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Abstract

For many years 1L-33 has been widely studied in the context of T helper type 2 (Ty2)-driven
inflammatory disorders. Interestingly, IL-33 has now emerged as a cytokine with a plethora of
pleiotropic properties. Depending on the immune cells targeted by IL-33, it is reported to not only
promote T2 immunity, but also to induce T helper type 1 (Ty1) immunity. Furthermore, recent
studies have revealed that 1L-33 can activate CD8" T cells. These new studies provide evidence
for its beneficial role in antiviral and antitumor immunity. Here we review the evidence of I1L-33
to drive protective T cell immunity plus its potential use as an adjuvant in vaccination and tumor
therapy.

Introduction

Interleukin 33 (1L-33) was first described in 1999 by Onda H and colleagues who identified
it as DVS27—a 30-kDa protein highly expressed in canine vasospastic cerebral cells (1).
Four years later the corresponding gene was found to be highly expressed in the nucleus of
high endothelial cells and this gene was termed “nuclear factor of high endothelial venules
(NF-HEV)” (2). In 2005, through computational sequence comparison, Schmitz J and
colleagues revealed that the C-terminal end of IL-33 contained a 3-sheet trefoil-fold
structure characteristic of the Interleukin 1 (IL-1) family (3). IL-33 thus became the 11t
identified IL-1 family member. Subsequently, IL-33 was recognized as the functional ligand
for the orphan IL-1 receptor ST2 (also called IL-1R-like-1) (3). ST2 is selectively expressed
on the cell surface of T2 cells and not on Ty cells (4). Therefore, IL-33 has been studied
primarily for its role in the context of T2 immunity and T2-related diseases such as
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asthma, atopic dermatitis, and anaphylaxis (3,5-9). Recent studies, however, are beginning
to show that IL-33 cytokine activities far exceed the realm of T2 immunity by promoting
Tw1 immune responses and influencing the development of antiviral CD8* T cells (10). In
this review, we summarize recent studies describing how IL-33 is emerging as an important
Tyl and CD8* T cell-driving cytokine, essential for inducing protective cell-mediated
immunity against cancer and chronic viral diseases.

IL-33: location and function

While historically isolated from keratinocytes, epithelial cells, and endothelial cells, 1L-33 is
now known to be released from a variety of tissue types as a pro-inflammatory cytokine
(2,11). Specifically, IL-33 functions as an alarmin by signaling tissue damage to local
immune cells after exposure to pathogens, injury-induced stress, or death by necrosis
(11-15). IL-33 is predominantly expressed at the epithelial barrier as the first line of defense
against pathogenic threats, activating a variety of cells: hematopoietic cells, mast cells,
eosinophils, basophils, Natural Killer (NK) cells, Natural Killer T (NKT) cells, CD8* T
cells, T2 lymphocytes, and non-hematopoietic cells (10,16-23).

IL-33 can operate in at least two spaces—nuclear and extracellular—and in at least two
forms—full-length IL-33 (prolL-33) and mature 1L-33 (mtrIL-33) (24-26). The nuclear
space is the exclusive domain of prolL-33, able to concentrate there via its amino terminus
that contains a non-classical nuclear-localization sequence and a short chromatin-binding
motif (27). This is where 1L-33 is usually found; however, when released by inflammation
or stimulation, prolL-33 is often digested into mtrIL-33, a form with a lower molecular
weight (18-kDa). Unlike prolL-33, mtrIL-33 is not capable of localizing into the nucleus
because it lacks the N-terminal nuclear-localization sequence. The processing and release of
prolL-33 appears cell-type specific and several proteases are being identified to process
prolL-33 into active, mature forms of I1L-33 (3,28,29).

Currently, the nuclear function of prolL-33 is unclear, but recent studies have suggested it
may play a role in transcriptional repression and chromatin compaction (24,30).
Extracellular prolL-33 and mtrIL-33, on the other hand, are known to bind to their cognate
receptor ST2, activating the MyD88-signaling pathway which induces the production of
various cytokines and chemokines or causes cell differentiation, polarization, and activation,
depending on the target cell (26,31). Although one might assume that they induce similar
effects because they bind to the same ST2L, recent studies have reported that they have
differences in their specific activities. Luzina et al. demonstrated that prolL-33 promotes
inflammation differently from mtrIL-33 in an ST2-independent fashion (32). This study
showed that compared to prolL-33, mtrIL-33 produced a strong Ty2-skewing cytokine
profile (32). To this, we recently reported that both isoforms delivered as vaccine
immunoadjuvants could modulate the immune responses towards a Ty1/CD8* T cell
response (Figure 1) (35). Under different conditions it appears that IL-33 can have different
functions either associated in driving Ty2- or Tyl-immune responses when delivered in vivo
(10,32,35). How one method elicits T2 responses and another Tyl responses is unclear.
Nevertheless, it is possible that different routes of delivery can have different outcomes.
Moreover, we showed that prolL-33 delivered as a vaccine adjuvant was more potent at
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expanding the humoral immune response compared to mtrlL-33 (35). How prolL-33 and
mtrlL-33 exert different effects on the humoral immune response is uncertain. It is likely
that prolL-33 is not only an efficient agonist for ST2, but can also act independently of ST2
(32). This supports the theory that the immunomodulatory functions of IL-33 might actually
be more complex than initially assumed. Additional studies are needed to elucidate the
conditions under which prolL-33 and mtrlL-33 promote different cell-mediated immune
responses and to determine the specific intracellular transcriptional targets of prolL-33 and
mtriL-33.

IL-33: role in antiviral-protective immunity

Multiple groups have shown that IL-33 activity is primarily associated in driving Ty2-
immune responses, particularly in augmenting cytokine levels of IL-4, IL-5 and 1L-13 (33).
However, it is now beginning to surface that IL-33 has functions that surpass T2 immunity
as it can contribute to the development of T1-type immune responses and promote CD8" T
cell responses (Table 1).

Given its ability to direct these Ty1-type immune responses, it is reasonable to discuss if
IL-33 may also be essential in inducing protective immunity against viral infections. Some
of the 15t studies to implicate 1L-33's pro-Ty1 cytokine activities observed its biological
target on NKT cells (16,23). These studies showed that exposure to I1L-33 privileged the
production of IFNy by NKT cells in response to TCR engagement and in the presence of
IL-12. More recently, several studies have shown that this activity was not restricted to NKT
cells. Yang et al. showed that CD8" T cells can also express ST2 and respond to 1L-33 (34).
They reconfirmed the notion that 1L-33 synergizes with TCR and/or 1L-12 signaling to
augment IFNy production in effecter CD8* T cells (34). Consistent with these findings,
Bonilla et al. showed that following LCMV infection in mice, roughly 20% of activated
antigen (Ag)-specific CD8" T cells expressed ST2 (10). This study provided evidence for
the first time that IL-33 can drive protective antiviral CD8* T cell responses in vivo.
However, it remains to be answered why only 20% of the activated CD8* T Cells expressed
ST2? Are these a unique subset of CD8* T cells that expresses or upregulates ST2?
Additionally, we recently showed that IL-33 can orchestrate protective antiviral CTL
responses, expand the magnitude of Ag-specific CD8* T cells responses, and enhance the
production of TNFa and IFNy responses (35). Interestingly, this study showed that both
isoforms of IL-33 (prolL-33 and mtrlL-33) can act as immunoadjuvants to induce potent
viral-specific Ty 1 CD4* and CD8* T cell responses (35). Notably, our recent finding
challenges the prevailing opinion that IL-33 strictly targets Ty2 CD4* T cells, as we now
know it has the potential to target Tl cell-mediated T cells. Interestingly, the delivery of
IL-33 did not enhance IL-4 or immunoglobulin E (IgE) levels, which is in contrast to the
previously observed effects of IL-33. This provides further evidence that under certain
conditions, 1L-33 exhibits different immunological properties (depending on the type of
activated cells and the microenvironment). Together, these studies give insight into IL-33's
new biological activity to direct Ty1 and effector CD8* T cells and its essential role in
driving protective immunity against viral pathogens. Although certain immunoadjuvants
have been shown to enhance the potency of vaccines by inducing Ty1, it has been a
challenge to find adjuvants that can also facilitate CD8* T cell responses. Thus, the
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demonstration that I1L-33 can induce both Ag-specific Ty1 and CD8* T cell responses in
preclinical settings makes 1L-33 an ideal adjuvant candidate for enhancing prophylactic and
therapeutic vaccines (Figure 1). Such vaccines could target an array of microbial infections,
especially intracellular pathogens, and cancer, where T cell-mediated immunity is crucial for
protection.

IL-33: role in antitumor immunity

There is a plethora of studies about the pleiotropic cytokine activities of 1L-33 and its role in
inflammation and its association with allergy and autoimmune diseases (33,36). However its
role in antitumor immunity and antitumor growth is only beginning to surface. Given the
recent studies (as mentioned above) showing that IL-33 can augment Ag-specific Tyl and
CD8* T cell immune responses, its role in enhancing tumor surveillance and antitumor
immunity is worth continued investigation.

Two recent studies have highlighted the important role of IL-33 in experimental mouse
tumor models and have shown that IL-33 can drive antitumor CD8* T cell responses. Gaoet
al. used B16 melanoma and Lewis lung carcinoma (LLC) metastatic models to show that
transgenic expression of IL-33 inhibited tumor growth and metastasis in mice (37).
Transgenic expression of IL-33 and delivery of recombinant IL-33 increased the infiltration
of CD8" T cells and NK cells into the tumor and also increased their cytotoxicity both in
vitro and in vivo (37). This study provides further evidence that IL-33 promotes the
proliferation and activation of CD8* T cells and NK cells by activating the intracellular
molecule nuclear factor-xb (NF-xb) and suggests a mechanism by which IL-33 might
promote CD8* and NK activation and expansion. We, ourselves, have recently shown—
using an HPV-associated mouse tumor model—that two isoforms of IL-33 delivered as
immunoadjuvants induced potent antitumor immunity and rapidly caused complete
regression of established TC.1 tumor-bearing mice (35). Administration of IL-33 skewed T
cell responses towards the Tyl axis, enhancing potent Ag-specific effector and memory T
cell responses. Crucially, using the P14 transgenic mouse model, we showed that IL-33 can
significantly generate effector-memory CD8* T cells in the periphery, correlating with the
rapid and complete regression of established tumors (35). More studies are needed to define
the molecular mechanisms of how IL-33 influences the differentiation and expansion of the
CD8™ T cells responses (Figure 1). Together, these data demonstrate the notion that 1L-33
increases the formation of Ag-specific CD8" T cells and reveals that IL-33 has
immunotherapeutic implications in driving immune responses against cancer (Figure 1).
Overall, further investigation is needed to define IL-33 specific roles in the tumor
surveillance process.

Concluding remarks

IL-33 has emerged as a switch-hitting cytokine adjuvant: a multi-talented immune player
that promotes both T2 and Tl immune responses given the right type of immune cells
activated, the microenvironment, and the cytokine milieu. As such, IL-33 may play different
roles in different diseases based on the details of expression and delivery. Clearly in this
regard, IL-33 as an immune therapeutic gene warrants further investigation. How IL-33
regulates the humoral immunity or enhances the generation and maintenance of CD8* and
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CD4* T cells remain important questions. Further studies to define details of the function of
IL-33 in the nucleus and to understand its synthesis, processing, and release will provide
important areas for targeted therapeutics in both infectious diseases as well as cancer
immune therapy. The accessibility of both ST2 and IL-33 knockout mice will allow for
investigation regarding the biological function of all isoforms of IL-33; enhancing our
understanding of 1L-33's ability to influence adoptive immunity and its power to protect
against disease. This exciting evidence that 1L-33 can induce antiviral and antitumor
responses validates IL-33 as a potent new adjuvant in vaccinations.
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Figure 1.
Immunoadjuvant properties of administered full-length 1L-33 (prolL-33) and/or mature

IL-33 (mtrIL-33) on tumor and viral growth. These observed effects are determined by the
specific cells targeted and the associated cytokine network. Administration of either
prolL-33 or mtrlL-33 has been described as having cellular activities on NK/NKT, CD4*,
and effector CD8* T cells which produce Th1l-associated protective immunity.
Concomitantly, M1 macrophages and APCs produce and secrete I1L-12, which then induces
expression of ST2 on NK/NKT cells and CD8* T cells, permitting 1L-33 to induce Thi-
associated cytokine production. It is unclear whether Th1 CD4* T cells are able to
upregulate ST2, however, IFNy production by other activated immune cells likely leads to
their amplification which then can help activate antiviral and tumoricidal immunity.
Interestingly, recent evidence hints at a new activity for prolL-33 as it has been found to
elicit antigen-specific antibodies, yet its role in protection against infectious pathogens
remains to be determined. Notes: APC, antigen-presenting cells; NK, natural killer cells;
NKT, natural killer T cells; Teff, effector memory CD8 T cells; Tcm, central memory CD8
T cells
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