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A B S T R A C T

In the nineteenth century, William B. Coley induced durable remission of inoperable metastatic sarcoma

by repeatedly injecting live streptococcus bacilli and, subsequently, heat-killed bacterial extracts into

the primary tumor. While Coley’s contemporaries debated the veracity of his results, this bold treatment

protocol established the new scientific field of immunology. In Coley’s era, the scientific and medical

communities lacked the prerequisite knowledge to validate and understand his treatment protocols.

Today, a more comprehensive understanding of the human immune system, anchored by the discovery

of the mammalian Toll-like receptor gene family in the 1990s, permits a mechanistic understanding of

his results. Coley’s cocktail of TLR agonists likely stimulated a complex cascade of cytokines, each of

which plays a unique and vital role in the orchestration of the immune response. Here we explore Coley’s

legacy: a dissection of those cytokines which possess the immunostimulatory properties necessary to

modulate the immune system and ameliorate human disease. The discussion is limited to molecules that

have been able to show therapeutic promise in the clinical setting.

� 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

In 1891, an inspired young surgeon named William B. Coley
(Fig. 1) embarked upon an intellectual odyssey that would
ultimately earn him the title ‘‘Father of Immunotherapy’’;
however, Coley’s journey was not to be one of triumph and
exultation, but rather a case study of resolve and determination in
the face of implacable odds. Coley is a somewhat tragic figure
whose contributions to immunology have mainly been recognized
and appreciated posthumously. Haunted by the death of his first
patient from metastatic sarcoma, Coley delved deeply into the
historical record in search of a potential cure for cancer. What he
found would entwine the seemingly unrelated conditions of cancer
and infection as well as give birth to the nascent fields of
immunology and immunotherapy, a remarkable achievement
considering that immune cell mediators and their mechanisms of
action (i.e. macrophage phagocytosis pictured in Fig. 2) were
wholly unknown in his era. Coley found 47 case reports in which
concomitant infection seemed to have caused the remission of an
otherwise incurable neoplastic malignancy. His research even
relied upon anecdotes from the pre-antiseptic era: eighteenth
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century surgeons reported oncologic cure rates of greater than 80%
following resection or amputation, provided that the patient did
not die from the inevitable infection that accompanied eighteenth
century surgical procedures. Most striking to Coley was the
apparent connection between erysipelas, a streptococcal skin
infection, and the remission of soft tissue sarcoma.

When Coley began injecting his cancer patients with Strepto-

coccus pyogenes (the causative agent of erysipelas) in 1891, he
encountered some surprising impediments. Unexpectedly, it was
very difficult to induce erysipelas in most patients and, once
infection was established, it was difficult to cure patients of their
invasive streptococcal disease. Two patients even died from
disseminated septicemia. By 1893, Coley had settled upon an
admixture of heat-killed S. pyogenes and heat-killed Bacillus

prodigious (now reclassified as Serratia marcecsens). This fortuitous
combination of Gram-positive and Gram-negative bacteria pos-
sessed a wide array of immunostimulatory properties that allowed
Dr. Coley to achieve long-term cure rates unrivaled by medical
science in the 73 years since his death (Table 1). Yet Coley’s
treatment protocol was doomed in his own lifetime by the
contemporary development of radiotherapy and the absence of a
definable, mechanistic explanation for infection-mediated tumor
regression [1–5]. It is the century-long search for mechanism
that today defines Coley’s legacy. His initial observations have,
in large part, led to the discovery of the soluble signaling
factors that modulate immune function, as well as the pattern
recognition receptors responsible for the detection of infectious
adjuvants for the treatment of neoplastic and infectious disease:
.1016/j.cytogfr.2009.07.004
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Fig. 1. The Father of Immunotherapy: William Bradley Coley, 1862–1936. Left Panel: William Coley in the early 1890s circa age 30, roughly the time period during which he

formulated his original immunotherapeutic treatment for soft tissue sarcoma. Center Panel: William Coley in 1910, reading to his daughter Helen (later Helen Coley Nauts).

Mrs. Nauts would later make her life’s work to keep the memory of her father’s treatment protocol alive. Her supreme efforts alone ensured that Coley Fluid was not consigned

to the dustbin of history. With a grant from the Nelson Rockefeller Foundation, she founded the Cancer Research Institute in 1953; and in 1975, the CRI established the

William B. Coley Award for Distinguished Research in Basic and Tumor Immunology. Mrs. Nauts passed away in 2001 at the age of 93. Right Panel: Dr. Coley near the end of his

life, suffering from the effects of acromegaly, duodenal ulcers, pyloric stenosis, and diverticulitis. Panels reprinted with permission from Nature Publishing Group and the

Hospital for Special Surgery.
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organisms [6–9]. Coley’s legacy is perpetuated as we empirically
adapt these physiologic immune modulators and TLR agonists for
the optimal treatment of human disease.

While a large number of potential biological adjuvants have
demonstrated anti-tumor efficacy in experimental systems, a
relatively small number of these have been successfully translated
to the clinic, and a correspondingly smaller number have
demonstrated meaningful efficacy in human beings. Here we
Fig. 2. Electron micrograph of a macrophage in the process of engulfing a tumor cell.

Macrophages are a versatile type of immune cell that operate on the cusp of both

innate and adaptive immunity, engulfing both non-specific cellular debris and the

objects of antibody opsonization. Like most immune and somatic cell types,

macrophage activity is enhanced by interferon-a. Macrophages are also induced to

proliferate and upregulate phagocytic activity in the presence of GM-CSF. Interferon-

a is secreted by the plasmacytoid DC subset in response to ligation of Toll-like

receptors and other pattern recognition receptors by a wide variety of agonists. GM-

CSF is secreted by activated CD4+ T-cells. Faux color electron micrograph reprinted

with permission from PhotoTake USA, Inc. (www.phototakeusa.com).
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attempt to limit the scope of our review to those compounds that
have either demonstrated significant efficacy in the clinic or seem
likely to exhibit such in the near future (Table 2). Some powerful
immune mediators such as IL-12 and IFN-g are not discussed since
they have shown little promise as stand alone immune therapies.
Their efficacy seems to be limited to an adjuvant role in
conjunction with vaccination, a topic which may be reserved for
an independent discussion.

2. Interferon-alpha (IFN-a)

2.1. Neoplasia

IFN-a is perhaps the most widely and successfully employed
bioimmunoadjuvant used for the treatment of neoplasia. In vivo,
dendritic cells that express lymphoid-specific lineage markers,
called plasmacytoid dendritic cells (DCs) or DC2, serve as accessory
cells that aid in the immune response by secreting large amounts of
type I interferons (IFN-a/b/v) in response to viral infection and
other types of inflammation. Consistent with an apparent role in
viral defense, plasmacytoid DCs express intracellular Toll-like
receptors (TLR)-7 and -9, which are important in the recognition of
microbial nucleic acids, but do not express other TLRs, such as TLR-
1, -2, -3, -4, -5, or -8. In response to activation by TLR ligation and/
or inflammatory chemokines, plasmacytoid DCs migrate to sites of
inflammation where they secrete significant amounts (up to 10 pg
IFN per cell) of IFN-a in situ [10–14].
Table 1
Examples of Dr. Coley’s clinical results.

Disease Any response Durable CR

Soft tissue sarcomas 63% (66/104) 52% (54/104)

Lymphomas 52% (26/50) 38% (19/50)

Osteosarcoma 33% (1/3) 0% (0/3)

Ovarian carcinoma 75% (3/4) 25% (1/4)

Cervical carcinoma 100% (2/2) 50% (1/2)

Testicular carcinoma 44% (8/18) 33% (6/18)

Renal carcinoma 50% (3/6) 50% (3/6)

Multiple myeloma 100% (1/1) 100% (1/1)

Colorectal carcinoma 50% (1/2) 0% (0/2)

Breast carcinoma 43% (6/14) 14% (2/14)

Melanoma 67% (4/6) 17% (1/6)

Total 58% (121/210) 42% (88/210)

adjuvants for the treatment of neoplastic and infectious disease:
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Table 2
Disease indications for which cytokine therapy may be considered standard of care or has been attempted experimentally.

Cytokine therapy Cancer indication Infectious disease indication

Standard of care Experimental Standard of care Experimental

IFN-a Leukemias HCC HCV HBV

Lymphomas Osteosarcoma Flavivruses

Multiple myeloma Transitional cell JEV

Kaposi’s sarcoma Carcinoma SLEV

RCC Pancreatic WNV

Melanoma Adenocarcinoma

IL-2 RCC Prostatic carcinoma HIV

Melanoma

TNF-a Soft tissue Liver metastasis

Sarcoma Transitional cell

Melanoma Carcinoma

G-CSF HCC Febrile

AML Neutropenia

Melanoma

GM-CSF NHL (in combination with rituximab) Febrile Aspergillus and Scedosporium infection

Neutropenia

CD40L Carcinomas of the

Cervix

Bladder

Ovary

Breast

Squamous cell

Epithelium

Melanoma

Lymphomas

Leukemias
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IFN-a has profound immunologic effects upon target somatic cell
populations, cells of the innate immune system, and cells of the
adaptive immune system via its modulation of professional antigen
presenting cells (APCs), principally the myeloid DC. Further, some of
the anti-tumor effects of IFN-a are not strictly immune-mediated,
but rather physiologic effects upon the tumor cells themselves.
Schmidt et al. demonstrated that IFN-a upregulates MHC class I
surface expression as well as components of the immunoprotea-
some in pancreatic tumor cell lines. Accordingly, IFN-a pretreat-
ment of pancreatic tumor targets was able to mediate lysis by
partially HLA-matched CD3+ lymphocytes whereas untreated tumor
targets could not be lysed at all. The same authors also demonstrated
significant upregulation of NK killing activity following IFN-a
treatment [15]. Other authors have demonstrated that IFN-a
treatment significantly elevates serum TNF-a and IL-12 levels in

vivo; upregulates dendritic cell MHC class I, MHC class II, and CD86;
and increases the levels of circulating CD40+ APC and CD8+ T-cells
[16,17]. Both IFN-a and IFN-b have also shown the ability to induce
growth arrest and apoptosis of human adrenocortical carcinoma cell
lines in a caspase 3, 8, and 9 dependent fashion [18]. Moreover, IFN-
a/b treatment of p-glycoprotein overexpressing osteosarcoma cells
induces growth arrest and sensitizes these cells to subsequent
chemotherapeutic treatments [19,20]. One might surmise that
Coley’s treatment protocol induced the production of copious
amounts of IFN-a via the ligation of TLR-9 by unmethylated bacterial
CpG DNA present in his extract.

IFN-a therapy is used widely for the treatment of a variety of
neoplastic conditions including hairy cell leukemia [21–23],
chronic phase CML (until the advent of Gleevec) [21–23], a variety
of lymphomas [21,23,24], multiple myeloma [22], Kaposi’s
sarcoma [21], renal cell carcinoma [21,22], and disseminated
melanoma [21–23,25,26]. IFN-a therapy has also been used
experimentally to treat pancreatic adenocarcinoma [15,17],
hepatocellular carcinoma [27,28], osteosarcoma [29], and transi-
tional cell carcinoma of the bladder [30]. The efficacy of IFN-a
Please cite this article in press as: Decker WK, Safdar A. Bioimmuno
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therapy varies significantly among disease indications for which its
application may be considered standard of care. In the pre-Gleevec
era, administration of IFN-a to CML patients generated clinical
remissions in over 90% of cases, though such remissions were
almost never durable. At the other end of the spectrum,
administration of IFN-a to stage III melanoma patients at high
risk of relapse results in a modest improvement of 5 year DFS to
37% in comparison to 26% among individuals in the observation
group [21].

2.2. Infectious disease

Chronic hepatitis C virus (HCV) is a serious and disabling
disease transmitted by high-risk sexual behavior and contami-
nated blood products. IFN-a therapy has led to a significant
improvement in HCV-associated fibrosis, which often results from
direct virus-mediated damage of hepatocytes. The goal of treating
patients with chronic HCV infection is to eradicate the virus. The
eradication of HCV from the serum, referred to as sustained
virologic response (SVR), is now being attributed to rapid virologic
response achieved within 4 weeks after the treatment with IFN-a
has commenced [31]. IFN-a in concert with oral ribavirin acts
synergistically to mitigate inflammatory liver damage and
promote repair via mechanisms still poorly understood [32].
Treatment-induced SVR, however, is seen in only 50% of the
patients with chronic HCV infection [33]. Individual body weight,
ethnicity, HCV viral load at baseline, and viral genotype are
important in predicting SVR in patients receiving IFN-a therapy
[34]. It is suggested that HCV nonstructural 5A (NS5A) phospho-
protein plays a central role in subverting host’s innate immune
defense and mitigates endogenous IFN-a-mediated antiviral
surveillance [35]. This mechanism has also been suggested in
HCV tolerance to IFN-a therapy.

Chronic hepatitis B virus (HBV) infection is also a serious
infection afflicting nearly 350 million people worldwide. Treat-
adjuvants for the treatment of neoplastic and infectious disease:
.1016/j.cytogfr.2009.07.004
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ment with lamivudine, a nucleoside, and adefovir dipivoxil, a
nucleotide, form the backbone of therapy, which is well tolerated
and associated with normalization of aminotransaminase levels
and low HBV e antigen (HBeAg). Seroconversion corresponds with
regression of virus-induced hepatic fibrosis [36]. Infection relapse
after discontinuation of lamivudine therapy and the emergence of
drug resistance are the main limitations of nucleoside/nucleotide
therapy. Two phase III trials using long-acting IFN-a alone or in
combination with lamivudine have shown significant promise in
suppressing HBV viral load and in achieving HBeAg seroconversion
[37,38]. Furthermore, in a small number of patients, loss of HBeAg
was accompanied by development of HBV surface antibodies [38].
Drug costs and adverse events are the main limitations of long-
acting IFN-a therapy which is currently considered appropriate
only for a select group of patients with chronic HBV infection.

IFN-a also has demonstrated in vitro activity against most
clinically important flavivirus infections [39] such as Japanese
encephalitis virus (JEV), St. Louis encephalitis virus (SLEV), yellow
fever, and West Nile virus (WNV) although treatment with IFN-a is
considered experimental and clinical responses vary substantially.
Nearly 700 million children in Asia are susceptible to JEV and,
despite protection or reduced severity of disease demonstrated in
animal experiments with IFN-a2b treatment [40], there was no
clinical benefit reported in a similar double-blinded, controlled
trial in children with JEV infection [41]. Yellow fever is a mosquito-
borne infection that leads to life-threatening hemorrhagic fever;
and treatment with recombinant IFN-a in a primate model has
been shown to markedly suppress viremia, improve liver function,
and enhance survival [42]. Clinical trials have not been performed,
yet IFN-a is presently used in combination with ribavirin for
serious cases. IFN-a also ameliorates serious life-threatening
complications associated with SLEV [43] and WNV in animal
experiments, though there is a limited clinical experience [44,45].
In a patient with prolonged WNV meningoencephalitis, IFN-a2b

therapy was associated with a favorable response [44], which may
in part have been due to interferon-mediated restriction of viral
tropism, viral replication, and neuronal cell death [46].

3. Interleukin-2 (IL-2)

3.1. Neoplasia

Interleukin-2 (IL-2) is an important T-cell and NK cell growth
factor secreted predominantly by activated T-cells as part of a
positive autocrine feedback loop that regulates survival and
expansion; however, the rationale for the use of IL-2 in cancer
immunotherapy is less dependent upon any pervasive immuno-
logic theory than it is upon the observation that systemic levels of
IL-2 may serve as an independent prognostic variable for a variety
of different neoplasias [47,48]. Given this observation, IL-2
supplementation has been attempted for nearly every conceivable
tumor type [30,49,50], though sporadic successes have been
largely confined to disseminated melanoma and renal cell
carcinoma [51–55]. A very recent trial has demonstrated that
the administration of low-dose IL-2 in conjunction with zole-
dronate may impact overall response rate and 12-month survival
in patients with metastatic hormone-refractory carcinoma of the
prostate; however, improvements in long-term disease-free
survival have yet to be documented [56].

The prognosis for individuals with metastatic melanoma and
renal cell carcinoma is especially grim, and the administration of
high-dose IL-2, either alone or in combination with other agents,
remains one of the few treatment alternatives for patients with
stage IV disease. Overall response rates to single agent IL-2 are
poor, rarely exceeding 20%, and durable long-term responses are
observed in only 6–8% of patients [51,52,54,55]. Response rates
Please cite this article in press as: Decker WK, Safdar A. Bioimmuno
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when IL-2 is given in combination with other agents such as IFN-a
or chemotherapy are occasionally enhanced in some reports;
however, overall survival typically remains unchanged. Given the
expense, high toxicity, and very low long-term response rates
associated with high dose IL-2 therapy, investigators have spent
much of their efforts in an attempt to predict which patients will
respond meaningfully to IL-2 therapy [57]. In renal cell carcinoma,
non-clear cell histology has been associated with a poor response
to IL-2 therapy (6% versus 21%). Among patients with clear cell
histology, the presence of alveolar features and the absence of
papillary or granular features has been associated with a 39%
response rate whereas patients with non-alveolar tumors exhibit-
ing granular or papillary features demonstrate a response rate of
only 3% [53,58–60]. In melanoma, higher response rates have been
associated with the presence of cutaneous or subcutaneous
metastases, normal serum LDH levels, the involvement of fewer
than three organs, and a good performance status (ECOG 0 or 1)
[61,62].

3.2. Infectious disease

In patients with HIV-AIDS, introduction of highly active
antiretroviral therapy (HAART) has changed the grave dynamics
of this devastating illness. IL-2 immunotherapy has been a focus of
protracted research in AIDS patients with advanced CD4 lympho-
cytopenia; however, the use of lymphoproliferative cytokines
seemed counterintuitive in the era prior to effective antiretroviral
therapy. Since the introduction of HAART, decreased viral loads
have been sustainable, and the introduction of IL-2 to stimulate
CD8+ CTL activity now makes some sense; however, IL-2 therapy
has an additional, recognizable effect in promoting the growth
suppressor or regulatory T-cells (Tregs) via STAT3/STAT5-
mediated upregulation of transcription factor Foxp3 [63]. Tregs
appear to have divergent influences on HIV disease. In lymphoid
tissues, Tregs may favorably reduce the pool of potentially
infectable HIV-target helper T-cells yet, negatively, limit the
number of HIV-primed effector T-cells and promote retroviral
immune escape. A serious concern in this setting is that IL-2-
enhanced Tregs will abrogate viral clearance via downregulation of
anti-retroviral immune responses, leading to the formation of viral
reservoirs in the central nervous system, genital tract, and
intestinal tract. Tregs can act to support retroviral infection in
higher mammals via the dysregulation or suppression of virus-
specific immune responses, and the ablation of Treg function with
anti-cytotoxic T-lymphocyte-associated protein-4 (CTLA-4) mono-
clonal antibody therapy has resulted in effective viral tissue
clearance [64]. The therapeutic role of IL-2 against an established
HIV infection may rely partly upon stimulation of CD8-mediated
viral containment as IL-2 activation of CTL responses has been
demonstrated even in the setting of severe CD4 lymphocytopenia.
Clinical studies have also shown that IL-2 along with HAART
therapy is superior in maintaining CD4 cell counts whereas IL-2
alone seems less effective in accomplishing this goal [65].
Intermittent low-dose IL-2 minimizes activation of NK cells and
reduces the release of TNF-a, IFN-g, GM-CSF, and other proin-
flammatory cytokines that contribute to the toxicity associated
with high-dose IL-2 (18 MU per day) [66]. Intermittent IL-2 therapy
has also been associated with prolonged survival of CD4 T-cells
[67]. Nevertheless, in a pooled analysis of 3 randomized trials,
significant improvements in CD4 cell counts and plasma HIV levels
did not significantly alter the clinical outcome in patients who
were treated with IL-2 versus conventional therapy [68]. This was
unexpected as IL-2 treated patients have demonstrated an increase
in the expansion of phenotypically naı̈ve and memory T-cells [69].
The precise role of IL-2 in controlling HIV infection remains
uncertain and could possibly be related to the disease state and
adjuvants for the treatment of neoplastic and infectious disease:
.1016/j.cytogfr.2009.07.004
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Fig. 3. Neutrophil granulocyte smear, MayGrunwal-Giemsa (40� oil immersion).

Neutrophils are the principal actors of the innate immune system, responding

rapidly to inflammatory stimuli in a non-specific fashion. Proliferation, phagocytic

and cytotoxic activity are greatly enhanced in response to granulocyte lineage

cytokines G-CSF and GM-CSF, and administration of these cytokines is a front line

therapy for the prevention of febrile neutropenia that typically accompanies

immunosuppressive cancer therapies. Image by Tommaso Leonardi released to the

public domain through wikimedia commons.
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host immunologic status. On the positive side, there remains some
indication that patients treated with IL-2 plus HAART may enhance
outcome in the setting of opportunistic infections.

4. Tumor necrosis factor-a (TNF-a)

4.1. Neoplasia

As evidenced by its lofty and inspiring appellation, tumor
necrosis factor alpha (TNF-a) has long been expected to be a
premier weapon in the fight against cancer; however its use in
therapeutic protocols has been severely limited by its high
systemic toxicity and by paradoxical, pleiotropic effects that favor,
rather than hinder, the spread of neoplastic disease. TNF-a was
originally isolated as one of the bioactive compounds that
produced dramatic remissions of soft tissue sarcoma in patients
treated with Coley’s mixed toxins as well as the soluble factor
induced by BGC that could mediate hemorrhagic necrosis in
tumor-bearing mice [70–72]. It is a homotrimeric soluble cytokine
secreted by inflammatory macrophages and activated T-cells,
which contributes to many different aspects of the inflammatory
process, particularly in the establishment of reversible micro-
environments via its ability to stimulate cellular differentiation
and tissue remodeling [71]. At supraphysiologic concentrations,
TNF-a promotes destruction of the tumor neovasculature in a
caspase-8-dependent fashion [73]; however, the accumulation of
such supraphysiologic doses cannot be achieved systemically
without the onset of vasoplegia, multi-organ failure, and ‘‘septic
shock-like syndrome’’ [72]. This complication has limited the use
of TNF-a therapy to closed circuit perfussive strategies [70,72,74–
77]. Further, when produced chronically at physiologic levels, TNF-
a appears to have a number tumor promoting effects. TNF-a is
produced by a wide variety of tumor types, and TNF-a levels have
been directly correlated with poor prognosis and resistance to
therapy [78–81]. It appears to promote tumor growth and
metastasis in a wide variety of experimental systems [70], possibly
in accordance with a paradoxical but physiologic role in NF-kB-
mediated proliferation [82,83]. Moreover, specific TNF-a promoter
alleles that confer high levels of expression have been positively
correlated with the development of a variety of neoplasias
including lymphoma [84], myeloma [85], carcinoma of the
prostate [86], cutaneous basal cell carcinoma [87], and cervical
intraepithelial neoplasia [88].

Isolated limb perfusion in conjunction with TNF-a, melphalan,
and/or INF-g is used to treat bulky disease associated with
inextirpable soft tissue sarcoma or in-transit melanoma metas-
tases. This procedure is limb-sparing and boasts a response rate
that approaches 100%; however, there is no impact upon time to
progression or upon overall survival, both of which remain
identical to those observed following disfiguring surgical inter-
vention [70,72,76]. Isolated hepatic perfusion in conjunction with
TNF-a, melphalan, and hyperthermia has also been used to treat
colorectal or melanotic liver metastases; however, there is only
scant evidence that TNF-a contributes meaningfully to successful
outcomes [75,77,89,90] while the risk of TNF-induced hepato-
toxicity remains unacceptably high [91]. TNF-a has also been
applied topically in experimental settings to treat transitional cell
carcinoma of the bladder [30,92–94].

4.2. Infectious disease

TNF blockade has provided an effective breakthrough for the
treatment of patients with severe rheumatoid arthritis and
psoriasis; however, TNF and interferon-g also play a central role
in the containment of intracellular pathogens such as Mycobac-

terium tuberculosis, Listeria monocytogenes as well as other
Please cite this article in press as: Decker WK, Safdar A. Bioimmuno
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organisms for which immune eradication depends upon robust
granulomatous inflammatory responses including Histoplama

capsulatum, Cryptococcus neoformans, and Aspergillus species.
Infliximab was the first anti-TNF monoclonal antibody used for
the treatment of rheumatologic disease. This agent suppressed
mononuclear cells and interferon-g production, resulting in a
spike of concomitant tuberculosis infections. Greater than 40% of
tuberculosis cases in infliximab treated patients occurred within 3
months of initiating therapy, and during this period the rate of
infection was highest among all TNF blockers available in the US
(95 cases per 100,000 person-years versus 11/100,000 patients-
years with etanercept treated individuals). The median time to
tuberculosis following inflixamab is 17 weeks, yet 79 weeks for
patients treated with etanercept [95]. This difference in the risk of
tuberculosis reflects a selective TNF blockade by etanercept
whereas inflixamab leads to a multifaceted suppression of cellular
immune responses [96].

5. Granulocyte colony stimulating factor (G-CSF)

5.1. Neoplasia

Granulocyte colony stimulating factor (G-CSF) is a soluble
regulator of neutrophil (Fig. 3) production and is frequently used in
conjunction with chemotherapeutic regimens to combat neutro-
penia [97,98]. In the future, an expanded use of G-CSF in cancer
therapy may be evaluated upon recent speculation that neutro-
philia may combat solid tumors by one of several different
mechanisms. Several investigators have noted that neutrophils
possess anti-tumor properties related to their capacity to generate
reactive oxygen species (ROS) [99,100] as well as their ability to
express TRAIL on the cell surface [101]. A more radical theory
developed by non-biologists suggests that excessive neutrophilia
allows neutrophils to situate themselves on the tumor periphery,
impeding tumor growth by mechanical means and causing
necrosis in a manner analogous to that observed following
antiangiogenic therapy [102–106]. Proponents of this theory claim
to have produced a durable remission in terminal hepatocellular
carcinoma by treatment with G-CSF; however, no data supporting
the hypothesis was provided in the case report [107]. Indeed, there
adjuvants for the treatment of neoplastic and infectious disease:
.1016/j.cytogfr.2009.07.004
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exists much anecdotal evidence that G-CSF might possess a
neutrophil-independent mechanism of tumor suppression; the
literature contains sporadic reports of complete remissions
following the administration of G-CSF for the treatment of acute
myelogenous leukemia (AML) [108–111]. Recent work suggests
that this effect could be mediated in part by the HIC1 tumor
suppressor gene. HIC1 is epigenetically silenced by hypermethyla-
tion in AML, but its expression can be induced by granulocyte
differentiation [112]. G-CSF has also been reported to play a role in
the remission of melanotic brain metastases [113]. As with the
application of other pleiotropic cytokine growth factors, enthu-
siasm must be tempered by G-CSF’s inherent toxicity [114–116] as
well as significant evidence that G-CSF can promote tumor growth
and metastasis rather than cure under varying circumstances
[117–120].

5.2. Infectious disease

Febrile neutropenia is the most serious complication of
antineoplastic chemotherapy and risk of infection is directly
related to the degree (absolute neutrophil count <500 cells/dl)
and duration of neutropenia [121]. G-CSF is recommended to
reduce the duration and severity of treatment-related neutrope-
nia in patients with 20% or greater risk for developing fever during
neutropenia [122]. Similarly, patients with a high risk of infection
while undergoing chemotherapy and those with episodes of
serious infections with previous chemotherapy may also benefit
from the use of secondary G-CSF prophylaxis [123]. In randomized
trials, G-CSF treatment-shortened duration of neutropenia was
associated with a 50% reduction in the incidence of confirmed
infections; 40% developed at least one episode of fever compared
to 77% in patients not given growth factor. Furthermore, in these
earlier trials, G-CSF was also associated with a significantly
shorter duration of infection-related hospitalization, number of
days of treatment with intravenous antibiotics, need for reducing
the dose of chemotherapy, and delay in administration of
chemotherapy [124,125]. However, when compared with
broad-spectrum antibacterials and antifungals in combination,
prophylaxis with G-CSF in patients with advanced breast cancer
fail to show significant benefit in preventing febrile neutropenia
[126].

In patients with hematologic malignancy, the use of G-CSF was
also associated with a significant reduction (44%) in the incidence
of severe neutropenia. The number of hospital admissions declined
by 60% with a concomitant 50% reduction in the length of hospital
stay and an 80% reduction in chemotherapy delay due to
neutropenia [127]. These important benefits with the use of G-
CSF prophylaxis are poorly correlated with improvements in
overall or disease free survival in patients receiving chemotherapy,
however [128]. In a recent review of 17 randomized trials enrolling
3493 patients, a significant reduction in the risk of febrile
neutropenia was accompanied by reduced risk of infection-related
mortality and early death in patients receiving hematopoietic
growth factor [97]. Most studies show a modest improvement in
the duration of neutropenia; whereas reduced severity of infection,
duration of leukemia in remission, disease-free or overall survival
benefit are observed inconsistently in patients treated with G-CSF
prophylaxis [129].

6. Granulocyte macrophage colony stimulating factor
(GM-CSF)

6.1. Neoplasia

Granulocyte/macrophage colony simulating factor (GM-CSF) is
a 23 kDa cytokine that exerts a wide array of autocrine and
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paracrine effects upon various immune cell types. GM-CSF
promotes the proliferation and differentiation of monocytes,
neutrophils, lymphocytes and eosinophils [130–133]. It also
enhances the differentiation of monocytes into macrophages
and dendritic cells and is a potent dendritic cell chemokine
[131,134,135]. Importantly, GM-CSF clearly enhances phagocytic
function and ADCC (antibody-dependent cell-mediated cytotoxi-
city), mostly likely via the inducible upregulation of the FcaRI
scavenger receptor on neutrophils and macrophages [131,136–
138]. GM-CSF is also reported to upregulate MHC class II
expression on cells of monocytic lineage as well as adhesion
molecules such as Mo1 and LeuM5 in the granulocytic subfraction
[131].

GM-CSF is typically administered to cancer patients following
chemotherapy in order to manage febrile neutropenia, and with its
widespread use have come occasional, anecdotal reports of GM-
CSF-induced tumor regression [139–142]. Mechanistically, it has
been suggested that some tumors of hematopoietic origin may be
induced to proliferate following administration of GM-CSF,
thereby sensitizing the tumor to subsequent or concomitant
chemotherapy. Such reports notwithstanding, comprehensive
reviews of the literature as well as large randomized trials have
repeatedly shown that administration of GM-CSF exhibits no
demonstrable effects upon the incidence of CR or upon OS [143–
145], a somewhat counterintuitive result given its potent
immunostimulatory properties. Conversely, when GM-CSF is
administered in conjunction with antibody based therapies,
specifically rituximab (anti-CD20) for the treatment of NHL
(non-Hodgkins lymphoma), positive, synergistic effects have been
observed in multiple trials, most likely due to the ability of GM-CSF
to enhance ADCC [131,146,147].

6.2. Infectious disease

6.2.1. Prophylaxis

In contrast to its relative ineffectiveness as a cancer mono-
therapy, GM-CSF is a prominent cytokine used in the treatment of
infectious disease. GM-CSF has been shown to reduce the duration
of neutropenia, promote macrophage antimicrobial function, and
prevent serious fungal and intracellular bacterial infections. A
multicenter blinded trial in patients with AML randomized to
receive GM-CSF versus placebo showed a significant decrease in
median duration of neutropenia and life-threatening infection,
including fungal infections and pneumonia; the overall survival
benefit of nearly 6 months in patients given GM-CSF was
encouraging [148]. Others have shown that the use of GM-CSF
may also reduce the duration of hospitalization and use of
intravenous antibiotic therapy. Lung cancer patients have been
able to tolerate high-doses of chemotherapy when given con-
comitant GM-CSF; however, overall responses were not different
in patients who were randomized to receive GM-CSF versus
antibiotic prophylaxis alone [149]. In preterm neonates, early
postnatal GM-CSF prophylaxis did not reduce sepsis or improve
survival or short-term outcomes. This disappointing result was
seen despite correction of neutropenia in this susceptible
population [150].

6.2.2. Adjuvant therapy for infection

GM-CSF has shown promise in reducing pathogen burden and
improving innate immune responses against agents of zygmomy-
cosis [151], Aspergillus, and often drug resistant Scedosporium

species [152]. Furthermore, GM-CSF in the laboratory has been
shown to mitigate and ameliorate corticosteroid-induced immune
dysfunction in neutralizing invading pathogenic fungi [153].
Limited clinical experience suggests that the use of GM-CSF may
improve neutrophil recovery as well as responses and outcomes in
adjuvants for the treatment of neoplastic and infectious disease:
.1016/j.cytogfr.2009.07.004
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severely immunocompromised cancer patients with difficult-to-
treat, life-threatening bacterial and fungal infections [154]. Recent
data from our group also suggests a possible benefit of using GM-
CSF plus interferon gamma in patients with serious opportunistic
infections with or without donor granulocyte transfusions
[155,156]. Adjuvant bioimmunotherapy has also been used
successfully for the treatment of conventional refractory infections
[157]; however, further clinical trials are needed before use of GM-
CSF is recommended for the treatment of routine infections.

7. CD40 ligand (CD154)

CD40L (CD154) is a homotrimeric ligand complex found
principally upon the surface of CD4+ T-cells and also known to
be secreted as a soluble cytokine. Its homotrimeric receptor, CD40,
is expressed on the surface of a wide variety of different cell types,
but most notably upon platelets, epithelial cells, professional
antigen presenting cells of hematopoietic origin, and upon a wide
variety of malignancies [158,159]. This interesting and diverse
expression pattern provides multiple rationales for the use of
CD40L in tumor therapy.

The first of these rationales relates to the physiologic role of
CD40L as a proliferative and/or survival signal for non-neoplastic
cell types [158,159] specifically its effects upon the maturation
process of myeloid dendritic cells (Fig. 4). In their immature state,
myeloid DC actively sample the surrounding antigenic milieu as
part of their normal homeostatic activities. Upon detection of a
danger signal such as an inflammatory cytokine or a TLR agonist,
DC stabilize the most recently sampled environmental antigens on
the cell surface in the context of MHC class II and migrate to the
peripheral lymphoid organs to engage T-lymphocytes [160–163].
Prior to the priming of a CD8+ T-cell response, DC must first become
‘‘licensed’’ by a specific interaction between the dendritic cell and a
CD4+ T-lymphocyte. Though this interaction is initially mediated in
an antigen-specific fashion, licensing is ultimately promulgated via
the ligation of CD40 by the homotrimeric ligand expressed on the
surface of the CD4+ cell [164–167]. It is at this level of regulation
that the introduction of soluble CD40L or a CD40 agonist would be
Fig. 4. Electron micrograph of lymphocytes interacting with a myeloid dendritic

cell. DC, principally DC of myeloid lineage, initiate adaptive immunity by priming T-

and B-cells in response to a complex and variegated array of immune stimuli. Th-1

type immune responses, i.e. the priming of cellular immunity, are characterized by

DC secretion of IL-12 and downstream T-cell secretion of IL-2 and IFN-g. Whereas

the application of IL-12 and IFN-g have been largely ineffective as stand-alone

therapies, the administration of IL-2 has resulted in a modicum of therapeutic

success in some settings. CD40L, both membrane-bound and soluble, is a key

mediator of DC function, allowing the ‘‘licensing’’ of CD8 responses when delivered

to DC surface CD40, typically by CD4+ helper T-cells. Image derived from Tyndall

et al [187] reprinted with permission.
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hypothesized to have a meaningful effect. Accordingly, there is at
least one animal study which demonstrated a T-cell mediated
eradication of established CD40� tumors following intratumoral
administration of a CD40 agonist antibody [168]. Nevertheless, a
clinical trial based upon the intratumoral administration of CD40L
or other CD40 agonist has yet to be reported in the literature. The
clinical exploitation of this therapeutic rationale has heretofore
been limited to vaccine trials utilizing CD154-transduced cells
[169].

The second rationale for the use of CD40L is based upon the
physiologic cytostatic effect that it exhibits upon activated B-cells
and some types of epithelial cells. This paradoxical property of
CD40L has also been demonstrated experimentally for a wide
variety of CD40+ neoplasms including carcinomas of the bladder,
ovary, cervix, lung and squamous cell epithelium [170–176];
certain types of melanoma [177]; and high-grade B-cell leukemias
and lymphomas [178–182]. CD40L appears to exacerbate indolent,
low-grade B-cell malignancies in accordance with its function as a
stimulatory factor of resting B-cells [183,184]. In 2001, Vonder-
heide et al. published the results of a phase I clinical trial in which
recombinant, soluble CD40L was administered subcutaneously to
32 patients with stage IV solid tumors or advanced NHL. One
patient exhibited a partial response to therapy, a 50% reduction in
NHL after a single course of therapy. A second patient exhibited a
50% reduction in the size of a squamous cell laryngeal tumor mass
after a single course of treatment and ultimately experienced a
durable, complete remission. This patient remained disease free
two years after enrolling in the trial and one year after the
cessation of therapy [185]. A similar trial, in which a CD40 agonist
antibody is being used to target multiple myeloma, has not yet
reported any results [158,186].

8. The legacy of William B. Coley

How was Dr. Coley able to produce such dramatic antitumor
responses? Coley himself believed, incorrectly, that the bacterial
mediators of his treatment regimen were producing a ‘‘toxic
factor’’ that was harmful only to neoplasia but spared normal cell
types. We can now surmise that Coley’s Mixed Toxins, as the
treatment was called at the time, delivered a ‘‘perfect storm’’ of TLR
and other PRR agonists, marshaling the forces of both innate and
adaptive immunity. Nevertheless, the exact mechanisms of action
remain almost completely uncharacterized, despite the revival of
the treatment in 2005 by Canadian pharmaceutical manufacturer
MBVax. Given the nature of the Coley concoction, it would be
reasonable to speculate that IFN-a plays a central role in tipping
the balance between tolerance and immunity. Indeed, it is hard to
imagine how the substantial amounts of unmethylated CpG
bacterial DNA contained in the extract would not stimulate
significant IFN-a production, likely via the ligation of TLR-9 in the
plasmacytoid DC subset. But IFN-a is unlikely to comprise the
whole story. The vast array of other bacterial components likely
result in the ligation of innumerable other TLRs and PRRs including
TLR-2, a PRR of lipoteichoic acid, and TLR-4, a PRR of lipopoly-
saccharide. The inflammatory cascade induced by such a shock
would attract large numbers of neutrophils and, secondary to
secretion of GM-CSF, greater numbers of dendritic cells. Neutrophil
mediated damage of host tissues would cause the release of host
TLR ligands like heat shock proteins (e.g. Hsp70) and hyaluronic
acid, thereby generating additional inflammatory cascades result-
ing in further neutrophil infiltration and additional dendritic cell
chemoattraction. The end result of this positive feedback loop
would surely result in CD4+ T-cell priming and the release of
additional inflammatory mediators like IL-2 and TNF-a. Hence
Coley’s cure is likely to have involved the same immune mediators
that comprise today’s stand-alone immunotherapies; but Coley’s
adjuvants for the treatment of neoplastic and infectious disease:
.1016/j.cytogfr.2009.07.004
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cure would have had the advantage of utilizing all these
immunoadjuvants in concert and within the spatial, temporal,
and chronological parameters optimally recognized by the
mammalian immune system.

Why did not all of Dr. Coley’s patients respond to his treatment?
What accounted for his treatment failures? As most tumor
immunologists recognize, immunotherapy has the potential to
be a powerful weapon in the fight against cancer, yet it is not a
magic bullet capable of eradicating all tumors under all
circumstances. Dr. Coley’s treatment regimen addressed one of
the fundamental issue which allows neoplasia to develop
undetected by immune surveillance: a marked dearth of danger
signals. By providing such signals in trans, Coley fluid marshals the
non-specific forces of innate immunity and allows peripheral
tolerance to be broken by antigens for which high affinity T-cells,
unselected by central tolerance, still remain in peripheral
circulation. Yet recognition and eradication by adaptive immunity
are still dependent upon optimal presentation of tumor-specific
antigens by MHC class I. In some cases, HLA haplotype is
suboptimal for the presentation of the critical antigens that
mediate robust immune clearance. In other cases, tumors are able
to escape adaptive immunity by downregulating antigen pre-
sentation or the expression of MHC class I. How such tumors
generally evade detection by natural killer cells is still a matter of
some conjecture, nevertheless that such evasion occurs is
incontrovertible. Lastly, many tumors evolve the ability to
profoundly downregulate immune function by the production of
a variety of suppressive factors including TGF-b, IL-10, sCTLA-4,
HLA-G as well as a multitude of other uncharacterized or poorly
characterized mechanisms.

Still, many of Dr. Coley’s results, particularly those achieved
in the treatment of soft tissue sarcomas, remain unrivaled to this
day by the modern medical establishment. Had Dr. Coley lived to
his 95th birthday or even beyond, he would have enjoyed the
rejuvenation of his reputation that accompanied the discovery
of type I interferons in 1957 and TNF-a in 1968. The discovery
and characterization of these critical immune mediators marked
the beginning of an immunological renaissance which continues
to this day and has assured Dr. Coley a permanent place in
history.
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