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Abstract Interleukin (IL)-32 is known as a proinflam-
matory cytokine that is likely involved in several diseases,
including infections, chronic inflammation, and cancer.
Since the first report in 2005, IL-32 has been the subject
of numerous studies to unravel the biological function
of this molecule. For example, silencing of endogenous
IL-32 in primary or cell lines of human origin consistently
suppressed responses to Toll-like receptors. The protein
folding structure of the six isoforms of IL-32 does not
resemble that of any classical cytokine and as of this writing,
a specific IL-32 receptor has not been identified. Instead, we
propose a mechanism by which exposure to extracellular
IL-32 or overexpression of the molecule results in binding
to intracellular partners that influences functions such as
gene expression, cell death, or survival. As such, this review
offers insights into the role of IL-32 in several diseases,
host defense, inflammation, immune function, and cancer.
Finally, possibilities to target IL-32 in several diseases are
proposed.
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The discovery of interleukin (IL)-32

The first report on the molecule that is the topic of this review
was in 1992. Dahl et al. [1] reported a protein that was highly
expressed in activated T- and NK-cells and therefore it was
called NK4. This NK4 protein was rapidly upregulated in
human PBMC:s after stimulation with PHA, a lectin, that pri-
mary activates T-cells. The expression could be blocked by
cycloheximide, indicating that it was an early activated gene.
The same report demonstrated that the NK4 gene was highly
polymorphic. Sequence analysis revealed that the NK4-
encoded protein had a predicted molecular mass of 27 kDa.
In addition, it was suggested that the NK4 protein contained
a RGD motif, which is important for adhesion of cells and
therefore it was predicted that NK4 might play a role in the
adhesive properties of cells. Nevertheless, at that time and
for the next 13 years, the biological function of NK4 was
not known. In 2005, using a microarray technology and an
IL-18 responsive cell line, the NK4 gene was found as one
of the most upregulated genes. Kim et al. [2] showed for the
first time that the NK4 protein had biological function and a
recombinant form of the protein induced several proinflam-
matory cytokines, including TNF-a and IL-8. Since the NK4
protein had proinflammatory properties, the name NK4 was
renamed to interleukin (IL)-32. However, the structure of
IL-32 did not match the sequence homology seen in most
of the known cytokines. IL-32 mRNA was predominantly
found in immune tissues and cells, but also in non-immune
cells such as epithelial cells. IL-32 is located in the human
chromosome 16p13.3. IL-32 occurs in four major splice var-
iants isoforms of the mRNA, namely IL-32q, IL.-328, IL32y,
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Fig. 1 Frequently found isoforms of IL-32. IL-32«, IL-328, and
IL-32y are the most observed isoforms of IL-32. IL-32y is the most
abundant transcript and by mRNA splicing, IL-328 and IL-32a

and IL-328 [2]. Later, two new isoforms of IL-32, [L.-32¢ and
IL-32¢, were found within the IL-32 mRNA transcript, how-
ever IL-328 seems to be most abundant [3] (Fig. 1).

The different isoforms of IL-32 originate by splicing of
pre-mRNA of the isoform IL-32y. Several reports dem-
onstrated that different transcripts of IL-32 occur both in
vitro [3, 4] as well as in vivo [4]. It remains to be elucidated
why the IL-32y mRNA transcripts are spliced and if this
phenomenon is similar in all cells. IL-32y is the most potent
isoform of IL.-32, with respect to cell death and cell activation,
and this may explain why IL-32y is spliced to less harmful
isoforms of IL-32, e.g., [L-328 and « [4, 5]. Of great interest
was the finding that modulation of the splice-site in the IL-32y
mRNA resulted in a splice-resistant mutant. When this IL-32y
mutant was overexpressed in THP-1 cells, there was enhanced
production of proinflammatory cytokines, such as IL-13 and
IL-6 [4]. This observation contrasts to overexpression of
spliceable IL-32y that resulted in IL-32f and IL-32a isoforms
in THP-1 cells, in which no differences were found on IL-18
and IL-6 production compared with the control group.

In addition to promoting cytokine production, overexpres-
sion of endogenous IL-32y caused cell death, which in con-
trast did not occur with the IL-32a isoform [6]. The differential
potency of the IL-32 isoforms was described in several
reports [4—7], but the basis of these differences in potency
between the isoforms remains unexplored. The difference in
the size of the isoforms, ranging from 14.9 kDa (IL-32a) to
26.7 kDa (IL-32y), and the tertiary structure of the isoforms
may be part of the explanation for this phenomenon (Fig. 2).

The endogenous level of IL-32 can be modulated in
immune cells by exposure to a plethora of stimuli. Patho-
gen-related agents, such as lipopolysaccharide (LPS), mura-
myl dipeptide (MDP), and double-stranded RNA (poly I:C),
but also several cytokines such as TNF-a and IFN-y induced
IL-32 [8-12]. Exposure of monocytes, macrophages, or
endothelial cells to these stimuli induced the expression
of endogenous IL-32, both on mRNA and protein levels.
Although the amount of endogenous IL-32 protein was
low and difficult to determine, in most reports isoforms of
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IL-32 mRNA levels were examined using real-time PCR.
However, the evaluation of IL-32 protein expression is still
hampered by to the lack of validated quantification assays.

One of the most noteworthy observations is that IL-32
is still not found in rodents, such as mice and rats. Many
efforts have been undertaken to find proteins that resemble
human IL-32 in mice. It appears that in mice the /L32 gene is
located between the MMP25 and ZSCAN10 gene, however a
large part of the /L32 gene is missing and it is still unknown
whether a functional transcript is produced. In other species,
such as pigs, cows, and horses, IL-32 homologs are present.
In an attempt to find the IL-32 homolog in mice, we used
systems biology to search for the gene coding for IL-32.
However, no sequence was found in the murine genome that
reveals any homology with the human /L32 gene (unpub-
lished data LJ). It is remarkable that humans and other mam-
mals express the /L32 gene in contrast to rodents because
these latter animals evolved much later.

The role of IL-32 in host defense, inflammatory
diseases, and cancer

Since the first description of functional IL-32 in 2005 by
Kim et al., a large number of reports have been published
in which IL-32 was associated with numerous diseases,
ranging from infectious diseases, chronic inflammation, and
cancer [9, 11, 13-23].

Viral infections

Circulating levels of IL-32 were measured in patients with
HINI1 influenza infections and found to be significantly
elevated [24]. The effect of recombinant IL-32y was also
assessed in the WISH cell line infected with vesicular stoma-
titis virus. Unlike the studies of Zepp et al. [23] who reported
antiviral activity of recombinant IL-32y, recombinant IL-32y
did not result in anti-viral activity in another laboratory [24].
However, supernatants from the human macrophage line
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Fig. 2 Proposed structure of
IL-32a and IL-328. By using
I-TASSER software, the struc-
ture of several IL-32 isoforms
was predicted based on the
amino acid sequence [6, 73].
Only the /L-32« and IL-328
models are shown since their
modeling score was acceptable,
whereas the modeling of IL-32y
was not sufficiently reliable [6]

THP-1 cells exposed to recombinant IL-32y did possess anti-
viral activity in WISH cells infected with vesicular stomatitis
virus [24]. Characterization of the anti-viral activity of the
THP-1 supernatant revealed transferrin [24].

Influenza virus induced several genes in human epithelial
cells: IFN-B, type III interferons as well as IL-1a, IL-18,
IL-6, 1L-23, IL-12, and IL-32y [25]. In another study, ele-
vated levels of circulating IL-32 have been reported in 108
subjects with influenza infection compared to 115 healthy
controls [16]. In human lung epithelial cells, IL-32 expres-
sion was shown to be dependent on cyclooxygenase-2 as
the addition of inhibitors of PGE2 suppressed IL-32 expres-
sion. Silencing of endogenous IL-32 in these epithelial
cells increased PGE2 production [16]. In another study, the
authors concluded that although influenza viral infection
induced IL-32, the cytokine IL-32 then serves to inhibit fur-
ther viral replication [26].

Another study focused on the role of IL-32 in the sup-
pression of HIV-1 infection using small interfering (si)
RNA to silence endogenous IL-32 in freshly HIV-1 infected
PBMC. When PBMC were pretreated with siRNA to IL-32,
IL-6, IFN-y, and TNF-a were reduced compared to scram-
bled siRNA [18]. Unexpectedly, HIV-1 production (as

IL-32c isoform

IL-32p isoform

measured by p24) increased fourfold in these same PBMC
when endogenous IL-32 was reduced [18]. Because IFN-y
was lower in silL-32-treated PBMC, IFN-y bioactivity was
blocked, which enhanced the augmentation of p24 by silL-
32. Blockade of IFN-o/f bioactivity in IL-32-stimulated
Ul macrophagic cells revealed that IFN-a conveys the
anti-HIV-1 effect of recombinant IL-32y [18]. In addition,
silencing of endogenous IL-32 reduced the levels of Thl
and proinflammatory cytokines, which contribute to the
anti-HIV-1 property of IL-32.

Mycobacterial infections

The first study that examined a possible role for IL-32 in
mycobacterial infections revealed that Mycobacterium
tuberculosis and Mycobacterium bovis induced IL-32 from
human blood monocytes in vitro was dependent on IFN-y
[11]. Furthermore, the role for IFN-y was actually a require-
ment for IL-18 production, which in turn was dependent on
caspase-1. IL-32 expression was studied in patients with
Mycobacterium avium intracellulare infections where a
highly significant level of IL-32 was detected using immu-
nohistochemistry compared with lung tissue from healthy
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subjects [27]. Expression was most prevalent in type I lung
epithelial cells. IL-32 was also found in both type II alveo-
lar cells and alveolar macrophages. In human monocyte-
derived macrophages, recombinant IL-32y significantly
reduced the growth of intracellular M. avium [27]. The
anti-mycobacterial effect of IL-32 may be due, in part, to
increased apoptosis of infected cells.

However, a role for IL-32 in live mycobacterial infec-
tions was not addressed in these studies. Macrophagic cells
are both a harbor for M. tuberculosis as well as a defense
against the infection. Although M. tuberculosis lives in mac-
rophages, macrophages can also kill the organism under
conditions of apoptosis. To study a possible role for 1L-32
in the survival of M. tuberculosis in human macrophages,
endogenous IL-32 was silenced in the human macrophagic
cell line, THP-1. Silencing of endogenous IL-32 in these
cells resulted in decreased production of TNF-a, IL-18, and
IL-8 induced by M. tuberculosis [28]. Associated with the
reduction in these cytokines was an increase in the num-
ber of organisms isolated from these cells [28]. In addition,
there was an increase in the death in THP-1 cells infected
with M. tuberculosis when exposed to recombinant IL-32y.
Consistent with this finding was the loss of apoptosis in
THP-1 cell deprived of endogenous IL-32. Apoptosis in
THP-1 cells exposed to recombinant IL-32 was due to an
increase in caspase-3. The authors of that study concluded
that IL-32 plays a beneficial host defense role against
M. tuberculosis.

In further studies on a possible role for IL-32 in live
mycobacterial infections, a strain of mice was generated
that expressed IL-32y under the surfactant protein C (SPC)
promoter. This promoter restricts the expression of the
gene to the type II pulmonary epithelial cell. Mice trans-
genic for lung IL-32y were infected with live M. tubercu-
losis and studied for survival. Compared to wild-type mice,
the IL-32y transgenic mice exhibited greater survival from
the infection compared to the wild type [29]. In addition,
the number of M. tuberculosis organisms isolated from the
lungs of the transgenic mice were significantly lower com-
pared to the number isolated from wild-type mice. These
studies are consistent with the in vitro data that IL-32
expression in human macrophages serves to protect the host
by facilitating apoptosis of the host cell and thereby depriv-
ing M. tuberculosis of a protected survival as an intracellular
microorganism.

Like M. tuberculosis infection, infection with M. leprae
is a worldwide problem with considerable economic costs
to developing countries. There are two forms of leprosy: the
tuberculoid form of the disease is a successful containment
of the organism in the granuloma, and the aggressive form
of the disease is characterized by dissemination, and repre-
sents a failure of the host to contain the infection. The role
of IL-32 was studied in the cells of subjects with M. leprae.
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Recombinant IL-32 induced human blood monocytes to
differentiate into dendritic cells (DC). The presentation of
antigen by IL-32 differentiated DC was greater than DC dif-
ferentiated by granulocyte—macrophage colony-stimulating
factor. Expression of both NOD2 and IL-32 by DC at the
site of leprosy infection correlated with the type of leprosy.
In patients with the restrictive tuberculoid form of leprosy,
the expression of endogenous IL-32 and NOD2 was high;
in contrast, the expression was low in cells from subjects
with the progressive form of the disease [12]. The authors
concluded that the leprosy antigen triggered NOD?2 and that
the form of the disease was dependent on IL-32-dependent
differentiation of DC.

Inflammatory diseases

IL-32 is associated with several inflammatory diseases,
including rheumatoid arthritis (RA), ankylosing spondyli-
tis, chronic obstructive pulmonary disease (COPD), graft-
versus-host disease (GVHD), chronic rhinosinusitis, and
atherosclerosis [9, 13, 14, 30-34]. For example, 1L-32
expression was elevated in tissue specimens obtained for
these patients groups, both at the mRNA and protein level.
In RA, synovial IL-32 expression correlated with inflamma-
tion, TNF-a, and IL-1f levels. In addition, the local I1L-32
expression was associated with acute phase protein CRP
and ESR [14]. Since TNF-a is one of the drivers of syno-
vial inflammation and since IL-32 overexpression results in
increased TNFs levels, it was suggested that IL-32 might be
crucial for the autoinflammatory loop found in joints of RA
patients. Heinhuis et al. [9] convincingly showed that indeed
intracellular IL-32 in RA synovial fibroblasts was strongly
upregulated after TNF-a exposure and the enhanced pro-
duction of IL-6 and IL-8 induced by TNF-a was depend-
ent on IL-32. Synovial tissue biopsies from RA patients that
respond well to anti-TNF-a therapy exhibited less IL-32
expression, underscoring the inflammatory loop between
TNF-a and IL-32 [9]. Also in COPD, it was reported that
IL-32 protein expression in the lung specimens correlates
with inflammatory markers, cell influx, and TNF-a levels.
Moreover, IL-32 was linked to pathologic changes in the
alveolar walls of the COPD patients [13]. Epithelial cells
isolated from patients suffering from chronic rhinosinusitis
produced more IL-32 when stimulated with TNF-a or IFN-
v. Together with the observation that tissue specimens from
nasal polyps contain elevated IL-32 mRNA levels it was
concluded that IL-32 might be crucial for the development
of chronic rhinosinusitis [33] (Fig. 3).

Cancer

In recent years, accumulative evidence has been pub-
lished on the role of IL-32 in cell death and cancer-related
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Fig. 3 IL-32 expression in RA synovial tissue and effect of anti-
TNF-a treatment on local IL-32 expression. a IL-32 expression in RA
synovial tissue specimen. Macrophage-like cells exhibit the highest
level of IL-32, whereas the antibody (isofype) control was negative.
b Synovial biopsies from 16 RA patients were analyzed for IL-32
expression by IHC before and after anti-TNF-a treatment

diseases. One of the first reports indicating a potential role
of IL-32 in cancer revealed that in chronic myelomonocytic
leukemia, IL-32 expression was markedly reduced [35]. In
contrast, Marcondes et al. demonstrated in the same report
that in myelodysplastic syndrome (MDS), IL-32 expres-
sion was elevated and associated with enhanced apoptosis-
mediated cell death of the bone marrow stem cells. These
data suggested that endogenous IL-32 levels modulated
cell survival. This concept was supported by the findings of
several investigators who attempted to produce isoforms of
the IL-32 proteins using transfection of IL-32 in HEK cells.
HEK cells expressing high levels of IL-32f or IL-32vy died.
In contrast, overexpression of IL-32a in human mammalian
cell lines did not result in cell death [6].

In addition to MDS or leukemia, other cancers are asso-
ciated with IL-32. IL-32 expression was noted in gastric
cancer, hepatocellular carcinoma, lung cancer, and pancre-
atic cancer [15, 19, 21, 36]. Previously, it was shown that in
the HeLa cancer cell line treated with the anti-cancer drug
Cisplatin (Cadila Healthcare), there were markedly elevated
levels of IL-32 [37]. In addition, it was demonstrated that
caspase-3 was activated in Cisplatin-treated cells, suggesting

an IL-32-caspase-3-mediated cell death pathway. This
observation is consistent with the reports of Heinhuis et al.
[6], showing that cell death, induced by endogenous overex-
pression of IL-32y, was driven by caspase-3.

MicroRNAs (miRNAs), regulators of post-transcrip-
tional gene expression and alterations in some miRNAs, is
often linked to tumorigenesis. In fact, reduced expression of
miRNA-205 was found in several types of cancer. MiRNA-
205 expression has been shown to regulate IL-32 levels
in cancer cells [38]. That study reported that miRNA-205
targets the IL-32 promoter (—631/—610 bp) and induced
transcription and production of IL-32. Majid et al. [38]
also demonstrated that in prostate cancer cells miRNA-205
was significantly downregulated and that overexpression of
miRNA-205 resulted in impaired prostate cancer cell growth
via apoptosis. These findings were corroborated in renal cell
carcinoma, melanoma, and glioblastoma. Overexpression of
miRNA-205 induced apoptosis, cell cycle arrest, impaired
cell viability, clonability, and invasive properties of renal
carcinoma, glioma- and melanoma cells [39-41]. Taken
together, there is evolving evidence that IL-32 is a crucial
mediator in cancer, and future research will be needed to
investigate the precise role of endogenous IL-32 isoforms
in the control of tumorigenesis. Indeed, targeting of the
regulation of endogenous IL-32 may be a novel therapeutic
approach for the treatment of cancer.

IL-32 signaling; extra- or intra-cellular pathways?

Since the first report on IL-32 by Kim et al., several stud-
ies have explored the IL-32 signaling cascade. Initially, it
was thought that IL-32 signaling pathway was mediated
via NF-kB and p38 MAPK pathways [2]. In another study,
it was shown that IL-32 activates Erk1/2 and PI3 K/Akt
pathways when osteoclasts precursors were exposed to
IL-32 [42]. Furthermore, kinome analysis demonstrated
that IL-32-exposed human macrophage-like THP-1 cells
resulted in the phosphorylation of p300 and DAPK-1
[43]. It appeared that IL-32 can synergize with NOD1/
NOD?2 ligands that drives the production of IL-1p and IL-6
through a caspase-1-dependent mechanism [10]. Also, it
has been reported that exposure of auditory cells of the
inner ear to recombinant IL.-32 resulted in a rise in intra-
cellular Ca®>* followed by elevated IL-1f levels [44]. In
contrast to previous reports, Oh et al. [45] demonstrated
that in colon cancer cells, IL-32y overexpression down-
regulated NF-kB and STAT3 signaling pathways. All the
above-described intracellular signaling cascades have
been linked to IL-32-mediated cell activation. However,
since an unambiguous IL-32 receptor that would transmit
a signal has not been isolated, differential uptake of IL-32
by cells may determine the downstream signaling pathway.
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Nevertheless, IL-32 can bind to membrane proteins such
as integrins [6]. In an attempt to isolate an IL-32-binding
protein in concentrated human urine as a soluble form
of a cell bound IL-32 receptor, Novick et al. employed
ligand-specific affinity chromatography using recombi-
nant IL-32a co-valently immobilized on a matrix. Urinary
proteinase-3 (PR3) bound specifically IL-32a with a high
affinity (dissociation constant of 2.65 + 0.4 nM) as well
as to neutrophil-derived PR3 (dissociation constant of
1.2 £ 0.05) [46]. In addition, in some studies, the enzy-
matic action of PR3 increased the bioactivity of IL-32 sup-
porting the concept that IL.-32 is processed by PR3 [47].
It was also shown that IL-32 activity, induced by a mixed
lymphocyte culture (MLC), could be modulated by the
addition of alpha-1 antitrypsin (AAT), an inhibitor of PR3.

IL-32

PR3

Fig. 4 IL-32-integrin-FAK
signaling pathway. IL-32 binds
intracellularly to Paxillin and
FAK, both components of the
integrin signaling cascade.
IL-32 resembles the FAT region
of FAK and thereby interferes
with the Paxillin—FAK binding.
By interfering with the integrin
pathway, IL-32 can modulate
cell homeostasis through FAK
and subsequent downstream
pathways such as PI3 K, Erk,
and JNK [5, 6]. Additionally,
extracellular IL-32 can interact
with integrins, PR3, or an
unknown IL-32 receptor

These data are consistent with a role for PR3 in increasing
the bioactivity of endogenous IL.-32 [34].

Heinhuis et al. [6] demonstrated that IL.-32 binds to cell
surface integrins. Since IL-32 contains a RGD-motif and it
is known that RGD-motifs binds to surface integrins, Hein-
huis investigated the nature of IL-32 binding to integrins.
The experiments revealed that IL-32 binds to the integrins
aVP3 and aVB6, but not to a VB8 [6]. Integrins are involved
in cell signaling and are important for several cell functions,
including cell adhesion, survival, and cytokine production
[48, 49]. Hence, it has been suggested that aVP3 and a V6
could be the receptors for extracellular IL-32 [6]. However,
the majority of reports on IL-32 indicate that IL-32 is an
intracellularly expressed protein. Taking this into account,
extracellular IL-32 signaling is only possible when IL-32 is

IL-32
IL-32

7 Integrins
Unknown

receptor

Modulation of FAK-1
signaling by IL-32 through
interactions with Paxillin
and/or FAK-1
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released after cell death. Since the structure of IL-32 does
not resemble a classical cytokine, modeling software was
used to examine the structure of IL-32. IL-32 has similarities
with focal adhesion targeting region (FAT) of focal adhe-
sion kinase (FAK-1) [6]. FAT targets FAK-1 to cluster with
integrin via paxillin binding [50]. FAK and paxillin are two
focal adhesion—associated proteins that have both a crucial
function in mediating signals downstream of integrins [51].
These signals regulate important biological cell functions,
such as migration, proliferation, and survival [52]. Since
the structure of IL-32 partly resembles FAT, IL-32 might
function as a regulator of FAK-1 activity. IL-32-mediated
cell death could be inhibited by modulation of FAK-1 phos-
phorylation, using specific inhibitors [6]. In addition, IL-32
could bind to paxillin and FAK, indicating that intracellular
IL-32 is an important mediator in the integrin-FAK signal-
ing pathway (Fig. 4).

The influence of IL-32 on cell function

The modulation of intracellular expression of IL-32 has
been studied in different ways. Upregulation of IL-32 was
explored by the addition of several exogenous stimuli to
cells or IL-32 was overexpressed by using plasmids of ade-
noviral constructs approaches. Many studies have been pub-
lished that reported IL-32 induction in a wide range of cells,
including PBMCs, monocytes, NK-cells, T-cells, fibro-
blasts, keratinocytes, and endothelial cells by many stimuli
[1,9, 11, 53, 54]. Most reports demonstrated that IL-32 is
predominantly expressed intracellularly, but membrane-
bound expression has also been described [8]. Hasegawa
et al. [8] showed that IL-32 was localized in lipid droplet
structures that were associated with the membrane after
exposure to IFN-y and TNF-a. The exogenous stimuli that
induce expression of IL.-32 in various cell types range from
cytokines to bacteria or bacterial products activating pattern
recognition receptors, such as TLR and NLR [2, 9, 11, 12].
In addition, it has been shown that viruses or viral ligands
are also potent inducers of endogenous IL-32 expression
[22, 26, 55, 56]. Also, oxidative stress in combination with
IFN-y exposure was suggested as a potent inducer of 1L-32
expression lung epithelial cells, suggesting a role for IL-32
in COPD [57]. The precise pathways that lead to elevated
levels of endogenous or membrane-bound IL-32 have not
been elucidated.

However, several pathways have been published includ-
ing the PI3 K/Akt pathway and NF-kB/AP-1 pathway
[58]. Also, the Syk/PKC delta/JNK pathways are reported
to be important for the induction of IL-32 in RA synovial
fibroblasts by TNF-a [59]. Viral-induced IL-32 expression
seems to be mediated by cyclooxygenase (COX)-2 path-
way [16]. Furthermore, downstream pathways are linked

3889
PI3K/Akt NF-xB/AP-1 COX-2 Syk/PKC
th th th delta/JNK
pathway pathway pathway pathways

RN

Fig. 5 Induction pathways of intracellular IL-32 expression. Several
pathways have been reported to induce intracellular expression of
IL-32, including PI3 k, NFkB/AP-1, COX-2, and Syk/PKC-delta/INK
pathways

to upregulation of IL-32 expression. Netea et al. [10] dem-
onstrated that Mycobacterium tuberculosis (MTB) induced
IL-32 gene expression in PBMC was dependent on the
caspase- 1/IL-18/interferon-gamma pathway. The enhanced
IL-32 expression was not due to recognition of MTB by
TLR, but rather via intracellular NOD (Fig. 5).

The addition of recombinant IL-32 to primary human
monocytes drives the differentiation into macrophages-type
cells. IL-32 added to cultures of GM-CSF/IL-4-induced
dendritic cells resulted in differentiation to macrophage-like
cells. Moreover, macrophage-like cells generated following
incubation with recombinant IL-328 produced more proin-
flammatory cytokines after exposure to bacterial ligands.
This was mediated by the p38-MAPK pathway, whereas
IL-32-driven differentiation into macrophage-like cells was
dependent on caspase-3 [60]. Whether the IL-32-mediated
differentiation of monocytes into macrophage-like cells was
related to apoptosis was not studied. Since overexpression
of IL-32f or IL-32y, but not IL-32aq, resulted in cell death
via caspase-3- mediated processes [6], apoptotic bodies may
determine the monocyte differentiation into macrophages
[61]. Another study showed that IL-32 was involved in the
differentiation of monocytes into osteoclasts. In combina-
tion with SRANKL, IL-32 promotes the generation of osteo-
clasts, but IL-32 was unable of inducing the maturation of
the osteoclasts into bone-resorbing cells [62].

Overexpression of intracellular IL-32y in human RA
fibroblasts resulted in a more proinflammatory status of
these RA synoviocytes, IL-6 and IL-8 production was
strongly enhanced after stimulation with TLR ligands
[9]. Another isoform of IL-32, namely IL-32f, resulted in
enhanced proinflammatory cytokines and more severe sep-
sis in transgenic mice [63]. IL-32 expression in NK cells
increased the cytotoxicity of the cells towards cancer cells,
via death receptor (DR) 3 and caspase-3-mediated path-
ways [64]. Dendritic cells (DC) that had been engineered
to overexpress IL-328 were effective therapeutically when
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injected directly in tumors [65]. In line with these results,
overexpression of IL-32y in DCs promoted T helper cell
development into Th1 and Th17 signatures [66]. In general,
exposure to or intracellular overexpression of IL-32 pro-
motes the inflammatory activity of these particular cells.
Mostly immune-related cells appear to be susceptible for
IL-32-mediated phenotype change of these cells.

In considering the above-mentioned studies, recombi-
nant IL-32 proteins produced in E. coli likely contain small
amounts of microbial products, such as lipopolysaccharide
(LPS) or peptidoglycans (PGN). In addition, plasmids or
viral constructs used to overexpress intracellular IL-32 has
an additional trigger, e.g., vector DNA. Thus, a response
to exogenous IL-32 or overexpression using viral vectors
provides two signals for NF-kB-mediated induction of
cytokines, such as IL-1f and TNF-a. Nevertheless, when
endogenous IL-32 is silenced, there is no significant pro-
duction of these cytokines to agents that trigger NF-kB [67].

To eliminate the second signal of provided by micro-
bial products present in recombinant IL.-32y preparations,
a totally synthetic form of IL-32y was added to PBMC.
Although there was no induction of TNF-a or IL-18 over a
large dose—response to the synthetic IL-32y, the addition of
a second signal such as a low concentration of LPS or MDP
or pretreatment of cells with IFN-y resulted in IL-1f and
TNF-a [68]. The mechanism for the two-signal requirement
of exogenous IL-32 induction of cytokines remains unclear
at the present time. It is possible that the known interac-
tion of IL-32 with surface integrins [6] serves as one of the
signals. This concept is consistent with the known ability of
surface integrins to signal.

Future perspectives

As discussed in this review, IL-32 is both a pro-
inflammatory as well a pro-apoptotic mediator. Follow-
ing exogenous stimulation with TLR, for example, 1L.-32
is synthesized but remains intracellularly; although IL-32
can be found in the cell membrane [8], the molecule is
released through cell death or IL-32 does contain a poten-
tial transmembrane helix [6, 68], but most studies indicated
that IL-32 is an intracellular protein. Since IL-32 is asso-
ciated with several diseases, including inflammatory dis-
eases, infectious diseases, and cancer, it would be of great
importance to develop a targeting strategy for 1L-32. For
inflammatory disease, IL-32 should be down-modulated,
whereas for infectious diseases and cancer, upregulation
of IL-32 would comprise a therapeutic strategy. However,
before these strategies can be developed, identification of
the optimal isoform of IL-32 function for a particular dis-
ease will be necessary. It is clear from the splice mutation
that IL-32v is the most potent isoform of IL-32, but IL-328
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is a possible candidate to target in diseases. Interestingly,
IL-32a seems to have no effects on cells or even an anti-
inflammatory activity [69]. Since a specific cell surface
receptor for IL-32 is still not known, it will be difficult to
target IL-32 signaling from the outside the cell because
IL-32 is expressed mostly intracellular although binding
to the integrins a VB3 and aVB6 might be crucial for IL-32
signaling [6]. In this case, antibodies direct against integ-
rins would be an option to interfere with the extracellular
IL-32 signaling cascade. Presently, several anti-integrin
antibodies are in development for clinical application in
several types of diseases, including autoimmune diseases
[70]. It may be possible to interfere with the downstream
signaling cascade of IL-32, but up to this moment the pre-
cise pathway is not yet known. Although several possible
pathways have been suggested, the major pathway has not
been elucidated.

Reductions in the expression of intracellular IL-32 using
siRNA technology have been successfully used in in vitro
systems [9, 18] but whether this approach can be used for
the treatment of human disease is still an open question. For
infectious diseases and cancer, IL-32 should be enhanced
in the diseased tissues to control the pathogens or tumor
growth. To achieve this, several options may be used, includ-
ing adenoviral technology to overexpress IL-32 or specific
TLR/NOD ligands that induced IL-32 expression. Since
IL-32 binds to the integrin/FAK pathway, it may contribute
to the progression of cancer. FAK phosphorylation seems to
be crucial in tumor growth and FAK inhibitors are effective
in models of cancer [71, 72].

In conclusion, the expression of IL-32 is modulated in
several diseases, including inflammatory disorders, infec-
tious diseases, and cancer. Understanding of the exact func-
tion of the different isoforms of IL-32 will lead to novel
therapeutic options for indicated diseases.
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