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The study of cytokines has evolved from the detection of functional activities present in tissue
culture supernatants to the characterization of the three-dimensional molecular structures of
the cytokines and their receptors. Investigators studying cytokines need to have specialized
expertise in using cytokine assays, assessing their receptor interactions, signal transduction,
gene activation, and biological effects, and in the therapeutic utilization of agonists and
antagonists. Cytokinology can therefore be considered a discipline. In this article, | have
considered studies leading to the identification of novel cytokines, potential producers of
cytokine mimics such as viruses and the microbiome, and the complex interactions of the
cytokine network with our vital functions. Our ever-increasing success in using cytokines
and, in particular, cytokine inhibitors therapeutically suggest that cytokinology will eventu-

ally become an independent discipline.

have been invited to contribute an article on

the future of cytokine studies presumably be-
cause I have spent more time than most in trying
to advance our research into the future. My pre-
vious paper on the past, present, and future of
cytokines did not cause any embarrassment,
probably because it was read by few and ignored
by all (Oppenheim 2001). Nevertheless, my
crystal ball is cloudy and I have always continued
to be surprised by developments that have cir-
cumvented, sideswiped, or completely ignored
my predictions. The past, however, provides
prologue to the future. Although I am much
better at reviewing the past than in predicting
the future, I will try to predict some of the mir-
acles of tomorrow based on what has happened
yesterday and today.

DEFINITION

We should begin by defining the scope of cyto-
kine studies. The definition of cytokines can be
broadly based on their function as intercellular
signals (Oppenheim 2001). They can be either
cell-surface associated or secreted proteins that
interact with specific cell-surface receptors re-
sulting in the mobilization and or modulation
of target cells. Although I dislike use of the term
“modulation,” it is appropriate because cyto-
kines can either have stimulating or suppressive
effects on host cells. Although intercellular sig-
nals by molecular entities such as lipids, carbo-
hydrates, DNA, or RNA are generally not con-
sidered cytokines, they can function as such
when complexed by cytokines. Those intercel-
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lular signals that are produced by specialized
cells in tissues or glands and are persistently
released into the bloodstream are considered
endocrine hormones and growth factors that
act at a distance from their site of origin. They
are the subject of endocrinologists. In contrast,
cytokines usually, but not always, act locally over
a short range in tissues either in a paracrine or
even in an autocrine fashion. When cytokines
are produced in abundance because of over-
whelming infections, autoimmune reactions,
or injuries, they can spill over into the serum
and have global effects, such as fever and behav-
ioral changes, and can have deleterious effects,
such as “cytokine storm, cytokine release syn-
drome or macrophage activation syndrome”
(Grom et al. 2016). This potentially lethal syn-
drome can be treated with anti-inflammatory
reagents such as steroids, anti-interleukin (IL)-
6, or anakinra, an antagonist of IL-1 (Schulert
and Grom 2015).

HISTORICAL BACKGROUND

Over the past 70+ years, the field of cytokine
research has developed in a miraculous manner
beginning with the initial observation in
1944 that “pyrexins” in inflammatory exudates
caused the systemic response of fever (Menkin
1944). This led in 1953 to the identification of
bacterial-derived endotoxin as the inducer of an
endogenous pyrogen present in extracts of leu-
kocytes (Bennett and Beeson 1953). At the same
time, intercellular nerve growth factors were
discovered (Levi-Montalcini and Hamburger
1953). This was followed in 1957 by the discov-
ery of nonantibody cell-derived antiviral factors
called interferons (IFNs) (Isaacs and Linden-
mann 1957). The development of improved in
vitro tissue culture techniques led immunolo-
gists to discover “blastogenic factors” in 1965,
which activated lymphocytes to proliferate
(Kasakura and Lowenstein 1965). This was
soon followed by the detection in tissue culture
supernatants of macrophage inhibitory factor in
1966 (Bloom and Bennett 1966; David 1966)
and a cytotoxic factor called lymphotoxin in
1967 (Ruddle and Waksman 1967). By 1978,
about 100 different cytokine activities produced

by a wide variety of cell types had been described
(Waksman 1978). These biological activities
were biochemically uncharacterized and ungra-
ciously termed “lymphodrek” by yours truly
(Oppenheim and Gery 1993). The cytokine
field was so chaotic and deficient in molecular
characterization that peer review committees
stopped further funding of cytokine studies for
over a decade. Fortuitously, miraculous progress
by molecular biologists and biochemists rescued
the cytokine field and made it possible to obtain
pure recombinant preparations of cytokines by
the 1980s. This led to an explosive expansion
in the identification and molecular characteriza-
tion of the hundreds of cytokines known to be
involved in regulating our development, host
defense, and repair processes. In addition, the
structural elucidation of cytokine receptors led
to the classification of cytokines into families
based on the identities of their receptors
(Oppenheim and Feldmann 2001).

NOVEL CYTOKINES

Of course it is easy to predict that even more
cytokines will be discovered, especially because
gene chip assays are revealing the novel targets
and links of our ever-expanding cytokine net-
work. One example of this is the identification of
alarmins, a subset of danger-associated molec-
ular patterns (DAMPs), as initiators of host de-
fense. The alarmins are constitutively available
endogenous molecules released from the gran-
ules, cytosol, or nucleus of cells by cell injury or
other stimuli. In the extracellular milieu, they
function as intercellular signals that mobilize
cells by interacting with chemotactic receptors
such as G-protein-coupled receptors (GiPCRs)
and, in addition, activate cells by interacting
with receptors such as Toll-like receptors
(TLRs) (Nie et al. 2016). It has been very sur-
prising that chromatin-binding proteins such as
HMGB1, HMGN1, IL-33, and IL-1c also have
extracellular functions and are potent in induc-
ing the production of proinflammatory cyto-
kines. Other alarmins are antimicrobial peptides
(AMPs), such as defensins and cathelicidins,
which also have immune-enhancing host-de-
fense functions. It is likely that more AMPs
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and chromatin binders will be identified to
have alarmin functions. In addition, a number
of thoroughly studied immunoenhancing moi-
eties such as S100 A8/9, some heat shock pro-
teins, and complement components also behave
as alarmins and can be considered as such.

There are other intercellular signals that
behave more like cytokines than hormones,
which should be considered as important topics
for studies by cytokinologists such as the neuro-
peptides. The fact that some cytokines have
dramatic effects on peripheral and central ner-
vous systems functions such as inducing fever,
fatigue, and malaise undoubtedly involves
the induction of a number of neuropeptide
signals. Conversely, it is also quite reasonable
to predict that neuropeptides can induce the
production of some cytokines (Karin and Cle-
vers 2016).

CYTOKINE MIMICS

I must also consider the possible effects of the
microbiome on the cytokine network. It is clear
that persistent microbial stimulation serves to
optimize our immune responses and this un-
doubtedly results in the induction of cytokines.
There is also considerable evidence that viruses
produce many cytokine mimics to their own
advantage. Whether bacteria also do this has
not been as clearly documented, but one can
predict that evolution has created some micro-
organisms that directly respond to cytokines or
have endogenous genes that encode for cytokine
mimics/antagonists (Elenkov 2000).

CYTOKINES ASSAYS

One of the major issues about cytokines is that
no one can define what is a “normal” range for
serum cytokines. While pharmaceutical compa-
nies may have such data on thousands of indi-
viduals, it may be impossible to define what
“normal” represents because it is very likely
that variables such as age, race, sex, and time
of day of serum sampling may all impact the
results. Nevertheless, threshold levels of cyto-
kines will be identified that, when crossed, serve
as a marker for disease. Thus, one can predict
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that more sensitive cytokine assays will eventu-
ally be included in normal blood tests.

BIOLOGICAL EFFECTS OF CYTOKINES

Despite heroic attempts to utilize computers to
circumvent the need to sacrifice animals to solve
biological problems, it is clear that cytokinology
is an experimental science. Hypotheses need to
be challenged and tested in the laboratory. Nev-
ertheless, systems biology can play an important
role in helping us understand the potentially
voluminous results. A cytokine is a signal that
never occurs alone, it is part of a complex milieu.
Depending on the mix, we may repel an invader
or self-destruct. The integration of cytokine sig-
nals requires a systems approach that cytokinol-
ogists must be equipped to study. Our current
experimental tools can generate such an over-
whelming amount of data that adequate analysis
requires the application of systems biology.

There have been recent reports of patients
having antibodies to cytokines, such as IFN-y or
IL-6.If these antibodies are neutralizing, it could
potentially impact the overall host immune
response and might certainly contribute to the
patients’” resistance to infection (Kampmann
et al. 2005). In fact, those patients with anti-
IFN-y antibodies had a major immunodeficien-
cy condition. Thus, new assays will be needed to
assess the presence of these endogenous anti-
bodies and whether they neutralize the cytokine
activity. Means of overcoming these autocyto-
kine reactions need to be developed.

CYTOKINE SIGNAL TRANSDUCTION

An incredible amount of effort and expertise has
been devoted to identifying the intracellular
transduction pathways resulting in gene activa-
tion initiated by cytokine-receptor interactions.
Although many cytokines share these signaling
pathways, the fact that they interact with unique
receptors on unique subsets of cells accounts for
the specificity of cytokine functions. Conse-
quently, targeting shared signal transducers for
therapeutic purposes has been difficult because
of the undesirably broad inhibitory effects.
Despite this, there has been some notable com-
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mercial success in developing inhibitors of some
of the Janus kinase (JAK) signal transducers as
anti-inflammatory therapeutics (O’Shea et al.
2015). It is a safe prediction that more targetable
signal transducers and effective inhibitors will be
identified. These can be antagonistic antibodies
or inhibitors linked to aptamers targeted to cell-
surface proteins (i.e., aptamers are small RNA or
DNA molecules that bind specifically to target
proteins). Aptamers might also be used to inhibit
a cytokine activity by specifically binding and
neutralizing their targets. Studies of the inhibi-
tory effects or microRNAs (miRNAs) that bind
cytokine messenger RNAs (mRNAs) may also
yield a better means of inhibiting cytokine pro-
duction with the goal of reducing inflammation.

CYTOKINE MUTATIONS

A number of primary genetic cytokine deficien-
cies have also been identified, such as y.and IL-7
receptor deficiencies as causes of severe com-
bined immunodeficiency (SCID). cKit gain-of-
function mutations and IFN-y receptor muta-
tions have a deleterious phenotype; CXCR4
deficiency has a phenotype, etc. With the devel-
opment of better and easier methods for genetic
engineering, perhaps manipulation of genes by
CRISPR on other techniques will lead to thera-
peutic benefits in the future by the correction
of mutations in cytokines or their receptors or
even elimination of these genes in appropriate
target cells.

THERAPEUTIC CYTOKINE AGONISTS

The course of cytokine research has led to some
other surprising results. For example, many
attempts have been made to utilize cytokines
therapeutically with limited success. A number
of proinflammatory cytokines such as tumor
necrosis factor (TNF) and IL-1 have been thor-
oughly tested for their clinical antitumor effects
with disastrous undesirable side effects such
as fever and shaking chills, hypotension, and
shock. Only the therapeutic use of IFNs to treat
a number of diseases such as multiple sclerosis,
virally induced chronic hepatitis, and malignant
melanoma and leukemias has met with a modi-

cum of success (Antonelli et al. 2015). This is
despite the fact IFN has a number of undesirable
and unpleasant side effects such as arthralgias,
depressions, fatigue, muscle aches, and anorexia.
These undesirable consequences of IFN’s clini-
cal use have been elucidated by an experimental
attempt to treat adenovirus-induced upper res-
piratory infections (URIs) by administration of
IFN-o in nose drops. This study actually showed
that the IFNs administered without the adeno-
virus caused the nasal congestion and stuffiness,
sneezing, and other symptoms of the URIs.
These observations taught us that the toxic side
effects of cytokines such as TNF, IFN, IL-12, and
IL-1, rather than being a result of the infectious
agent, were responsible for our disease symp-
toms. Attempts to use antagonists of these
cytokines to reduce these symptoms backfired
because the consequent reduction in host de-
fense enabled the infectious agents to flourish
and cause more severe damage. Fortunately,
IFN is at present often being replaced by more
effective therapies of liver disease and cancers.

It’s tough to make predictions, especially about
the future.—Yogi Berra

Research often results in unanticipated effects.
For example, the CXCR4 blocker AMD3100 was
developed as a human immunodeficiency virus
(HIV) drug, but is now actually used to mobilize
hematopoietic stem cells (HSCs) from bone mar-
row. Cytokines have also met with modest thera-
peutic success in the treatment of various cancers
as immunoenhancing stimulants. Cytokines such
as IL-2, IL-7, and IL-15 are used to grow and
maintain lymphoid cells in vitro. In addition,
cytokines and growth factors have been used
to grow and differentiate stem cells and develop
organoids. Perhaps in the future we will use cy-
tokines to culture entire tissues and organs.
Many of the proinflammatory cytokines
were evaluated for their adjuvant capacity, and
granulocyte macrophage colony-stimulating
factor (GM-CSF) was found to be the most po-
tent in attracting dendritic cells to inflammatory
tumor sites and thus in enhancing antitumor
immunity (Jinushi et al. 2008). More recently,
some alarmins that activate various TLRs have
been shown to be even more potent in augment-
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ing adaptive antitumor immunity. Consequent-
ly, the role of these cytokine-like agonists may
prove of therapeutic benefit, especially when uti-
lized in an adjuvant setting. They can expand
preexisting antitumor immunity, which has
been shown to exist by the use of checkpoint
inhibitors (Davar and Kirkwood 2016).

Another concern requiring a comment is
that, although the pro- and anti-inflammatory
effects of cytokines have been the predominant
focus of study, the role of the anti-inflammatory
cytokines such as transforming growth factor
(TGF-B), IL-10, epidermal growth factor (EGF),
vascular endothelial growth factor (VEGF), etc.,
in healing repair and fibrotic scarring, probably
deserves more attention. After all, the aftermath
of inflammation is the restoration of homeosta-
sis. Future studies of those growth factors and
cytokines that are engaged in this task may lead
to therapeutic benefits.

THERAPEUTIC CYTOKINE ANTAGONISTS

A major surprise to cytokine experts was the
serendipitous discovery that antagonistic anti-
bodies to some of the proinflammatory cyto-
kines could provide major benefits in reducing
the inflammation associated with a number of
autoimmune and autoinflammatory diseases.
This came about based on futile attempts to
use antagonistic anti-TNF to treat septic shock
by Jan Vilcek at New York University in collab-
oration with investigators at a small company,
Centocor (Vilcek 2016). In desperation, the
antibodies were then provided to investigators
as possible treatments of autoimmune diseases
such as rheumatoid arthritis and Crohn’s dis-
ease, resulting in amazing success (Feldmann
and Maini 2010). Although this has not cured
these diseases, it has provided considerable
symptom relief to millions of patients. Similarly,
neutralizing antibodies to IL-6,IL-12,1L-23,and
IL-1 have benefited patients with selected auto-
immune and autoinflammatory diseases. The
therapeutic applications of cytokine antagonists
have proven useful in diverse disciplines such as
rheumatology, oncology, and genetic defects.
Although the pharmaceutical industry dislikes
developing antibodies or receptors that need to
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be injected, the many attempts to develop pep-
tide or protein antagonists that can be adminis-
tered in a pill form have failed. However, based
on the obvious advantages of this means of ad-
ministering drugs, I hope that more and better
oral cytokine antagonists will be developed.
Another promising application of cytokine
antagonists is in the realm of checkpoint inhib-
itors. Anumber of cytokines such asIL-10,IL-27,
and TGEF-P have regulatory immunosuppressive
effects. Although they are presumably intended
to maintain homeostasis and to prevent autoim-
mune reactions, unfortunately, they also block
antitumor responses. Attempts made in various
animal tumor models to utilize antibodies or
other antagonists of these cytokines have had
modest antitumor effects. More research needs
to be done to establish their utility. In particular,
they will probably contribute to antitumor ther-
apy in conjunction with cocktails of tumor-en-
hancing reagents and more conventional antitu-
mor therapeutics such as surgery, radiation, and
chemotherapy. The same probably holds for
checkpoint inhibitors such as anti-PDI, anti-
CTLA4, and others that have impressive antitu-
mor benefits as stand-alone therapeutics in a
subset of patients, but are more effective when
given in a cocktail with other therapeutics. Of
course, one can argue that these cell markers
are not really cytokines, but since they are shed
and many cytokines have membrane-associated
forms, I do not see any need to disown them.
This also raises the need for novel and rapid
methods to identify more soluble cytokine re-
ceptors. Such receptors by binding cytokines
could act as antagonists and decrease the avail-
ability of cytokines in the serum or alternatively
might even enhance cytokine biological activity
when complexed to their soluble receptors as
has been reported for IL-6 and IL-15. It is also
likely that “superkines” will be genetically engi-
neered that have specific affinity for cytokine
receptor chains, thus increasing their biological
activity and specificity, as has recently been
shown for IL-2 and its interaction with the
IL-2 receptor B chain. Similarly, I predict that
new hybrid chemokines will be generated that
attract and focus on specific immune cell subsets
on a targeted tissue (e.g., CD4" and CD8" T cells
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or T regulatory cells [Tregs]) and thus reduce
systemic toxicity that could occur upon intrave-
nous infusion of cytokines/chemokines.

CONCLUSIONS

The current fragmentation of the field of cyto-
kines into subgroups that focus on studies of
chemotaxis, TNF, and hematopoietic factors
will probably be a temporary phase as indicated
by the fusion of the IFN and cytokine societies. I
foresee cytokinology becoming a more coherent
field of study. Based on the ever-burgeoning
therapeutic successes of cytokine agonists and
antagonists, will cytokinology develop into an
autonomous discipline such as endocrinology?
Many diverse human conditions have been
identified, resulting in primary or secondary
cytokine deficiencies and cytokine overproduc-
tion. In agreement with the consequences of
under- and overproduction of endocrine hor-
mones, abnormalities in the production and
effects of cytokines are of concern to a variety
of medical subspecialties. In the case for immu-
nology, a subspecialty for allergy and immunol-
ogy has already been established. Thus, cyto-
kinology may be considered a subsection of
immunology or, like endocrinology, may even-
tually become entirely independent.

Currently, the clinical use of cytokines is
largely based on direct infusion of the cytokines
or anticytokine antibodies into the patients. In
some cases, such as IL-12, this has resulted in
serious toxicity or even death. However, in the
future, there will be more targeted cytokine ther-
apy such as cytokines in skin creams to promote
tissue healing, cytokines directed toward specific
organs or immune cell subsets to suppress an
immune response in that organ, or cytokines
directly targeted to tumors, an approach that
has been under study for quite some time
without much clinical success as yet.

I probably speak for my many cytokinologist
colleagues in expressing our gratitude for having
had the opportunity to contribute to the dynam-
ic field of cytokine research because of the sup-
port of the National Institutes of Health and oth-
er funding agencies. As aresult, cytokinology has
developed into an immunological discipline.

Fortunately, immunologists from an initial re-
stricted focus on the role of antibody specificity
in adaptive immunity have been sufficiently flex-
ible to expand their horizons to encompass the
role of innate immunity and nonspecific cyto-
kines. By analogy, I optimistically expect stu-
dents of cytokines to expand their horizons
and include studies of all intercellular host
defense signals in their discipline. The cytokine
network connects and interacts with lipid moie-
ties: nucleotides, growth factors, neuropeptides,
alarmins, hormones, and microbial reagents.
Although as investigators we have to focus on
our own research topic, we must be open to con-
sideration of how cytokines interdigitate with
the many other systems engaged in maintaining
host integrity. Furthermore, as indicated in this
article, we will never solve all of the problems,
but we have to keep in mind the clinical utility
of focusing our studies on the identification of
the therapeutic benefit of cytokine agonists and
antagonists with the goal of helping patients.
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