17) [21]. These cells do not appear
to be related to TRMs, suggesting that they originate outside the colon. In contrast to
early predictions, regulatory T cells (Tregs) are abundant in the inflamed colons of patients
with luminal GI irAEs, although the production of anti-inflammatory cytokines like IL-
10 is reduced (Figure 1) [6,12,21]. While Tregs expand, the cells are suppressed by the
CTLA-4 blockade (Figure 1) [21]. Myeloid-derived cells (e.g., macrophages/monocytes,
dendritic cells) also play a central role in GI luminal toxicities, adopting an inflammatory
phenotype that may occur in response to exposure to IFN-γ (Figure 1). These myeloid cells
produce and react to tumor necrosis factor (TNF)-alpha, a cytokine that likely underlies
much of the pathology in the disease [12,21]. B cells appear phenotypically normal, and,
as of yet, do not seem to have any role in GI irAEs [21,22]. In a healthy GI tract, the gut
microbiome also plays a critical role in the regulation of intestinal mucosal homeostasis
(Figure 1) [25,26]. Tang and colleagues [24] proposed that immunotherapy modulates and
disrupts the microbiota–gut barrier (Figure 1).
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1 inhibition. Endogenous granulocyte-macrophage colony-stimulating factor (GM-CSF) is secreted 
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cell immune function (e.g., CD80 and CD86 expression). GM-CSF enhances GI crypt cell/enterocyte 
proliferative activity, contributing to intestinal epithelial cell homeostasis. GM-CSF affects myeloid-
derived cells, including macrophages, dendritic cells, myeloid-derived suppressor cells (MDSCs), 
and regulatory T cells (Tregs) (indirectly, i.e., dashed line). Sargramostim (recombinant human GM-
CSF) administration should have the same effect as endogenous GM-CSF. In ICI-damaged GI tracts, 
immune infiltrates consist predominately of activated effector CD8+ T cells (Teff). Tissue-resident 
memory T cells (TRM) differentiate into cytotoxic T lymphocytes (CTL) which stimulate inflamma-
tory cytokine production. Regulatory (anti-inflammatory) cytokines (e.g., IL-10) are diminished. 
Myeloid-derived cells (e.g., macrophages/monocytes, dendritic cells) adopt an inflammatory phe-
notype that may occur in response to interferon-gamma (IFN-γ) exposure. Tregs expand but are 
suppressed by CTLA-4 blockade. Microbiota penetrate the intestinal barrier. GM-CSF may decrease 
inflammation through activation of monocyte-derived MDSCs. Figure modified from Tang et al. 
(2021) (Ref. [24]) and Luoma et al. (2020) (Ref. [21]). Abbreviations: CTL = cytotoxic T lymphocyte; 
GI = gastrointestinal; GM-CSF = granulocyte-macrophage colony-stimulating factor; IFN-γ = inter-
feron-gamma; IFNGR = interferon-gamma receptor; MDSC = myeloid-derived suppressor cell; Teff 
= effector T cell; Treg = regulatory T cell; TRM = tissue-resident memory T cell. 

Why some patients develop these GI irAEs and others do not remains unclear, par-
ticularly since TRMs are universally present throughout the gut [12]. Understanding the 
factors that contribute to this risk may provide insights that could lead to more tailored 
interventions, particularly those aimed at preventing luminal toxicities. 

2.2. Lessons Learned about GI irAEs from Inflammatory Bowel Disease 
Immune checkpoint inhibitor-induced GI luminal toxicities share several features 

with inflammatory bowel disease (IBD), a spontaneous inflammatory disease of the GI 
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Figure 1. GM-CSF interactions in the healthy and immune checkpoint inhibitor (ICI)-damaged
gastrointestinal (GI) tract. Healthy GI tract depicted on the left. GI tract with ICI-related toxici-
ties depicted on the right. ICI GI toxicities are caused by inflammatory pathways after CTLA-4
and/or PD-1 inhibition. Endogenous granulocyte-macrophage colony-stimulating factor (GM-CSF)
is secreted throughout the body by many cells including the GI tract Paneth cells. GM-CSF may
enhance Paneth cell immune function (e.g., CD80 and CD86 expression). GM-CSF enhances GI crypt
cell/enterocyte proliferative activity, contributing to intestinal epithelial cell homeostasis. GM-CSF
affects myeloid-derived cells, including macrophages, dendritic cells, myeloid-derived suppressor
cells (MDSCs), and regulatory T cells (Tregs) (indirectly, i.e., dashed line). Sargramostim (recom-
binant human GM-CSF) administration should have the same effect as endogenous GM-CSF. In
ICI-damaged GI tracts, immune infiltrates consist predominately of activated effector CD8+ T cells
(Teff). Tissue-resident memory T cells (TRM) differentiate into cytotoxic T lymphocytes (CTL) which
stimulate inflammatory cytokine production. Regulatory (anti-inflammatory) cytokines (e.g., IL-10)
are diminished. Myeloid-derived cells (e.g., macrophages/monocytes, dendritic cells) adopt an
inflammatory phenotype that may occur in response to interferon-gamma (IFN-γ) exposure. Tregs
expand but are suppressed by CTLA-4 blockade. Microbiota penetrate the intestinal barrier. GM-CSF
may decrease inflammation through activation of monocyte-derived MDSCs. Figure modified from
Tang et al. (2021) (Ref. [24]) and Luoma et al. (2020) (Ref. [21]). Abbreviations: CTL = cytotoxic
T lymphocyte; GI = gastrointestinal; GM-CSF = granulocyte-macrophage colony-stimulating fac-
tor; IFN-γ = interferon-gamma; IFNGR = interferon-gamma receptor; MDSC = myeloid-derived
suppressor cell; Teff = effector T cell; Treg = regulatory T cell; TRM = tissue-resident memory T cell.

Why some patients develop these GI irAEs and others do not remains unclear, par-
ticularly since TRMs are universally present throughout the gut [12]. Understanding the
factors that contribute to this risk may provide insights that could lead to more tailored
interventions, particularly those aimed at preventing luminal toxicities.

2.2. Lessons Learned about GI irAEs from Inflammatory Bowel Disease

Immune checkpoint inhibitor-induced GI luminal toxicities share several features
with inflammatory bowel disease (IBD), a spontaneous inflammatory disease of the GI
tract which is split into two subtypes, ulcerative colitis and Crohn’s disease (Figure 2)
(Table 2) [14,23]. The symptoms of GI irAEs overlap with all forms of colitis, including
IBD and infectious colitis; these symptoms include urgency, cramping, frequent watery
bowel movements, and, less commonly, abdominal pain and bloody diarrhea [14,19]. Many
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patients with toxicities that result from ICIs also have nausea and vomiting, which are less
frequent in IBD but are still common.
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Figure 2. Gastrointestinal immune-related adverse event (GI irAE) colitis resembles colitis due to
inflammatory bowel disease (IBD) which includes ulcerative colitis and Crohn’s disease. High-
resolution endoscopic photographs using a standard lens showing colitis (a) from a patient with
melanoma receiving ipilimumab and nivolumab and (b) a patient with ulcerative colitis. The findings
in both show an edematous, granular, and erythematous mucosa with scattered erosions and excess
mucus. In (b), an inflammatory polyp is also visible.

Table 2. Comparison of immune checkpoint inhibitor-induced gastrointestinal immune-related
adverse event features with inflammatory bowel disease (i.e., ulcerative colitis and Crohn’s disease).

Features ICI GI irAEs Ulcerative Colitis Crohn’s Disease

Symptoms

• Nausea and vomiting (more often
than with UC and CD)

• Urgency, cramping, and frequent
watery bowel movements

• Abdominal pain
• Bloody diarrhea (less frequent

than with UC or CD)
• Rapid escalation

• Nausea and vomiting
• Urgency, cramping, and

frequent watery
bowel movements

• Abdominal pain
• Bloody diarrhea
• Weight loss

• Nausea and vomiting
• Urgency, cramping, and frequent

watery bowel movements
• Abdominal pain
• Bloody diarrhea
• Weight loss
• Obstruction
• Fistulas

Location

• Continuous distribution starting
in the rectum and most often
involving the entire colon

• Rare colonic patches of
“skip lesions”

• Stomach or small bowel
sometimes affected

• Continuous distribution
starting in the rectum and
only involving the colon

• Distinct patches or “skip lesions”
that can involve the entire
GI tract

Morphological
Changes

• Edema
• Erythema
• Spontaneous bleeding
• Erosions and deep

ulcerations (occasionally)

• Edema
• Erythema
• Spontaneous bleeding
• Erosions and deep

ulcerations (occasionally)

• Edema
• Erythema
• Spontaneous bleeding
• Erosions and deep ulcerations

(more common than in
UC/ICI colitis)

• Strictures
• Fistula

Biopsy Results
• Lymphocytic and

neutrophilic inflammation
• No evidence of chronic changes

• More often
neutrophilic inflammation

• Evidence of
chronic changes

• More often
neutrophilic inflammation

• Evidence of chronic changes

Note: Considerable overlap exists for the features in ICI GI irAEs and ulcerative colitis and Crohn’s disease; bold
text highlights the differences between conditions. Abbreviations: CD = Crohn’s disease; GI = gastrointestinal;
ICI = immune checkpoint inhibitor; irAE = immune-related adverse event; UC = ulcerative colitis.

Similar to IBD, morphological changes on endoscopy associated with GI irAEs include
edema, erythema, erosions, spontaneous bleeding, and occasionally, deep ulcerations
(Figure 2 and Table 2) [18,20,23]. In most patients, this inflammation extends throughout
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the entire colon, a characteristic more similar to ulcerative colitis than to Crohn’s disease
which often appears in distinct patches or “skip lesions” [14,23,27]. Strictures, another
feature of Crohn’s disease, are rarely observed in the GI luminal toxicities from checkpoint
blockade [14]. On biopsy, GI irAEs are difficult to distinguish from IBD, although IBD
commonly shows evidence of chronic changes to the colonic mucosa that are not observed
in checkpoint blockade toxicities [23].

Although checkpoint blockade GI irAEs are clearly a distinct syndrome from IBD,
some mechanistic overlap likely exists (Table 2). In addition to similarities in appearance
and on biopsy, patients with IBD also have a substantially higher risk for developing GI
luminal toxicities from checkpoint blockade than patients without IBD [28]. In a multicenter
retrospective study of more than 100 patients with IBD treated with checkpoint blockade,
41% developed a GI luminal toxicity compared to 11% of those who did not have IBD [28].
This risk included 21% of patients who developed severe GI toxicities including several
patients with perforations.

2.3. Treatment of GI irAEs

Because of the similarities to IBD, the initial strategies to treat GI irAEs have all
come from the standard therapies for IBD [18,19]. Currently, there are no randomized
controlled trials of therapies for GI luminal toxicities from checkpoint blockade, and all
guidelines are based on retrospective analyses or prospective trials with small numbers
of patients [19]. The first-line treatment remains systemic glucocorticoids (Table 3), which
are effective in approximately two-thirds of patients. For those who do not respond
adequately to glucocorticoids, TNF-alpha inhibitors, such as infliximab, and the integrin
inhibitor vedolizumab have shown evidence of efficacy, leading to a resolution of the
inflammation in most patients (Table 3) [19,29,30]. These classes of drugs are standard
first-line maintenance therapies for moderate-to-severe IBD [31,32]. Similarly, for highly
refractory cases of GI luminal toxicities, two additional therapies approved for IBD, the
IL-23p40 inhibitor ustekinumab and the Janus kinase (JAK) inhibitor tofacitinib, appear to
be effective, although the data supporting their use are more limited (Table 3) [33,34].

Table 3. Common treatments for immune checkpoint inhibitor enterocolitis based on inflammation grading.

Stage of Rescue Therapy Mild Moderate/Severe

First-line Systemic glucocorticosteroid
(oral; IV if refractory)

Systemic glucocorticosteroid (IV) ± TNF-alpha
inhibitor (e.g., infliximab) OR integrin inhibitor

(e.g., vedolizumab)

Second-line TNF-alpha inhibitor (e.g., infliximab) OR
integrin inhibitor (e.g., vedolizumab)

If not responding to TNF-alpha inhibitor
(e.g., infliximab) OR integrin inhibitor

(e.g., vedolizumab), switch treatment class
Third-line IL-23p40 inhibitor (e.g., ustekinumab) OR JAK inhibitor (e.g., tofacitinib)

Abbreviations: IV = intravenous; JAK = Janus kinase; TNF = tumor necrosis factor.

A single randomized controlled trial examined a colon-targeted formulation of the
glucocorticosteroid budesonide as a prophylaxis for checkpoint blockade colitis [35]. This
trial was negative, demonstrating no benefit to pretreating patients prior to the onset of
colitis symptoms. At this point, no specific therapies are recommended for preventing GI
irAEs, although such therapies are urgently needed clinically.

3. Development and Biologic Effects of Granulocyte-Macrophage Colony-Stimulating
Factor (GM-CSF)

GM-CSF was initially identified in the 1960s as a myeloid growth factor, and was
ultimately purified in the 1970s. GM-CSF underwent molecular cloning in the 1980s
and entered the clinical therapeutic arena in the 1990s [36–39]. At first, GM-CSF was
recognized for its effects on hematopoiesis, particularly the myeloid lineage, that included
the proliferation, activation, maturation, and differentiation of committed hematopoietic
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progenitors (Figure 3) [36,40]. Subsequently, GM-CSF has been demonstrated to be an
immunomodulatory cytokine that can have more widespread effects [36,41–44]. GM-CSF
is mainly produced by T helper (CD4+) lymphocytes and innate lymphoid cells; the non-
hematopoietic cell populations, which are able to secrete GM-CSF in response to specific
stimuli, include fibroblasts, endothelial cells, and alveolar epithelial cells [45,46]. In vitro,
GM-CSF stimulates cellular and humoral immunity through the activation of neutrophils,
macrophages, and dendritic cells, and induces the activation of T cells including modulation
of the TH1/TH2 cytokine balance [47,48]. Specifically, GM-CSF activates dendritic cells to
promote antigen presentation and, thus, enhances T cell antigen-specific responses [49].
These broad pleiotropic effects, coupled with its ability to link the innate and adaptive
immune responses through effects on dendritic cells and T cells, highlights the central role
of GM-CSF in immune response regulation.
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Figure 3. GM-CSF, a pleiotropic cytokine, has diverse effects on many marrow-derived and blood
cells. The resulting effects are the increased migration, activation, differentiation, maturation, and
proliferation of many effector cells. Note: The effects of GM-CSF on T cells are indirect. GM-CSF
also influences non-immune cells including epithelial cells such as enterocytes. Symbols depict the
indicated outcome. Figure modified with author permission from Damiani et al. (2020) (Ref. [41]).

Endogenous GM-CSF plays a much smaller role in steady state homeostatic myelop-
oiesis when compared to granulocyte colony-stimulating factor (G-CSF), as has been
demonstrated in mice carrying a null allele of the GM-CSF gene [50–52]. Such mice exhibit
steady-state hematopoiesis and a normal granulocyte and monocyte lifespan [46,50]. On
the other hand, in inflammatory settings, GM-CSF will dramatically increase monocyte
and neutrophil bone marrow production with a marked expansion and differentiation
of myeloid cells (Figure 3) [51]. Importantly, the participation of GM-CSF in the host
response is essential for resisting local infections. GM-CSF contributes significantly to
normal pulmonary physiology [53]. A deficiency in GM-CSF resulting from neutralization
by autoantibodies causes the development of the disease known as pulmonary alveolar pro-
teinosis (aPAP). This condition is characterized by a failure of lung alveolar macrophages
to clear surfactant, the lipoprotein secreted by lung alveolar cells, as these cells depend
on endogenous GM-CSF stimulation. The excess accumulation of surfactant protein in
the alveoli impairs the differentiation of monocytes into macrophages, causing a loss of
protection and inability to repair damaged epithelial barriers [53–56]. Decreased perox-
isome proliferators-activated receptor γ (PPAR-γ) expression also leads to dysregulated
cholesterol clearance in the alveoli [53].

We can infer from the above that the GI tract also exhibits dysfunction in the setting of
endogenous GM-CSF deficiency. Based on similar immune cell populations and GM-CSF
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effects on epithelial barrier cells in inflammatory lung and GI tract disease (e.g., influenza,
aPAP, and Crohn’s disease), decreased endogenous GM-CSF leads to unopposed or dysreg-
ulated inflammation from reduced Treg and monocytic myeloid-derived suppressor cell
(MDSC) numbers that dampen cytokine production, T cell proliferation, and chemotaxis;
these effects damage the lungs and GI tract [27,53,57–59]. Mucosal repair is diminished
and recovery is inhibited, along with decreased induction, recruitment, and survival of
dendritic cells [27,58,60]. Additionally, an altered host immune response can increase
susceptibility to infection (Figure 1) [61].

GM-CSF secreted by Paneth cells, critical intestinal immune cells in the base of the
GI crypts, and hematopoietic cells contribute to intestinal epithelial cell homeostasis via
several mechanisms including the maintenance of CD103+ dendritic cells (Figure 1) [62–64].
GM-CSF may enhance Paneth cell immune function (e.g., CD80 and CD86 expression) [62].
This relationship supports the generation of regulatory T cells which control inflammation,
mucosal repair, and immune tolerance [65,66]. In fact, through the differentiation and mat-
uration of monocytes, macrophages, and neutrophils, and induction of anti-inflammatory
T cell responses, GM-CSF aids in GI homeostasis, mucosal healing, and mucosal immunity
(Figures 1 and 3) [62,63,67–69]. GM-CSF may also decrease inflammation through the
activation of MDSCs (Figure 1) [68].

In a preclinical study, Dranoff and colleagues [70] showed that irradiated tumor cells
engineered to express murine GM-CSF stimulated potent, long-lasting, and specific anti-
tumor immunity. Intralesional use of GM-CSF resulted in an increase in tumor-infiltrating
CD4+ T cells that enhanced CD8+ T cells and increased the number of tissue-resident
Langerhans macrophages in the skin [71]. In several tumor types, the macrophage response
may result in increased phagocytosis of tumor cells and the recruitment of dendritic
cells to the tumor and sentinel lymph nodes [72,73]. GM-CSF also stimulates tumor-
infiltrating macrophages to produce more angiostatin which suppresses angiogenesis, a
critical component in the metastatic cascade [74]. Within the GI tract, these effects may
lead to enhanced anti-tumor T cell priming and activation via increased dendritic cell
tumor-associated antigen presentation [36,75].

3.1. Recombinant GM-CSF Expression Systems

While three formulations of rhu GM-CSF have been studied, they differ in their glyco-
sylation based on the expression systems in which they are produced and, thus, are not
interchangeable [76,77]. Glycosylation is a significant biologic feature that influences the
pharmacokinetics, activity, and safety profile of each drug formulation [76,78]. Neither mol-
gramostim (produced by prokaryotic Escherichia coli (bacteria) and is not glycosylated) nor
regramostim (mammalian-derived from Chinese hamster ovary cells and is glycosylated)
are commercially available [76,77]. The third product, sargramostim, is yeast-derived and
possesses a glycosylation pattern similar to native GM-CSF; this property conveys biologic
activity, stability, resistance to degradation, tolerability, toxicity, and immunogenicity simi-
lar to native GM-CSF. In light of its ability to increase immune cell proliferation, maturation,
and activation, and enhance tumor antigen presentation by dendritic cells, sargramostim
has been widely studied as an adjunct to cancer therapy.

3.2. Gastrointestinal Therapeutic Uses of Recombinant GM-CSF
3.2.1. Pre-Clinical Studies

The data regarding endogenous GM-CSF strongly suggest that exogenous administra-
tion may have a number of potential therapeutic uses. Preclinical studies have shown protec-
tive properties of GM-CSF on the GI tract. GM-CSF-knockout mice are susceptible to colitis
that was prevented with murine GM-CSF administration [69,79,80]. Sainathan et al. [79]
also demonstrated that GM-CSF is effective in RAG1(−/−) mice, demonstrating that
GM-CSF activity is independent of effects on T and B cells. Sennikov and associates [81]
developed a murine in vitro preclinical model using cultured media derived from intestinal
crypt cells that was demonstrated to contain GM-CSF. Both the cultured media as well as na-
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tive GM-CSF enhanced GI crypt cell proliferative activity in vitro. Han and co-workers [82]
used a non-steroidal anti-inflammatory drug (NSAID) model in GM-CSF-null mice. Loss
of GM-CSF signaling in non-hematopoietic cells increased the degree of NSAID-induced
ileal injury indicating that GM-CSF signaling is essential for ileal epithelial homeostasis
and homeostatic intestinal barrier function. In work by Egea and colleagues [83] using
the dextran sodium sulfate (DSS) colonic epithelial-injury model in GM-CSF-deficient
mice, demonstrated that the decreased crypt cell proliferation and delayed ulcer healing
in the GM-CSF-deficient mice were rescued by the administration of exogenous GM-CSF.
Bernasconi et al. [84] also used a DSS colitis murine model and compared treatment with
daily pegylated GM-CSF versus saline. They reported that the GM-CSF therapy reduced the
clinical signs of colitis and the release of inflammatory mediators. Histologically, they noted
improved mucosal repair, faster ulcer re-epithelialization, an accelerated hyperproliferative
response of epithelial cells in ulcer-adjacent crypts, and increased accumulation of CD11b+
monocytic cells in colonic tissues.

Preclinical studies have also investigated wound healing in the GI tract. Intraperitoneal
chemotherapy (IPCT) has been used as an alternative local adjuvant treatment for patients
with resectable colonic and gastric cancers to deliver higher local concentrations of cytotoxic
drugs with diminished systemic toxicity when compared to intravenous chemotherapy.
Intraoperative irradiation has also been used to reduce the number of local recurrences
and to increase disease-free survival in the treatment of intestinal malignancies [85]. The
intestinal anastomotic leakage that may accompany these interventions is a serious surgical
complication, and both IPCT given in the early postoperative period as well as intraopera-
tive irradiation adversely affect the healing of intestinal anastomoses. Experimental studies
have been conducted in rats in the early postoperative IPCT setting to assess the local
administration of recombinant GM-CSF into the perianastomotic area [86,87]. These investi-
gations examined the bursting pressures of anastomotic segments, hydroxyproline contents
for levels of anastomotic collagen, and histologic immune and pathology effects. Both
Erdem and colleagues [86] and Cetinkaya and colleagues [87] found an impairment in anas-
tomotic healing along with diminished peritoneal macrophage activity after intraperitoneal
administration of 5-fluorouracil (5-FU) or mitomycin-C. A local injection of recombinant
GM-CSF to both sides of the colonic anastomoses enhanced wound healing and was associ-
ated with increased macrophage activity, bursting pressures, and hydroxyproline levels.
Similarly, Dinc and colleagues [88] showed in a preclinical intraoperative irradiation rat
model that the local injection of recombinant GM-CSF improved the wound healing of
intraoperatively irradiated bowel anastomosis. These IPCT and irradiation studies are
further supported by clinical evidence in which locally administered GM-CSF was able to
successfully treat chronic and incisional dermal wounds [89,90]. These findings suggest
that recombinant GM-CSF applied locally may enhance healing and prevent anastomotic
leakage, allow for the use of higher doses of postoperative chemotherapeutics, and reduce
postsurgical risks in the resection and anastomosis of irradiated intestines.

3.2.2. Clinical Studies

GM-CSF concentrations and off-label use of rhu GM-CSF have been studied in a range
of GI-related uses. Brubaker and colleagues [91] reported subjects who had higher serum
concentrations of IL-10 and GM-CSF were protected from enterotoxigenic E. coli (ETEC)
diarrhea in an intestinal and systemic inflammation challenge model using an experimental
ETEC strain. Buskirk et al. [92] similarly reported that higher stool concentrations of GM-
CSF were associated with lower disease severity and the absence of diarrhea in children
with enteropathogenic Escherichia coli (EPEC) infection and dysenteric Shigella infection.
In a prospective, randomized study of patients with moderate-to-severe active Crohn’s
disease (n = 124), Korzenik and colleagues [93] reported that sargramostim (6 µg/kg/day
subcutaneously for 56 days) decreased disease severity and improved quality of life com-
pared to a placebo. Meropol et al. [94] concluded that sargramostim treatment may permit
an increased 5-FU dose intensity by acting as a GI mucosal protectant in cancer patients
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treated with weekly IV 5-FU (mean weekly dose intensity of 424 mg/m2), high-dose leu-
covorin, and subcutaneous sargramostim 250 mcg/m2 5 days each week. Melichar and
associates [95] found a significant improvement in GI permeability after chemotherapy
with oral 200 µg molgramostim mouthwashes (swish and swallow) taken daily for 4 days
for chemotherapy-induced stomatitis (n = 10) compared to control patients with cancer
(n = 21). Finally, Chachoua and associates [96] demonstrated that sargramostim treatment
led to a significant enhancement in direct monocyte-induced cytotoxicity in vitro against
human colon adenocarcinoma cell line HT29 cells. In summary, higher GM-CSF concen-
trations were linked to a lower disease severity and diarrhea in infections that commonly
present with high rates of diarrhea [91,92]. Recombinant human GM-CSF administration
was reported to decrease Crohn’s disease severity and improve quality of life [93], allow
for increased chemotherapy dosing by serving as a GI mucosal protectant [94], improve
GI permeability in chemotherapy-induced stomatitis [95], and increase monocyte-induced
cytotoxicity of colon adenocarcinoma [96].

These preclinical and clinical data indicate that sargramostim may be a useful option in
GI inflammatory diseases. ICI-induced inflammation and immune response dysregulation
may damage GM-CSF-producing GI tract tissues in immune-mediated colitis as well as
lung tissue in checkpoint-induced pneumonitis [14,97]. The use of rhu GM-CSF may
mitigate moderate-to-severe immune-related adverse events (irAEs), including GI irAEs;
this approach additionally may provide a survival benefit [42,45].

4. Clinical Studies of Sargramostim (rhu GM-CSF) with Immune Checkpoint Inhibitors

Cancer outcomes have been improved with ICI therapies. However, as previously
mentioned, auto-immune toxicities associated with ICI therapy (e.g., irAEs) can lead to
severe morbidity, treatment discontinuation, and, in rare cases, death. There is a need
for combination strategies which improve the responses to immune checkpoint inhibi-
tion and/or limit the auto-immune toxicities. One potential therapy to add to immune
checkpoint inhibition is sargramostim. Pre-clinical animal models have suggested a benefit
to combining immune checkpoint therapy with GM-CSF-secreting whole cell vaccines in
controlling melanoma [98]. This pre-clinical experience and the evidence described above
led to clinical trials testing rhu GM-CSF with ICI therapy specifically in the cancer setting.

A multicenter, randomized trial combining CTLA-4 inhibition (ipilimumab) and sar-
gramostim for the treatment of advanced melanoma was performed by Hodi et al. (ECOG
1608) (Table 4) [99]. This study demonstrated that the addition of sargramostim improved
the overall survival for the combination therapy compared to the CTLA-4 inhibitor alone
(17.5 months versus 12.7 months; p = 0.01). However, the progression-free survival for both
arms was identical at 3.1 months. The patients treated with the combination of CTLA-4
inhibition and sargramostim had a lower rate of severe toxicity (grade 3–5 irAEs) than those
subjects treated with CTLA-4 inhibition alone (44.9% versus 58.3%; p = 0.04) (Figure 4).
This was particularly observed for GI and pulmonary grade 3–5 irAEs (p = 0.05 and 0.003,
respectively). Less colonic perforation (1.7% vs. 5.8%) was observed in patients treated with
the combination of CTLA-4 inhibition and sargramostim. These data suggest that adding
sargramostim to CTLA-4 inhibition might improve overall survival by lowering toxicity
which allows patients to remain on therapy longer. Fewer patients in the ipilimumab
and sargramostim group (25.6%) discontinued treatment due to AEs compared to the
ipilimumab alone group (36.1%). In addition, the lower rates of colonic perforation support
the role that GM-CSF plays in protecting against colitis and GI irAEs due to ICI therapy. Ad-
ditionally, GM-CSF can drive the differentiation of dendritic cells and improve anti-tumor
immunity in some settings, although this effect appears to be dose-dependent [36,41–43]. It
is also possible that part of the positive response of GM-CSF therapy in Crohn’s disease
and in ICI-induced enterocolitis is through a better defense against invading microbes and
an enhancement of wound healing [42].
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Table 4. Clinical studies of sargramostim with immune checkpoint inhibitors.

Citation Patient Population and
Study Design Treatment Efficacy Adverse Events Comments

Melanoma

Hodi 2014 (ECOG
1608) [99]

Melanoma
(unresectable stage III/IV;

N = 245); Phase 2,
randomized

Ipilimumab 10 mg/kg IV d1 +
sargramostim 250 µg SC

d1-14 of
21 d cycles × 4, then

maintenance vs.
ipilimumab alone

Ipilimumab +
sargramostim vs.
ipilimumab alone:
• Median OS 17.5 m vs. 12.7

m (p = 0.01)
• Median PFS 3.1 m vs. 3.1 m

(p = NS)
• Disease control 1 (median

follow up 13.3 m)
36.6% vs. 33.6%

• ORR 1 (median follow up
13.3 m) 15.5% vs. 14.8%
(p = NS)

Ipilimumab +
sargramostim vs. ipilimumab
alone:
• Grade 3–5 overall TRAEs

45% vs. 58% (p = 0.04)
• Grade 3–5 GI TRAEs 16%

vs. 27% (p = 0.05)
• Grade 3–5 pulmonary

TRAEs 0% vs. 7.5%
(p = 0.003)

• Grade 3–5 treatment-related
colonic perforation
1.7% vs. 5.8%

• Increased OS with
sargramostim

• Decreased grade 3–5 overall,
GI and pulmonary AEs, and
colonic perforation with
sargramostim

Kwek 2016 [100]
Melanoma (unresectable

stage III/IV; N = 22);
Phase 2, single-arm

Ipilimumab 10 mg/kg IV
d1 + sargramostim

125 µg/m2 SC d1-14 of 21 d
cycles × 4, then

sargramostim × 3 m, then
ipilimumab + sargramostim

maintenance

• Median OS 21.1 m
• Median PFS 3.5 m
• Disease control 2 (24 w) 41%
• ORR 2 (24 w) 32%

• Grade 3–4 overall AEs 41%
• No deaths

• OS and Grade 3–5 AEs
similar to randomized trial

Luke 2015 [101]

Melanoma (metastatic
(41% with CNS

metastases); N = 32);
Retrospective

Ipilimumab 3 mg/kg IV
d1 + sargramostim 250 µg SC

d1-14 of 21 d cycles × 4

• Median OS 41 w
• Median TTP 13.7 w
• Disease control 2 (median

follow-up 37 w) 44%
• ORR 2 (median follow-up

37 w) 20%

• Grade 3–4 TRAEs 9.4%
• No deaths

• Authors report an
acceptable ORR in this
poor-risk patient population
and with currently
approved ipilimumab
dosing (lower than
randomized trial)

• Favorable toxicity profile
with sargramostim
compared to historical data
without sargramostim
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Table 4. Cont.

Citation Patient Population and
Study Design Treatment Efficacy Adverse Events Comments

EA6141/NCT02339571
(estimated
completion
2033) [102]

Melanoma
(unresectable stage III/IV);

Phase 2, randomized

Ipilimumab 3 mg/kg IV
d1 + nivolumab 1 mg/kg IV

d1 + sargramostim 250 µg SC
d1-14 of 21 d cycles × 4, then

maintenance
nivolumab + sargramostim

vs. ipilimumab + nivolumab,
then nivolumab alone

Ongoing Ongoing
• Phase 2 portion met safety

requirements; phase 3
is ongoing

Biliary Cancer

Kelley 2022 (abstract
only available) [103]

Advanced biliary cancer
(N = 42); Phase 2,

single-arm

Pembrolizumab 200 mg IV d1
+ sargramostim 250 µg SC
d1-14 × 2 of 3 21 d cycles

• Median OS 393 d
• Median PFS 63 d
• ORR 1 12%

• Grade 3–4 TRAE 10%
• Serious TRAEs 7%

• Authors report safety and
tolerability of sargramostim
with pembrolizumab

• Authors report ORR with sar-
gramostim + pembrolizumab
higher than expected with
pembrolizumab monotherapy

Prostate Cancer

Kwek 2015 [104]

Prostate cancer (metastatic,
castration-resistant;
N = 42); Phase 1b,

dose-escalation study

Ipilimumab escalating doses
0.5–10 mg/kg IV d1 +

sargramostim 250 µg/m2 SC
d1-14 of 28 d cycles × 4

• Median OS 23.6 m
• Median TTP 20 m

• Dose-limiting
toxicities 4.8%

• Durable benefit and
long-term survival observed

• Toxicity similar to other
ipilimumab studies

Non-Small Cell Lung Cancer

NCT04856176
(estimated
completion
2024) [105]

Non-small cell lung cancer
(stage III/IV); Phase 2,

single-arm

Chemo-immunotherapy × 4
cycles, then pembrolizumab +
sargramostim ± pemetrexed

Ongoing Ongoing Ongoing

1 Response measured by Response Evaluation Criteria in Solid Tumors (RECIST) v1.1; 2 response measured by Immune-Related Response Criteria (irRC). Abbreviations: AE = adverse
event; CNS = central nervous system; d = day; EA = ECOG-ACRIN; ECOG = Eastern Cooperative Oncology Group; GI = gastrointestinal; IV = intravenous; m = month; NS = not
significant; ORR = overall response rate; OS = overall survival; PFS = progression-free survival; SC = subcutaneous; TRAE = treatment-related adverse event; TTP = time to progression;
w = week.
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and toxicity profile in this high-risk patient population (41% with CNS metastases) and 
with ipilumumab (3 mg/kg/dose) [101], which is lower than the Hodi et al. [99] and Kwek 

Figure 4. Addition of sargramostim (recombinant human granulocyte-macrophage colony-
stimulating factor (rhu GM-CSF)) to ipilimumab significantly lowered grade 3–5 adverse events
compared to the ipilimumab-alone arm in a multi-center, randomized clinical trial for advanced
melanoma (Hodi 2014) (Ref. [99]).

Additional melanoma trials have also combined sargramostim with CTLA-4 inhibition
(Table 4). These investigations include a prospective, phase 2 clinical trial performed by
Kwek et al. [100] using CTLA-4 antibody with sargramostim in 22 metastatic melanoma
patients which found similar outcome and safety results as those of the Hodi et al. [99]
randomized trial (Table 4). A single-institution, retrospective study of 32 melanoma pa-
tients treated using CTLA-4 inhibition and sargramostim reported an acceptable ORR
and toxicity profile in this high-risk patient population (41% with CNS metastases) and
with ipilumumab (3 mg/kg/dose) [101], which is lower than the Hodi et al. [99] and
Kwek et al. [100] trials (ipilimumab 10 mg/kg/dose) (Table 4). These studies support the
benefit of adding sargramostim to immune checkpoint blockade, which may result in
improved disease control rates and lower rates of irAEs.

Immune checkpoint inhibitors are frequently combined for the treatment of malig-
nancies as this approach provides an improved benefit but with a greater risk of toxicity.
In melanoma, the combination of CTLA-4 and PD-1 inhibition has a higher efficacy than
either therapy alone but is associated with a 55% rate of severe irAEs [106]. A clinical
trial exploring the addition of sargramostim to CTLA-4 inhibition combined with PD-1
inhibition in melanoma is ongoing (ECOG-ACRIN6141; NCT02339571) [102] (Table 4). The
phase 2 portion of this investigation demonstrated the safety of the triple combination
which enabled the trial to move forward to phase 3.

Table 4 details other investigations of sargramostim with ICI therapies that have been
completed for biliary cancer [103] and prostate cancer [104], and is ongoing for non-small
cell lung cancer [105].

The effects of sargramostim on the immune infiltrates observed within tumors and its
effect upon anti-cancer immunological activity remain unknown. One prior observation
was that GM-CSF increased CD4+ and CD8+ ICOS T cells [99,107]. The presence of
these cells has previously been correlated with a positive response to immune checkpoint
blockade by Carthon et al. [108]. However, additional work is needed to understand these
effects further.



Cancers 2024, 16, 501 14 of 20

5. Discussion

Many cancer patients are currently deriving significant benefits from the use of
ICIs [1–6]. Unfortunately, these agents may cause irAEs that can be fatal, and the treatment
of these irAEs can interfere with anti-cancer responses. We reviewed the underlying mech-
anisms associated with the development of GI irAEs. We further described the common
symptoms and signs of GI irAEs and shared the lessons learned about GI irAEs from IBD.

GI irAEs often require endoscopy to properly manage as the extent of luminal in-
volvement and severity of injury correlate poorly with symptoms and cross-sectional
imaging [18,20]. Currently, the treatment for GI irAEs begins after the onset of symptoms
using broad immune suppression; while generally effective, this approach runs the risk
of inhibiting optimal anti-tumor responses. In particular, systemic glucocorticoids and
TNF inhibitors may reduce the full benefit of immunotherapy [109,110]. A number of
investigators have recognized the similarities between GI irAEs and IBD. As a result, the
initial treatment strategies for GI irAEs mirror those used as standard therapies for IBD.
The use of data in this fashion can represent a significant limitation, and currently there
are no randomized controlled trials of a specific therapy for GI irAEs. We indicate that it is
imperative to identify alternative, less immunosuppressive strategies for attenuating or
preventing GI irAEs with the potential to improve oncologic outcomes. These approaches,
unfortunately, are based on retrospective analyses or small patient populations. While
first-line treatment for GI irAEs remains systemic glucocorticoid therapy, which is only
effective in about two-thirds of patients, those subjects who fail to respond adequately must
receive potentially more toxic treatments such as the IL-23p40 inhibitor ustekinumab and
the JAK inhibitor tofacitinib (Table 3) [19,33,34]. The approach of using IBD as a surrogate
for treating GI irAE obviously has limitations.

It is imperative to identify alternative, less immunosuppressive strategies for attenuat-
ing or preventing GI irAEs with the potential to improve oncologic outcomes. The risk of
inadvertently interfering with anti-tumor immunity is even more important to consider
when trying to develop prophylactic therapies for GI irAEs as, by definition, preventative
therapies subject some patients to treatment that they do not need as they might not develop
luminal inflammation. The development of these specific approaches will undoubtedly
take considerable time and effort.

Sargramostim (glycosylated, yeast-derived rhu GM-CSF) is an agent that has been
used in clinical practice for more than 30 years and has a well-recognized safety profile
with much therapeutic potential as a host-directed immunotherapy. Sargramostim has
the potential to act through a mechanism that, to date, is fundamentally different from
other treatments used to manage GI irAEs. In some settings, such as the melanoma tumor
microenvironment, GM-CSF can enhance the formation of cross-presenting dendritic cells,
improving the presentation of tumor antigens and increasing the quality of anti-tumor T
cell responses; these effects can potentially work synergistically with checkpoint blockade.
This scenario represents at least one interpretation of the positive early clinical data from
combination studies of sargramostim and CTLA-4 blockade. The enhanced activation of
cross-presenting dendritic cells may not be a general mechanism that applies to all tumors.
However, GM-CSF also can increase the formation of MDSCs in some tumor types. These
cells may also play a role in the protective responses exerted by GM-CSF in the inflamed
colon, and an improved barrier defense may also be important in the observed decrease in
GI irAE risk (Figure 1).

The clinical data available thus far suggest that sargramostim can improve anti-tumor
responses in melanoma while also reducing the risk for GI irAEs. In the multicenter,
Eastern Cooperative Group (ECOG) advanced malignant melanoma study reported by
Hodi et al. [99], the addition of sargramostim to ipilimumab significantly lowered grade
3–5 adverse events compared to the ipilimumab-alone arm (Figure 4). In fact, not only
were GI irAEs significantly lowered, but pulmonary adverse events also were reduced
in the sargramostim arm. These are the first data to suggest the efficacy of prophylactic
irAE treatment that does not interfere with anti-tumor responses. We do not know if this
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prophylactic effect in GI irAE management will hold in other therapeutic settings, or if the
doses currently used as prophylaxis are therapeutically appropriate in this context. Clinical
trials to determine how sargramostim affects the inflamed colon in GI irAEs will be an
important next step and could have a substantial impact on the standard management of
this important checkpoint blockade toxicity.

6. Conclusions

While ICI therapy can provide significant anti-cancer responses in many patients,
irAEs can accompany this therapy and lead to significant morbidity. In particular, the GI
tract is a major organ affected by ICI therapy. GI irAEs are common and can be severe or
even fatal. Further, the treatment for GI irAEs may impair anti-cancer responses. Thus, we
focused on this specific organ toxicity and addressed the prompt recognition, diagnosis,
and treatments that differ according to extent of injury (i.e., mild and moderate/severe).
As the treatment for GI irAE actually may impair anti-cancer responses, we discussed
both the rationale and evidence for the use of sargramostim as a treatment. Sargramostim
has a well-recognized safety profile and appears, in preclinical and clinical studies, to
have a unique mechanism of action as a host-directed immunotherapy (Figure 3) that can
treat irAEs and yet not impair the anti-cancer effects of other agents (Table 4). As such,
we suggest further investigations of irAE as a prophylaxis. It is important to note that
much of the literature thus far on the combination of sargramostim with ICIs is in the
context of malignant melanoma treatment and the development of irAEs while patients are
receiving treatment. While it is clear the underlying biology of irAEs, particularly GI irAEs
arising from dysregulated barrier function, is not expected to differ on the basis of primary
malignancy, prospective trial data in other cancers are urgently needed. Further, whether
other determinants of checkpoint blockade efficacy and safety—such as the gut microbiome
or combination therapy—may influence this process remains to be seen. Other strategies to
prevent or ameliorate the morbidity and costly complications of ICI therapy that do not
blunt the immune system’s anti-tumor response remain an active area of investigation.

Author Contributions: Conceptualization, M.D., L.H.N. and H.M.L.; writing—original draft prepa-
ration, M.D., L.H.N., E.I.B. and H.M.L.; writing—review and editing, M.D., L.H.N., E.I.B. and H.M.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by Partner Therapeutics, Inc.

Acknowledgments: The authors would like to acknowledge the expertise and support of Joyce
Kinsey, MScN, RN (Partner Therapeutics, Inc.) and Carolyn E. Ragsdale, PharmD, CMPP (Partner
Therapeutics, Inc.) in the review and preparation of this manuscript, and Drew Provan (Herodotus
Media) for figure creation.

Conflicts of Interest: H.M.L. is a paid consultant for Partner Therapeutics and has stock options.
M.D. and E.I.B. received funds from Partner Therapeutics within the past 3 years, but none in
relation to this publication. H.M.L. is a paid consultant for Actinium Pharmaceuticals, Inc., CSL
Behring, Jazz Pharmaceuticals, Inc., Pluri-Biotech, Inc., and Seattle Genetics; on the speaker bureau
for Jazz Pharmaceuticals; a promotional speaker for Seattle Genetics and AstraZeneca; and on a
data safety monitoring board for Bristol-Myers Squibb and Biosight. M.D. received funds from
Neolukin Therapeutics (and has stock options), Moderna, Aditum, OREC, Tillotts Pharma, SQZ
Biotech, AzurRx, and Mallinckrodt for consulting within the past 3 years, and acknowledges support
from UpToDate, Sandoz Academy, Experts at Your Fingertips, and WebMD. E.I.B. acknowledges
support from Genentech, Novartis, and Lilly, and received funds from Apexigen, Shionogi, Bristol
Myers Squibb, Nektar, Instilbio, and Xilio for consulting within the past 3 years. L.H.N. has no
conflicts of interest to disclose. The funders had no role in the design of the study; in the collection,
analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish
the results.



Cancers 2024, 16, 501 16 of 20

References
1. Topalian, S.L.; Weiner, G.J.; Pardoll, D.M. Cancer immunotherapy comes of age. J. Clin. Oncol. 2011, 29, 4828–4836. [CrossRef]

[PubMed]
2. Waldman, A.D.; Fritz, J.M.; Lenardo, M.J. A guide to cancer immunotherapy: From T cell basic science to clinical practice. Nat.

Rev. Immunol. 2020, 20, 651–668. [CrossRef] [PubMed]
3. Schoenfeld, A.J.; Hellmann, M.D. Acquired Resistance to Immune Checkpoint Inhibitors. Cancer Cell 2020, 37, 443–455. [CrossRef]

[PubMed]
4. Wang, D.Y.; Salem, J.E.; Cohen, J.V.; Chandra, S.; Menzer, C.; Ye, F.; Zhao, S.; Das, S.; Beckermann, K.E.; Ha, L.; et al. Fatal toxic

effects associated with immune checkpoint inhibitors: A systematic review and meta-analysis. JAMA Oncol. 2018, 4, 1721–1728.
[CrossRef] [PubMed]

5. Johnson, D.B.; Nebhan, C.A.; Moslehi, J.J.; Balko, J.M. Immune-checkpoint inhibitors: Long-term implications of toxicity. Nat. Rev.
Clin. Oncol. 2022, 19, 254–267. [CrossRef] [PubMed]

6. Pauken, K.E.; Dougan, M.; Rose, N.R.; Lichtman, A.H.; Sharpe, A.H. Adverse Events Following Cancer Immunotherapy:
Obstacles and Opportunities. Trends Immunol. 2019, 40, 511–523. [CrossRef] [PubMed]

7. Helander, H.F.; Fandriks, L. Surface area of the digestive tract—Revisited. Scand. J. Gastroenterol. 2014, 49, 681–689. [CrossRef]
8. Barker, N. Adult intestinal stem cells: Critical drivers of epithelial homeostasis and regeneration. Nat. Rev. Mol. Cell Biol. 2014,

15, 19–33. [CrossRef]
9. Allaire, J.M.; Crowley, S.M.; Law, H.T.; Chang, S.Y.; Ko, H.J.; Vallance, B.A. The Intestinal Epithelium: Central Coordinator of

Mucosal Immunity. Trends Immunol. 2018, 39, 677–696. [CrossRef]
10. McDermott, A.J.; Huffnagle, G.B. The microbiome and regulation of mucosal immunity. Immunology 2014, 142, 24–31. [CrossRef]
11. Ramos-Casals, M.; Brahmer, J.R.; Callahan, M.K.; Flores-Chavez, A.; Keegan, N.; Khamashta, M.A.; Lambotte, O.; Mariette,

X.; Prat, A.; Suarez-Almazor, M.E. Immune-related adverse events of checkpoint inhibitors. Nat. Rev. Dis. Primers 2020, 6, 38.
[CrossRef] [PubMed]

12. Dougan, M.; Luoma, A.M.; Dougan, S.K.; Wucherpfennig, K.W. Understanding and treating the inflammatory adverse events of
cancer immunotherapy. Cell 2021, 184, 1575–1588. [CrossRef] [PubMed]

13. Martins, F.; Sofiya, L.; Sykiotis, G.P.; Lamine, F.; Maillard, M.; Fraga, M.; Shabafrouz, K.; Ribi, C.; Cairoli, A.; Guex-Crosier, Y.;
et al. Adverse effects of immune-checkpoint inhibitors: Epidemiology, management and surveillance. Nat. Rev. Clin. Oncol. 2019,
16, 563–580. [CrossRef] [PubMed]

14. Dougan, M. Checkpoint Blockade Toxicity and Immune Homeostasis in the Gastrointestinal Tract. Front. Immunol. 2017, 8, 1547.
[CrossRef] [PubMed]

15. Schneider, B.J.; Naidoo, J.; Santomasso, B.D.; Lacchetti, C.; Adkins, S.; Anadkat, M.; Atkins, M.B.; Brassil, K.J.; Caterino, J.M.;
Chau, I.; et al. Management of Immune-Related Adverse Events in Patients Treated With Immune Checkpoint Inhibitor Therapy:
ASCO Guideline Update. J. Clin. Oncol. 2021, 39, 4073–4126. [CrossRef] [PubMed]

16. Hughes, M.S.; Molina, G.E.; Chen, S.T.; Zheng, H.; Deshpande, V.; Fadden, R.; Sullivan, R.J.; Dougan, M. Budesonide treatment
for microscopic colitis from immune checkpoint inhibitors. J. Immunother. Cancer 2019, 7, 292. [CrossRef] [PubMed]

17. Badran, Y.R.; Shih, A.; Leet, D.; Mooradian, M.J.; Coromilas, A.; Chen, J.; Kem, M.; Zheng, H.; Borowsky, J.; Misdraji, J.; et al.
Immune checkpoint inhibitor-associated celiac disease. J. Immunother. Cancer 2020, 8, e000958. [CrossRef]

18. Mooradian, M.J.; Wang, D.Y.; Coromilas, A.; Lumish, M.; Chen, T.; Giobbie-Hurder, A.; Johnson, D.B.; Sullivan, R.J.; Dougan, M.
Mucosal inflammation predicts response to systemic steroids in immune checkpoint inhibitor colitis. J. Immunother. Cancer 2020,
8, e000451. [CrossRef]

19. Dougan, M.; Wang, Y.; Rubio-Tapia, A.; Lim, J.K. AGA Clinical Practice Update on Diagnosis and Management of Immune
Checkpoint Inhibitor Colitis and Hepatitis: Expert Review. Gastroenterology 2021, 160, 1384–1393. [CrossRef]

20. Wang, Y.; Abu-Sbeih, H.; Mao, E.; Ali, N.; Qiao, W.; Trinh, V.A.; Zobniw, C.; Johnson, D.H.; Samdani, R.; Lum, P.; et al. Endoscopic
and Histologic Features of Immune Checkpoint Inhibitor-Related Colitis. Inflamm. Bowel Dis. 2018, 24, 1695–1705. [CrossRef]

21. Luoma, A.M.; Suo, S.; Williams, H.L.; Sharova, T.; Sullivan, K.; Manos, M.; Bowling, P.; Hodi, F.S.; Rahma, O.; Sullivan, R.J.; et al.
Molecular Pathways of Colon Inflammation Induced by Cancer Immunotherapy. Cell 2020, 182, 655–671. [CrossRef]

22. Sasson, S.C.; Slevin, S.M.; Cheung, V.T.F.; Nassiri, I.; Olsson-Brown, A.; Fryer, E.; Ferreira, R.C.; Trzupek, D.; Gupta, T.;
Al-Hillawi, L.; et al. Interferon-Gamma-Producing CD8(+) Tissue Resident Memory T Cells Are a Targetable Hallmark of
Immune Checkpoint Inhibitor-Colitis. Gastroenterology 2021, 161, 1229–1244 e1229. [CrossRef]

23. Marthey, L.; Mateus, C.; Mussini, C.; Nachury, M.; Nancey, S.; Grange, F.; Zallot, C.; Peyrin-Biroulet, L.; Rahier, J.F.; Bourdier de
Beauregard, M.; et al. Cancer immunotherapy with anti-CTLA-4 monoclonal antibodies induces an inflammatory bowel disease.
J. Crohn’s Colitis 2016, 10, 395–401. [CrossRef] [PubMed]

24. Tang, L.; Wang, J.; Lin, N.; Zhou, Y.; He, W.; Liu, J.; Ma, X. Immune Checkpoint Inhibitor-Associated Colitis: From Mechanism to
Management. Front. Immunol. 2021, 12, 800879. [CrossRef] [PubMed]

25. Siakavellas, S.I.; Bamias, G. Checkpoint inhibitor colitis: A new model of inflammatory bowel disease? Curr. Opin. Gastroenterol.
2018, 34, 377–383. [CrossRef]

26. Bellaguarda, E.; Hanauer, S. Checkpoint Inhibitor-Induced Colitis. Am. J. Gastroenterol. 2020, 115, 202–210. [CrossRef]
27. Dabritz, J. Granulocyte macrophage colony-stimulating factor and the intestinal innate immune cell homeostasis in Crohn’s

disease. Am. J. Physiol. Gastrointest. Liver Physiol. 2014, 306, G455–G465. [CrossRef] [PubMed]

https://doi.org/10.1200/JCO.2011.38.0899
https://www.ncbi.nlm.nih.gov/pubmed/22042955
https://doi.org/10.1038/s41577-020-0306-5
https://www.ncbi.nlm.nih.gov/pubmed/32433532
https://doi.org/10.1016/j.ccell.2020.03.017
https://www.ncbi.nlm.nih.gov/pubmed/32289269
https://doi.org/10.1001/jamaoncol.2018.3923
https://www.ncbi.nlm.nih.gov/pubmed/30242316
https://doi.org/10.1038/s41571-022-00600-w
https://www.ncbi.nlm.nih.gov/pubmed/35082367
https://doi.org/10.1016/j.it.2019.04.002
https://www.ncbi.nlm.nih.gov/pubmed/31053497
https://doi.org/10.3109/00365521.2014.898326
https://doi.org/10.1038/nrm3721
https://doi.org/10.1016/j.it.2018.04.002
https://doi.org/10.1111/imm.12231
https://doi.org/10.1038/s41572-020-0160-6
https://www.ncbi.nlm.nih.gov/pubmed/32382051
https://doi.org/10.1016/j.cell.2021.02.011
https://www.ncbi.nlm.nih.gov/pubmed/33675691
https://doi.org/10.1038/s41571-019-0218-0
https://www.ncbi.nlm.nih.gov/pubmed/31092901
https://doi.org/10.3389/fimmu.2017.01547
https://www.ncbi.nlm.nih.gov/pubmed/29230210
https://doi.org/10.1200/JCO.21.01440
https://www.ncbi.nlm.nih.gov/pubmed/34724392
https://doi.org/10.1186/s40425-019-0756-0
https://www.ncbi.nlm.nih.gov/pubmed/31699151
https://doi.org/10.1136/jitc-2020-000958
https://doi.org/10.1136/jitc-2019-000451
https://doi.org/10.1053/j.gastro.2020.08.063
https://doi.org/10.1093/ibd/izy104
https://doi.org/10.1016/j.cell.2020.06.001
https://doi.org/10.1053/j.gastro.2021.06.025
https://doi.org/10.1093/ecco-jcc/jjv227
https://www.ncbi.nlm.nih.gov/pubmed/26783344
https://doi.org/10.3389/fimmu.2021.800879
https://www.ncbi.nlm.nih.gov/pubmed/34992611
https://doi.org/10.1097/MOG.0000000000000482
https://doi.org/10.14309/ajg.0000000000000497
https://doi.org/10.1152/ajpgi.00409.2013
https://www.ncbi.nlm.nih.gov/pubmed/24503766


Cancers 2024, 16, 501 17 of 20

28. Abu-Sbeih, H.; Faleck, D.M.; Ricciuti, B.; Mendelsohn, R.B.; Naqash, A.R.; Cohen, J.V.; Sellers, M.C.; Balaji, A.; Ben-Betzalel, G.;
Hajir, I.; et al. Immune Checkpoint Inhibitor Therapy in Patients With Preexisting Inflammatory Bowel Disease. J. Clin. Oncol.
2020, 38, 576–583. [CrossRef]

29. Zou, F.; Faleck, D.; Thomas, A.; Harris, J.; Satish, D.; Wang, X.; Charabaty, A.; Ernstoff, M.S.; Glitza Oliva, I.C.; Hanauer, S.; et al.
Efficacy and safety of vedolizumab and infliximab treatment for immune-mediated diarrhea and colitis in patients with cancer: A
two-center observational study. J. Immunother. Cancer 2021, 9, e003277. [CrossRef]

30. Abu-Sbeih, H.; Ali, F.S.; Alsaadi, D.; Jennings, J.; Luo, W.; Gong, Z.; Richards, D.M.; Charabaty, A.; Wang, Y. Outcomes of
vedolizumab therapy in patients with immune checkpoint inhibitor-induced colitis: A multi-center study. J. Immunother. Cancer
2018, 6, 142. [CrossRef]

31. Feuerstein, J.D.; Isaacs, K.L.; Schneider, Y.; Siddique, S.M.; Falck-Ytter, Y.; Singh, S.; Committee, A.G.A.I.C.G. AGA Clinical
Practice Guidelines on the Management of Moderate to Severe Ulcerative Colitis. Gastroenterology 2020, 158, 1450–1461. [CrossRef]
[PubMed]

32. Feuerstein, J.D.; Ho, E.Y.; Shmidt, E.; Singh, H.; Falck-Ytter, Y.; Sultan, S.; Terdiman, J.P.; American Gastroenterological Association
Institute Clinical Guidelines Committee. AGA Clinical Practice Guidelines on the Medical Management of Moderate to Severe
Luminal and Perianal Fistulizing Crohn’s Disease. Gastroenterology 2021, 160, 2496–2508. [CrossRef] [PubMed]

33. Bishu, S.; Melia, J.; Sharfman, W.; Lao, C.D.; Fecher, L.A.; Higgins, P.D.R. Efficacy and Outcome of Tofacitinib in Immune
checkpoint Inhibitor Colitis. Gastroenterology 2021, 160, 932–934.e933. [CrossRef] [PubMed]

34. Shirwaikar Thomas, A.; Lee, S.E.; Shatila, M.; De Toni, E.N.; Torok, H.P.; Ben Khaled, N.; Powell, N.; Weight, R.; Faleck, D.M.;
Wang, Y. IL12/23 Blockade for Refractory Immune-Mediated Colitis: 2-Center Experience. Am. J. Gastroenterol. 2023, 118,
1679–1683. [CrossRef] [PubMed]

35. Weber, J.; Thompson, J.A.; Hamid, O.; Minor, D.; Amin, A.; Ron, I.; Ridolfi, R.; Assi, H.; Maraveyas, A.; Berman, D.; et al. A
randomized, double-blind, placebo-controlled, phase II study comparing the tolerability and efficacy of ipilimumab administered
with or without prophylactic budesonide in patients with unresectable stage III or IV melanoma. Clin. Cancer Res. 2009,
15, 5591–5598. [CrossRef] [PubMed]

36. Lazarus, H.M.; Ragsdale, C.E.; Gale, R.P.; Lyman, G.H. Sargramostim (rhu GM-CSF) as Cancer Therapy (Systematic Review) and
An Immunomodulator. A Drug Before Its Time? Front. Immunol. 2021, 12, 706186. [CrossRef] [PubMed]

37. Wong, G.G.; Witek, J.S.; Temple, P.A.; Wilkens, K.M.; Leary, A.C.; Luxenberg, D.P.; Jones, S.S.; Brown, E.L.; Kay, R.M.; Orr, E.C.;
et al. Human GM-CSF: Molecular cloning of the complementary DNA and purification of the natural and recombinant proteins.
Science 1985, 228, 810–815. [CrossRef]

38. Bradley, T.R.; Metcalf, D. The growth of mouse bone marrow cells in vitro. Aust. J. Exp. Biol. Med. Sci. 1966, 44, 287–299.
[CrossRef]

39. Gough, N.M.; Gough, J.; Metcalf, D.; Kelso, A.; Grail, D.; Nicola, N.A.; Burgess, A.W.; Dunn, A.R. Molecular cloning of
cDNA encoding a murine haematopoietic growth regulator, granulocyte-macrophage colony stimulating factor. Nature 1984,
309, 763–767. [CrossRef]

40. Kaufman, H.L.; Ruby, C.E.; Hughes, T.; Slingluff, C.L., Jr. Current status of granulocyte-macrophage colony-stimulating factor in
the immunotherapy of melanoma. J. Immunother. Cancer 2014, 2, 11. [CrossRef]

41. Damiani, G.; McCormick, T.S.; Leal, L.O.; Ghannoum, M.A. Recombinant human granulocyte macrophage-colony stimulating
factor expressed in yeast (sargramostim): A potential ally to combat serious infections. Clin. Immunol. 2020, 210, 108292.
[CrossRef] [PubMed]

42. Lazarus, H.M.; Pitts, K.; Wang, T.; Lee, E.; Buchbinder, E.; Dougan, M.; Armstrong, D.G.; Paine, R., 3rd; Ragsdale, C.E.; Boyd, T.;
et al. Recombinant GM-CSF for diseases of GM-CSF insufficiency: Correcting dysfunctional mononuclear phagocyte disorders.
Front. Immunol. 2022, 13, 1069444. [CrossRef] [PubMed]

43. Hercus, T.R.; Thomas, D.; Guthridge, M.A.; Ekert, P.G.; King-Scott, J.; Parker, M.W.; Lopez, A.F. The granulocyte-macrophage
colony-stimulating factor receptor: Linking its structure to cell signaling and its role in disease. Blood 2009, 114, 1289–1298.
[CrossRef] [PubMed]

44. Rahbar, A.; Hossain, M.S.; Giver, C.R.; Desai, S.; Haroun, Y.; Kauser, T.; Ejaz, K.; Quyyumi, A.A.; Waller, E.K. Intermittent
sargramostim administration expands proliferating naïve T cells, Tregs, HLA-DR+ PD-L1+ monocytes and myeloid-derived
suppressor cells: Results from a randomized placebo-controlled clinical trial of GM-CSF in patients with peripheral artery disease.
Blood 2023, 142 (Suppl. S1), 5355.

45. Tarhini, A.A.; Joshi, I.; Garner, F. Sargramostim and immune checkpoint inhibitors: Combinatorial therapeutic studies in
metastatic melanoma. Immunotherapy 2021, 13, 1011–1029. [CrossRef] [PubMed]

46. Mu, X.; Liu, K.; Li, H.; Wang, F.S.; Xu, R. Granulocyte-macrophage colony-stimulating factor: An immunotarget for sepsis and
COVID-19. Cell. Mol. Immunol. 2021, 18, 2057–2058. [CrossRef] [PubMed]

47. Bhattacharya, P.; Budnick, I.; Singh, M.; Thiruppathi, M.; Alharshawi, K.; Elshabrawy, H.; Holterman, M.J.; Prabhakar, B.S. Dual
role of GM-CSF as a pro-inflammatory and a regulatory cytokine: Implications for immune therapy. J. Interferon Cytokine Res.
2015, 35, 585–599. [CrossRef]

48. Zhang, J.; Roberts, A.I.; Liu, C.; Ren, G.; Xu, G.; Zhang, L.; Devadas, S.; Shi, Y. A novel subset of helper T cells promotes immune
responses by secreting GM-CSF. Cell Death Differ. 2013, 20, 1731–1741. [CrossRef]

https://doi.org/10.1200/JCO.19.01674
https://doi.org/10.1136/jitc-2021-003277
https://doi.org/10.1186/s40425-018-0461-4
https://doi.org/10.1053/j.gastro.2020.01.006
https://www.ncbi.nlm.nih.gov/pubmed/31945371
https://doi.org/10.1053/j.gastro.2021.04.022
https://www.ncbi.nlm.nih.gov/pubmed/34051983
https://doi.org/10.1053/j.gastro.2020.10.029
https://www.ncbi.nlm.nih.gov/pubmed/33096100
https://doi.org/10.14309/ajg.0000000000002332
https://www.ncbi.nlm.nih.gov/pubmed/37216614
https://doi.org/10.1158/1078-0432.CCR-09-1024
https://www.ncbi.nlm.nih.gov/pubmed/19671877
https://doi.org/10.3389/fimmu.2021.706186
https://www.ncbi.nlm.nih.gov/pubmed/34484202
https://doi.org/10.1126/science.3923623
https://doi.org/10.1038/icb.1966.28
https://doi.org/10.1038/309763a0
https://doi.org/10.1186/2051-1426-2-11
https://doi.org/10.1016/j.clim.2019.108292
https://www.ncbi.nlm.nih.gov/pubmed/31676420
https://doi.org/10.3389/fimmu.2022.1069444
https://www.ncbi.nlm.nih.gov/pubmed/36685591
https://doi.org/10.1182/blood-2008-12-164004
https://www.ncbi.nlm.nih.gov/pubmed/19436055
https://doi.org/10.2217/imt-2021-0119
https://www.ncbi.nlm.nih.gov/pubmed/34157863
https://doi.org/10.1038/s41423-021-00719-3
https://www.ncbi.nlm.nih.gov/pubmed/34282298
https://doi.org/10.1089/jir.2014.0149
https://doi.org/10.1038/cdd.2013.130


Cancers 2024, 16, 501 18 of 20

49. Mach, N.; Gillessen, S.; Wilson, S.B.; Sheehan, C.; Mihm, M.; Dranoff, G. Differences in dendritic cells stimulated in vivo by
tumors engineered to secrete granulocyte-macrophage colony-stimulating factor or Flt3-ligand. Cancer Res. 2000, 60, 3239–3246.

50. Dranoff, G.; Crawford, A.D.; Sadelain, M.; Ream, B.; Rashid, A.; Bronson, R.T.; Dickersin, G.R.; Bachurski, C.J.; Mark, E.L.;
Whitsett, J.A.; et al. Involvement of granulocyte-macrophage colony-stimulating factor in pulmonary homeostasis. Science 1994,
264, 713–716. [CrossRef]

51. Becher, B.; Tugues, S.; Greter, M. GM-CSF: From growth factor to central mediator of tissue inflammation. Immunity 2016,
45, 963–973. [CrossRef] [PubMed]

52. Roberts, A.W. G-CSF: A key regulator of neutrophil production, but that’s not all! Growth Factors 2005, 23, 33–41. [CrossRef]
[PubMed]

53. Trapnell, B.C.; Nakata, K.; Bonella, F.; Campo, I.; Griese, M.; Hamilton, J.; Wang, T.; Morgan, C.; Cottin, V.; McCarthy, C.
Pulmonary alveolar proteinosis. Nat. Rev. Dis. Primers 2019, 5, 16. [CrossRef] [PubMed]

54. Ataya, A.; Knight, V.; Carey, B.C.; Lee, E.; Tarling, E.J.; Wang, T. The Role of GM-CSF Autoantibodies in Infection and Autoimmune
Pulmonary Alveolar Proteinosis: A Concise Review. Front. Immunol. 2021, 12, 752856. [CrossRef] [PubMed]

55. McCarthy, C.; Carey, B.C.; Trapnell, B.C. Autoimmune Pulmonary Alveolar Proteinosis. Am. J. Respir. Crit. Care Med. 2022,
205, 1016–1035. [CrossRef]

56. Geertsma, M.F.; Van Furth, R.; Nibbering, P.H. Monocytes incubated with surfactant: A model for human alveolar macrophages?
J. Leukoc. Biol. 1997, 62, 485–492. [CrossRef] [PubMed]

57. Kumar, A.; Taghi Khani, A.; Sanchez Ortiz, A.; Swaminathan, S. GM-CSF: A Double-Edged Sword in Cancer Immunotherapy.
Front. Immunol. 2022, 13, 901277. [CrossRef]

58. Rosler, B.; Herold, S. Lung epithelial GM-CSF improves host defense function and epithelial repair in influenza virus pneumonia-a
new therapeutic strategy? Mol. Cell. Pediatr. 2016, 3, 29. [CrossRef]

59. Casacuberta-Serra, S.; Pares, M.; Golbano, A.; Coves, E.; Espejo, C.; Barquinero, J. Myeloid-derived suppressor cells can
be efficiently generated from human hematopoietic progenitors and peripheral blood monocytes. Immunol. Cell Biol. 2017,
95, 538–548. [CrossRef]

60. Hirata, Y.; Egea, L.; Dann, S.M.; Eckmann, L.; Kagnoff, M.F. GM-CSF-facilitated dendritic cell recruitment and survival govern the
intestinal mucosal response to a mouse enteric bacterial pathogen. Cell Host Microbe 2010, 7, 151–163. [CrossRef]

61. Coon, C.; Beagley, K.W.; Bao, S. The role of granulocyte macrophage-colony stimulating factor in gastrointestinal immunity to
salmonellosis. Scand. J. Immunol. 2009, 70, 106–115. [CrossRef]

62. Fukuzawa, H.; Sawada, M.; Kayahara, T.; Morita-Fujisawa, Y.; Suzuki, K.; Seno, H.; Takaishi, S.; Chiba, T. Identification of
GM-CSF in Paneth cells using single-cell RT-PCR. Biochem. Biophys. Res. Commun. 2003, 312, 897–902. [CrossRef] [PubMed]

63. Coombes, J.L.; Siddiqui, K.R.; Arancibia-Carcamo, C.V.; Hall, J.; Sun, C.M.; Belkaid, Y.; Powrie, F. A functionally specialized
population of mucosal CD103+ DCs induces Foxp3+ regulatory T cells via a TGF-beta and retinoic acid-dependent mechanism.
J. Exp. Med. 2007, 204, 1757–1764. [CrossRef]

64. del Rio, M.L.; Bernhardt, G.; Rodriguez-Barbosa, J.I.; Forster, R. Development and functional specialization of CD103+ dendritic
cells. Immunol. Rev. 2010, 234, 268–281. [CrossRef] [PubMed]

65. Dranoff, G. Granulocyte-macrophage colony stimulating factor and inflammatory bowel disease: Establishing a connection.
Gastroenterology 2011, 141, 28–31. [CrossRef] [PubMed]

66. Enzler, T.; Gillessen, S.; Dougan, M.; Allison, J.P.; Neuberg, D.; Oble, D.A.; Mihm, M.; Dranoff, G. Functional deficiencies of
granulocyte-macrophage colony stimulating factor and interleukin-3 contribute to insulitis and destruction of beta cells. Blood
2007, 110, 954–961. [CrossRef]

67. Dougan, M.; Dranoff, G.; Dougan, S.K. GM-CSF, IL-3, and IL-5 Family of Cytokines: Regulators of Inflammation. Immunity 2019,
50, 796–811. [CrossRef]

68. Dabritz, J. GM-CSF and the role of myeloid regulatory cells in the pathogenesis and treatment of Crohn’s disease. Mol. Cell.
Pediatr. 2015, 2, 12. [CrossRef]

69. Egea, L.; Hirata, Y.; Kagnoff, M.F. GM-CSF: A role in immune and inflammatory reactions in the intestine. Expert. Rev. Gastroenterol.
Hepatol. 2010, 4, 723–731. [CrossRef]

70. Dranoff, G.; Jaffee, E.; Lazenby, A.; Golumbek, P.; Levitsky, H.; Brose, K.; Jackson, V.; Hamada, H.; Pardoll, D.; Mulligan, R.C.
Vaccination with irradiated tumor cells engineered to secrete murine granulocyte-macrophage colony-stimulating factor stimulates
potent, specific, and long-lasting anti-tumor immunity. Proc. Natl. Acad. Sci. USA 1993, 90, 3539–3543. [CrossRef]

71. Si, Z.; Hersey, P.; Coates, A.S. Clinical responses and lymphoid infiltrates in metastatic melanoma following treatment with
intralesional GM-CSF. Melanoma Res. 1996, 6, 247–255. [CrossRef] [PubMed]

72. Kurbacher, C.M.; Kurbacher, J.A.; Cramer, E.M.; Rhiem, K.; Mallman, P.K.; Reichelt, R.; Reinhold, U.; Stier, U.; Cree, I.A.
Continuous low-dose GM-CSF as salvage therapy in refractory recurrent breast or female genital tract carcinoma. Oncology
Williston Park 2005, 19, 23–26. [PubMed]

73. Grotz, T.E.; Kottschade, L.; Pavey, E.S.; Markovic, S.N.; Jakub, J.W. Adjuvant GM-CSF improves survival in high-risk stage IIIC
melanoma: A single-center Study. Am. J. Clin. Oncol. 2014, 37, 467–472. [CrossRef] [PubMed]

74. Dong, Z.; Kumar, R.; Yang, X.; Fidler, I.J. Macrophage-derived metalloelastase is responsible for the generation of angiostatin in
Lewis lung carcinoma. Cell 1997, 88, 801–810. [CrossRef]

https://doi.org/10.1126/science.8171324
https://doi.org/10.1016/j.immuni.2016.10.026
https://www.ncbi.nlm.nih.gov/pubmed/27851925
https://doi.org/10.1080/08977190500055836
https://www.ncbi.nlm.nih.gov/pubmed/16019425
https://doi.org/10.1038/s41572-019-0066-3
https://www.ncbi.nlm.nih.gov/pubmed/30846703
https://doi.org/10.3389/fimmu.2021.752856
https://www.ncbi.nlm.nih.gov/pubmed/34880857
https://doi.org/10.1164/rccm.202112-2742SO
https://doi.org/10.1002/jlb.62.4.485
https://www.ncbi.nlm.nih.gov/pubmed/9335319
https://doi.org/10.3389/fimmu.2022.901277
https://doi.org/10.1186/s40348-016-0055-5
https://doi.org/10.1038/icb.2017.4
https://doi.org/10.1016/j.chom.2010.01.006
https://doi.org/10.1111/j.1365-3083.2009.02279.x
https://doi.org/10.1016/j.bbrc.2003.11.009
https://www.ncbi.nlm.nih.gov/pubmed/14651956
https://doi.org/10.1084/jem.20070590
https://doi.org/10.1111/j.0105-2896.2009.00874.x
https://www.ncbi.nlm.nih.gov/pubmed/20193025
https://doi.org/10.1053/j.gastro.2011.05.023
https://www.ncbi.nlm.nih.gov/pubmed/21620840
https://doi.org/10.1182/blood-2006-08-043786
https://doi.org/10.1016/j.immuni.2019.03.022
https://doi.org/10.1186/s40348-015-0024-4
https://doi.org/10.1586/egh.10.73
https://doi.org/10.1073/pnas.90.8.3539
https://doi.org/10.1097/00008390-199606000-00008
https://www.ncbi.nlm.nih.gov/pubmed/8819128
https://www.ncbi.nlm.nih.gov/pubmed/15934497
https://doi.org/10.1097/COC.0b013e31827def82
https://www.ncbi.nlm.nih.gov/pubmed/23428946
https://doi.org/10.1016/S0092-8674(00)81926-1


Cancers 2024, 16, 501 19 of 20

75. Mashima, H.; Zhang, R.; Kobayashi, T.; Hagiya, Y.; Tsukamoto, H.; Liu, T.; Iwama, T.; Yamamoto, M.; Lin, C.; Nakatsuka, R.;
et al. Generation of GM-CSF-producing antigen-presenting cells that induce a cytotoxic T cell-mediated antitumor response.
Oncoimmunology 2020, 9, 1814620. [CrossRef]

76. Dorr, R.T. Clinical properties of yeast-derived versus Escherichia coli-derived granulocyte-macrophage colony-stimulating factor.
Clin. Ther. 1993, 15, 19–29.

77. Sola, R.J.; Griebenow, K. Effects of glycosylation on the stability of protein pharmaceuticals. J. Pharm. Sci. 2009, 98, 1223–1245.
[CrossRef]

78. Sola, R.J.; Griebenow, K. Glycosylation of therapeutic proteins: An effective strategy to optimize efficacy. BioDrugs 2010, 24, 9–21.
[CrossRef]

79. Sainathan, S.K.; Hanna, E.M.; Gong, Q.; Bishnupuri, K.S.; Luo, Q.; Colonna, M.; White, F.V.; Croze, E.; Houchen, C.; Anant, S.;
et al. Granulocyte macrophage colony-stimulating factor ameliorates DSS-induced experimental colitis. Inflamm. Bowel Dis. 2008,
14, 88–99. [CrossRef]

80. Xu, Y.; Hunt, N.H.; Bao, S. The role of granulocyte macrophage-colony-stimulating factor in acute intestinal inflammation. Cell
Res. 2008, 18, 1220–1229. [CrossRef]

81. Sennikov, S.V.; Temchura, V.V.; Kozlov, V.A.; Trufakin, V.A. The influence of conditioned medium from mouse intestinal epithelial
cells on the proliferative activity of crypt cells: Role of granulocyte-macrophage colony-stimulating factor. J. Gastroenterol. 2002,
37, 1048–1051. [CrossRef] [PubMed]

82. Han, X.; Gilbert, S.; Groschwitz, K.; Hogan, S.; Jurickova, I.; Trapnell, B.; Samson, C.; Gully, J. Loss of GM-CSF signalling in
non-haematopoietic cells increases NSAID ileal injury. Gut 2010, 59, 1066–1078. [CrossRef]

83. Egea, L.; McAllister, C.S.; Lakhdari, O.; Minev, I.; Shenouda, S.; Kagnoff, M.F. GM-CSF produced by nonhematopoietic cells is
required for early epithelial cell proliferation and repair of injured colonic mucosa. J. Immunol. 2013, 190, 1702–1713. [CrossRef]
[PubMed]

84. Bernasconi, E.; Favre, L.; Maillard, M.H.; Bachmann, D.; Pythoud, C.; Bouzourene, H.; Croze, E.; Velichko, S.; Parkinson, J.;
Michetti, P.; et al. Granulocyte-macrophage colony-stimulating factor elicits bone marrow-derived cells that promote efficient
colonic mucosal healing. Inflamm. Bowel Dis. 2010, 16, 428–441. [CrossRef] [PubMed]

85. Pilar, A.; Gupta, M.; Ghosh Laskar, S.; Laskar, S. Intraoperative radiotherapy: Review of techniques and results. Ecancermedi-
calscience 2017, 11, 750. [CrossRef]

86. Erdem, E.; Dinc, S.; Erdem, D.; Ustun, H.; Caydere, M.; Alagol, H. Effects of intraperitoneal chemotherapy and GM-CSF on
anastomotic healing: An experimental study in rats. J. Surg. Res. 2002, 108, 1–6. [CrossRef]

87. Cetinkaya, K.; Dinc, S.; Gulcelik, M.A.; Renda, N.; Ustun, H.; Caydere, M.; Alagol, H. Granulocyte macrophage-colony stimulating
factor improves impaired anastomotic wound healing in rats treated with intraperitoneal mitomycin-C. Surg. Today 2005,
35, 290–294. [CrossRef]

88. Dinc, S.; Ozbirecikli, B.; Gulcelik, M.A.; Ergeneci, D.; Kuru, B.; Erdem, E.; Caydere, M.; Alagol, H. The effects of locally injected
granulocyte macrophage-colony stimulating factor on the healing of intraoperatively irradiated intestinal anastomoses in rats.
J. Exp. Clin. Cancer Res. 2004, 23, 77–82.

89. Hu, X.; Sun, H.; Han, C.; Wang, X.; Yu, W. Topically applied rhGM-CSF for the wound healing: A systematic review. Burns 2011,
37, 729–741. [CrossRef]

90. Brem, H.; Howell, R.; Criscitelli, T.; Senderowicz, A.; Siegart, N.; Gorenstein, S.; Gillette, B. Practical Application of Granulocyte-
Macrophage Colony-Stimulating Factor (GM-CSF) in Patients with Wounds. Surg. Technol. Int. 2018, 32, 61–66.

91. Brubaker, J.; Zhang, X.; Bourgeois, A.L.; Harro, C.; Sack, D.A.; Chakraborty, S. Intestinal and systemic inflammation induced
by symptomatic and asymptomatic enterotoxigenic E. coli infection and impact on intestinal colonization and ETEC specific
immune responses in an experimental human challenge model. Gut Microbes 2021, 13, 1891852. [CrossRef] [PubMed]

92. Buskirk, A.D.; Ndungo, E.; Shimanovich, A.A.; Lam, D.; Blackwelder, W.C.; Ikumapayi, U.N.; Ma, B.; Powell, H.; Antonio,
M.; Nataro, J.P.; et al. Mucosal Immune Profiles Associated with Diarrheal Disease Severity in Shigella- and Enteropathogenic
Escherichia coli-Infected Children Enrolled in the Global Enteric Multicenter Study. mBio 2022, 13, e0053822. [CrossRef] [PubMed]

93. Korzenik, J.R.; Dieckgraefe, B.K.; Valentine, J.F.; Hausman, D.F.; Gilbert, M.J.; Sargramostim in Crohn’s Disease Study Group.
Sargramostim for active Crohn’s disease. N. Engl. J. Med. 2005, 352, 2193–2201. [CrossRef] [PubMed]

94. Meropol, N.J.; Rustum, Y.M.; Creaven, P.J.; Blumenson, L.E.; Frank, C. Phase I and pharmacokinetic study of weekly 5-fluorouracil
administered with granulocyte-macrophage colony-stimulating factor and high-dose leucovorin: A potential role for growth
factor as mucosal protectant. Cancer Investig. 1999, 17, 1–9. [CrossRef]

95. Melichar, B.; Kohout, P.; Bratova, M.; Solichova, D.; Kralickova, P.; Zadak, Z. Intestinal permeability in patients with chemotherapy-
induced stomatitis. J. Cancer Res. Clin. Oncol. 2001, 127, 314–318. [CrossRef] [PubMed]

96. Chachoua, A.; Oratz, R.; Hoogmoed, R.; Caron, D.; Peace, D.; Liebes, L.; Blum, R.H.; Vilcek, J. Monocyte activation following
systemic administration of granulocyte-macrophage colony-stimulating factor. J. Immunother. Emphasis Tumor Immunol. 1994,
15, 217–224. [CrossRef] [PubMed]

97. Suresh, K.; Naidoo, J.; Zhong, Q.; Xiong, Y.; Mammen, J.; de Flores, M.V.; Cappelli, L.; Balaji, A.; Palmer, T.; Forde, P.M.; et al.
The alveolar immune cell landscape is dysregulated in checkpoint inhibitor pneumonitis. J. Clin. Investig. 2019, 129, 4305–4315.
[CrossRef]

https://doi.org/10.1080/2162402X.2020.1814620
https://doi.org/10.1002/jps.21504
https://doi.org/10.2165/11530550-000000000-00000
https://doi.org/10.1002/ibd.20279
https://doi.org/10.1038/cr.2008.310
https://doi.org/10.1007/s005350200176
https://www.ncbi.nlm.nih.gov/pubmed/12522537
https://doi.org/10.1136/gut.2009.203893
https://doi.org/10.4049/jimmunol.1202368
https://www.ncbi.nlm.nih.gov/pubmed/23325885
https://doi.org/10.1002/ibd.21072
https://www.ncbi.nlm.nih.gov/pubmed/19639560
https://doi.org/10.3332/ecancer.2017.750
https://doi.org/10.1006/jsre.2002.6425
https://doi.org/10.1007/s00595-004-2936-9
https://doi.org/10.1016/j.burns.2010.08.016
https://doi.org/10.1080/19490976.2021.1891852
https://www.ncbi.nlm.nih.gov/pubmed/33645430
https://doi.org/10.1128/mbio.00538-22
https://www.ncbi.nlm.nih.gov/pubmed/35924851
https://doi.org/10.1056/NEJMoa041109
https://www.ncbi.nlm.nih.gov/pubmed/15917384
https://doi.org/10.1080/07357909909011711
https://doi.org/10.1007/s004320000209
https://www.ncbi.nlm.nih.gov/pubmed/11355146
https://doi.org/10.1097/00002371-199404000-00008
https://www.ncbi.nlm.nih.gov/pubmed/8032545
https://doi.org/10.1172/JCI128654


Cancers 2024, 16, 501 20 of 20

98. van Elsas, A.; Hurwitz, A.A.; Allison, J.P. Combination immunotherapy of B16 melanoma using anti-cytotoxic T lymphocyte-
associated antigen 4 (CTLA-4) and granulocyte/macrophage colony-stimulating factor (GM-CSF)-producing vaccines induces
rejection of subcutaneous and metastatic tumors accompanied by autoimmune depigmentation. J. Exp. Med. 1999, 190, 355–366.
[CrossRef]

99. Hodi, F.S.; Lee, S.; McDermott, D.F.; Rao, U.N.; Butterfield, L.H.; Tarhini, A.A.; Leming, P.; Puzanov, I.; Shin, D.; Kirkwood, J.M.
Ipilimumab plus sargramostim vs ipilimumab alone for treatment of metastatic melanoma: A randomized clinical trial. JAMA
2014, 312, 1744–1753. [CrossRef]

100. Kwek, S.S.; Kahn, J.; Greaney, S.K.; Lewis, J.; Cha, E.; Zhang, L.; Weber, R.W.; Leonard, L.; Markovic, S.N.; Fong, L.; et al.
GM-CSF and ipilimumab therapy in metastatic melanoma: Clinical outcomes and immunologic responses. Oncoimmunology 2016,
5, e1101204. [CrossRef]

101. Luke, J.J.; Donahue, H.; Nishino, M.; Giobbie-Hurder, A.; Davis, M.; Bailey, N.; Ott, P.A.; Hodi, F.S. Single institution experience
of ipilimumab 3 mg/kg with sargramostim (GM-CSF) in metastatic melanoma. Cancer Immunol. Res. 2015, 3, 986–991. [CrossRef]

102. ClinicalTrials.gov: A Phase II/III Trial of Nivolumab, Ipilimumab, and GM-CSF in Patients with Advanced Melanoma. ClinicalTri-
als.gov Identifier: NCT02339571. Available online: https://clinicaltrials.gov/study/NCT02339571 (accessed on 4 January 2024).

103. Kelley, R.K.; Bracci, P.M.; Keenan, B.; Behr, S.; Ibrahim, F.; Pollak, M.; Gordan, J.; Ko, A.H.; Van Loon, K.; Atreya, C.E.; et al.
Pembrolizumab (PEM) plus granulocyte macrophage colony stimulating factor (GM-CSF) in advanced biliary cancers (ABC):
Final outcomes of a phase 2 trial. J. Clin. Oncol. 2022, 40 (Suppl. S4), A444. [CrossRef]

104. Kwek, S.S.; Lewis, J.; Zhang, L.; Weinberg, V.; Greaney, S.K.; Harzstark, A.L.; Lin, A.M.; Ryan, C.J.; Small, E.J.; Fong, L. Preexisting
Levels of CD4 T Cells Expressing PD-1 Are Related to Overall Survival in Prostate Cancer Patients Treated with Ipilimumab.
Cancer Immunol. Res. 2015, 3, 1008–1016. [CrossRef] [PubMed]

105. ClinicalTrials.gov: A Study of Sargramostim Plus Pembrolizumab with or without Pemetrexed in Patients with Advance NON-
small Cell Lung Cancer after Completion of Chemoimmunotherapy. ClinicalTrials.gov Identifier: NCT04856176. Available online:
https://clinicaltrials.gov/study/NCT04856176 (accessed on 4 January 2024).

106. Larkin, J.; Hodi, F.S.; Wolchok, J.D. Combined Nivolumab and Ipilimumab or Monotherapy in Untreated Melanoma. N. Engl.
J. Med. 2015, 373, 1270–1271. [CrossRef] [PubMed]

107. Li, X.; Li, J.; Zheng, Y.; Lee, S.J.; Zhou, J.; Giobbie-Hurder, A.; Butterfield, L.H.; Dranoff, G.; Hodi, F.S. Granulocyte-Macrophage
Colony-Stimulating Factor Influence on Soluble and Membrane-Bound ICOS in Combination with Immune Checkpoint Blockade.
Cancer Immunol. Res. 2023, 11, 1100–1113. [CrossRef] [PubMed]

108. Carthon, B.C.; Wolchok, J.D.; Yuan, J.; Kamat, A.; Ng Tang, D.S.; Sun, J.; Ku, G.; Troncoso, P.; Logothetis, C.J.; Allison, J.P.; et al.
Preoperative CTLA-4 blockade: Tolerability and immune monitoring in the setting of a presurgical clinical trial. Clin. Cancer Res.
2010, 16, 2861–2871. [CrossRef]

109. Machado, A.P.; Ratliff, H.; Abdelwahab, A.; Vohra, M.H.; Kuang, A.; Shatila, M.; Khan, M.A.; Shafi, M.A.; Thomas, A.S.;
Philpott, J.; et al. The Safety of Immunosuppressants Used in the Treatment of Immune-Related Adverse Events due to Immune
Checkpoint Inhibitors: A Systematic Review. J. Cancer 2023, 14, 2956–2963. [CrossRef]

110. Verheijden, R.J.; May, A.M.; Blank, C.U.; Aarts, M.J.B.; van den Berkmortel, F.; van den Eertwegh, A.J.M.; de Groot, J.W.B.;
Boers-Sonderen, M.J.; van der Hoeven, J.J.M.; Hospers, G.A.; et al. Association of Anti-TNF with Decreased Survival in Steroid
Refractory Ipilimumab and Anti-PD1-Treated Patients in the Dutch Melanoma Treatment Registry. Clin. Cancer Res. 2020,
26, 2268–2274. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1084/jem.190.3.355
https://doi.org/10.1001/jama.2014.13943
https://doi.org/10.1080/2162402X.2015.1101204
https://doi.org/10.1158/2326-6066.CIR-15-0066
https://clinicaltrials.gov/study/NCT02339571
https://doi.org/10.1200/JCO.2022.40.4_suppl.444
https://doi.org/10.1158/2326-6066.CIR-14-0227
https://www.ncbi.nlm.nih.gov/pubmed/25968455
https://clinicaltrials.gov/study/NCT04856176
https://doi.org/10.1056/NEJMoa1504030
https://www.ncbi.nlm.nih.gov/pubmed/26398076
https://doi.org/10.1158/2326-6066.CIR-22-0702
https://www.ncbi.nlm.nih.gov/pubmed/37262321
https://doi.org/10.1158/1078-0432.CCR-10-0569
https://doi.org/10.7150/jca.87335
https://doi.org/10.1158/1078-0432.CCR-19-3322

	Introduction 
	Gastrointestinal Immune-Related Adverse Events 
	Mechanisms Underlying GI irAEs 
	Lessons Learned about GI irAEs from Inflammatory Bowel Disease 
	Treatment of GI irAEs 

	Development and Biologic Effects of Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF) 
	Recombinant GM-CSF Expression Systems 
	Gastrointestinal Therapeutic Uses of Recombinant GM-CSF 
	Pre-Clinical Studies 
	Clinical Studies 


	Clinical Studies of Sargramostim (rhu GM-CSF) with Immune Checkpoint Inhibitors 
	Discussion 
	Conclusions 
	References

