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Abstract
Although it was discovered more than two decades ago, new information concerning the
biological activities of IL-9 has been provided in recent years, after the isolation of cells that
selectively produce this cytokine, designated “Th9.” Th9 cells are generated in vitro by
polarization, mainly by TGF-β and IL-4, during activation with the specific antigen, or with anti-
CD3/CD28 antibodies. This review deals mainly with Th9 generated by the former,
“physiological” mode of activation. Of particular interest is the unique production kinetics of IL-9:
the cytokine is produced very rapidly, but after reaching its peak (day 3 in our studies), it declines
sharply to trace levels. In addition to IL-9, Th9 cells also produce similar amounts of another
cytokine, IL-10, but the production kinetics of these two cytokines are strikingly different.
Antigen-activated Th9 in our studies also developed pathogenic capacity, but only during the short
time period of peak IL-9 production. Interestingly, no IL-9-producing cells were detected in sites
of inflammation induced by Th9, in contrast to Th1 and Th17. The unique features of Th9 cells
and their products are discussed with regards to the known and assumed functions of the cytokine.
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I. INTRODUCTION
IL-9 was discovered more than two decades ago by Van Snick and his colleagues,1,2 but
more recent studies have shed new light on the unique features of this cytokine, its multiple
biological activities, and the lymphoid cells that produce it. Excellent reviews on various
aspects of IL-9 have been published in recent years3–7 and the present paper summarizes the
outstanding pieces of information detailed in these reviews. The present review focuses,
however, on certain recent observations concerning the unusual features of IL-9 and of the
cells that produce it. Cells that selectively produce IL-9 (“Th9”) have been recently
generated and their analysis revealed several unique features of the Th9 cells, which are
detailed in this review.

II. IMMUNOOGICAL FUNCTIONS OF IL-9
IL-9 belongs to the family of common γ-chain cytokines and uses the γ-chain receptor
along with its specific receptor, IL-9Rα, for delivering its signals into target cells. Analysis
of the immunological functions of IL-9 has been carried out mainly by observations made in
mice in which the IL-9 or its receptor genes was deleted8,9 or animals transgenically over-
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producing this cytokine.9–12 Accumulating data indicate that IL-9 plays a major role in the
immune response against helminthes13,14 and it is assumed this is the cytokine's
“physiological” function. Similar to other molecules of the same function (e.g., IgE),
however, IL-9 also participates in the pathogenic process of allergy, in particular
asthma.15–18 It is of note, however, that deficiency in IL-9 does not affect the development
of allergic reactions in the respiratory system.19 These activities of IL-9 are mainly exerted
by promoting proliferation and accumulation of mast cells, as well as other leukocytes, at
the affected tissue, particularly the respiratory tract and the gut.7,20,21 In addition, IL-9 has
been found to participate in other immunological activities, mostly related to pathogenic
processes. In the majority of these systems, IL-9 was shown to promote, or even mediate,
the pathogenic processes of conditions such as experimental autoimmune encephalomyelitis
(EAE).22,23 On the other hand, IL-9 was reported to regulate the pathology induced by
syncitial virus,24 to inhibit EAE by enhancing the function of FoxP3 nTreg cells,25 or to
dampen the Th17-induced autoimmune gastritis.26

III. IL-9 PRODUCING CELLS
Whereas data of early studies suggested that IL-9 is produced by Th2 cells,27,28 two
concurrent publications in 2008, by the groups of Stockinger14 and Kuchroo,29 showed that
IL-9 is also produced exclusively by a population of Th cells that was designated “Th9.”
Lineages of Th9 cells have since been established by several other groups30–34 and several
of their unique features are discussed in detail below. In addition, IL-9 was found to be
produced by Th17 cells,23,26 Treg cells,35,36 as well as by NKT cells.37,38 Production of
IL-9 was mainly demonstrated in studies in vitro, but IL-9 and cells expressing it in vivo
have been reported as well.23 In addition, a recent study by Stockinger group17 showed that
IL-9 is also produced by innate lymphoid cells in response to papain sensitization in vivo.
The data of this study also suggest that these cells are the main source of IL-9 in the lungs of
allergen-sensitized mice.17

Generation of Th9 lineages has been based on the seminal observation made by Schmitt et
al.39 that CD4 cells incubated with IL-4 and TGF-β produce IL-9. This pair of cytokines
provides the polarizing environment for CD4 cells when concurrently activated by other
agents to produce IL-9. The production of IL-9 was shown to be enhanced in cultures of
CD4 in which additional cytokines were added to the polarizing cocktail, along with IL-4
and TGF-β: Angkasekwinai et al.40 found that intracellular IL-9 was remarkably elevated by
the addition of IL-25, whereas a similar effect of IL-1 was reported in mouse41,42 and
human cultures.43 Interestingly, Uyttenhove et al. reported recently that IL-9-producing T-
cells are also generated in cultures in which IL-4 is replaced by IL-1.33

The existence of lineages of Th9 cells was further established by the findings of two
transcription factors that are crucial for Th9 generation, i.e., PU.1 and interferon-regulatory
factor 4 (IRF4). The critical role of PU.1 was shown by Kaplan and his colleagues,30

whereas the role of IRF4 was demonstrated by the group of Bopp.32 Deficiency in either one
of these factors affected the generation of Th9 cells and reduced the pathological changes of
asthma. Further, the combinational expression of both PU.1 and IRF4 is assumed to
synergistically regulate IL-9 production in Th9 cells.

IV. ANTIGEN-SPECIFIC TH9 CELL LINES
Th lineages are generated in culture by activation of naïve CD4 cells during the polarization
process induced by the cytokine cocktail. In the majority of published studies, the concurrent
CD4 activation was mediated by anti-CD3 antibodies, usually in combination with anti-
CD28 antibodies.14,29,30 The natural mode of CD4 cell activation, however, is by the
specific antigen presented by APC, and recent studies by Van Snick and colleagues33 and
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our group34 have yielded data concerning Th9 lineages generated by this natural mode of
activation. It is of note that a comparison between lines generated by activation with either
the antibodies or the antigen/APC revealed remarkable differences between their phenotypes
(Tan et al., unpublished data).

The study by Van Snick group33 analyzed activities of Th9 lines generated mainly with CD4
cells from pre-sensitized mice, following activation in vitro with the immunizing antigen. In
our study, on the other hand, Th9 cell lines were generated by activating naïve CD4 cells
with their target antigen. The CD4 cells in our study transgenically express a TCR specific
against hen egg lysozyme (HEL) and were strongly activated in culture upon exposure to
HEL presented by APC.34 As described below, analysis of antigen-activated Th9 cells, by
both in vivo and in vitro methods, revealed several unique features that differentiate this
lineage from all other known Th lineages.

V. UNIQUE KINETICS OF IL-9 PRODUCTION
The kinetics of IL-9 production were analyzed in vitro by determining, at different time
points of incubation, the levels of the mRNA transcript, the secreted amounts of the
cytokine, and the proportions of cells that express it (Ref. 33 and Fig. 1A). The analysis was
best achieved by the third parameter, in which IL-9 intracellular production was determined
by flow cytometry. In addition to IL-9, all Th9 lines express IL-1014,29,34 and the
uniqueness of IL-9 production was manifested when compared to that of IL-10 (Fig. 1). A
remarkable proportion of Th9 cells (~15%) expressed IL-9 as soon as day 2 of incubation,
reaching the peak (~45%) on day 3 and declining sharply, to just marginal levels, on day 4.
In contrast, intracellular IL-10 in these cells increased gradually, reaching the highest level
on day 6 in culture (Fig. 1). Moreover, the striking uniqueness of IL-9 production was
further demonstrated in studies in which the kinetics of intracellular IL-9 expression was
compared with that of IL-4 or IL-17 by cells of Th2 and Th17 lineages, respectively. Similar
to IL-10 production by Th9 cells, levels of IL-4 and IL-17 increased gradually and reached
their highest values on day 6 in culture (Fig. 1A). It is noteworthy that low levels of IL-9 are
also made by Th2 and Th17 cell lineages, and the kinetics of IL-9 production by these cells
resembled that by Th9 cells and strikingly differed from those of the corresponding
cytokines, IL-4 and IL-17, respectively (Fig. 1B).

The in vitro system also made it possible to analyze the “secondary” immune response of
Th9 cells, by testing the cytokine production by Th9 cells in cultures re-stimulated with the
specific antigen and the polarizing cytokines, following a period of resting.34 The cells
responded with vigorous production of both IL-9 and IL-10, with ~4-fold higher levels than
those following the first stimulation. Importantly, the intracellular production of IL-9
reached the peak just one day after re-stimulation, followed by a sharp decline on day 2; in
contrast, IL-10 levels remained high throughout the 4 days of culture following re-
stimulation.34

VI. PRODUCTION OF NON-IL-9 CYTOKINES BY TH9 CELLS
Antigen-activated Th9 cells produce marginal or low levels of other cytokines, namely,
interferon-γ and IL-17,34 but as mentioned above, lines of antigen-specific Th9 cells
produce high levels of IL-10, similar to the levels of IL-9.34 Similar observations on
production of cytokines other than IL-9 were made in studies using anti-CD3/CD28
antibodies for generation of Th9.14,29 As shown above, the production kinetics of IL-10 are
entirely different from that of IL-9, and we have also shown that the two cytokines are
mainly produced by two different subpopulations within the Th9 lineages.34 The function of
IL-10 producing “Th9” cells is not known, but it is possible they are involved in suppressive
activities attributed to the Th9 population, as mentioned above.
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VII. PLASTICITY OF TH9 CELLS
Studies of recent years revealed that Th cells exhibit various degrees of plasticity, namely,
the capacity to change their phenotype when exposed to new cytokine environments.43–46

When cultured in media with polarization cytokine cocktails specific for Th1 or Th17, Th9
cells showed low levels of phenotype switching, but a substantial portion of Th9 acquired
the Th2 phenotype (Fig. 2).34 The selective readiness to acquire the Th2 phenotype is in line
with the close relationship between Th2 and Th9; Veldhoen et al.14 reported that Th9
lineages are generated by culturing Th2 cells in medium supplemented with TGF-β, without
IL-4. It is noteworthy that, unlike the observations in vitro, a large portion of Th9 cells
acquire the phenotype of Th1 and produce IFN-γ in the target organ, the eye in our study.34

VIII. PATHOGENICITY OF TH9 CELLS
IL-9 plays a major role in the protection against and expulsion of helminthes, but similar to
other molecules of the same function (e.g., IgE), IL-9 participates in the pathogenic
processes of allergy, in particular asthma.15–17 In addition, Th9 cells were found to promote
pathogenic processes,29 and data showing a direct pathogenic effect of Th9 were provided
by Jager et al.,22 who induced severe EAE by using Th9 lines generated by activation with
the target antigen, followed by re-activation with plate-bound anti-CD3/CD28 antibodies.

In our study,34 antigen-stimulated Th9 cells were examined for their pathogenicity using a
system in which Th9 cells specific to HEL are injected into recipients transgenically
expressing HEL in their eyes. Moderate inflammation developed in these recipients when
the injected Th9 cells were harvested after 3 days in culture, at a time point when the
expression of IL-9 reached its peak. In contrast, no disease was induced by Th9 harvested
just one day later, on day 4 of incubation, when the IL-9 level was dramatically lower. The
possible relationship between IL-9 and the expression of IL-9 by antigen-stimulated Th9
cells was further indicated by the finding that the inflammation severity was elevated when
the injected Th9 cells produced higher levels of IL-9 by adding IL-1 and IL-25 to the
polarizing cytokine cocktail (unpublished data).

A unique feature of Th9-induced inflammation is the actual absence of IL-9-producing cells
at the affected site:34 flow cytometric analysis of inflammatory cells collected from eyes
with Th9-induced inflammation failed to detect cells expressing IL-9. Similarly, only
marginal proportions of cells expressing IL-9 were detected by Jager et al. in inflamed
central nervous system of mice with EAE induced by antibody-activated Th9 cells.22 These
observations are in contrast to the findings of large portions of cells producing IFN-γ or
IL-17 in sites of inflammation induced by Th1 or Th17, respectively.44–47 As discussed in
the Comments section below, we attribute this absence of cells expressing IL-9 to the re-
exposure of the transferred Th9 cells to their target antigen, HEL, in the recipient's eye. In
support of this assumption, we found that, unlike in the eye, a considerable portion of the
transferred cells in the recipient's circulation retained their IL-9 expression.34

IX. COMMENTS
IL-9 is critical for defense against invasion by helminthes and it is conceivable that certain
unique features that characterize this cytokine and the cells that produce it are related to this
primordial function. The same unique features are also apparently related to the involvement
of IL-9 in the allergic response. Both processes require quick responses, and IL-9 production
by naïve CD4 cells was found in our study to reach its peak production as soon as day 3 of
incubation, remarkably sooner than other tested cytokines (Fig. 1). Moreover, restimulation
of pre-activated (“memory”) Th9 cells triggered an essentially immediate response.34 It may
be speculated that memory Th9 cells exist and provide immediate high levels of IL-9 upon
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receiving the re-stimulation. It is also of interest that He et al.48 observed an abundance of
Th9 cells in the jejunum of mice developing allergic response in that tissue 48 hours
following the initiation of the response. These authors suggested, therefore, that Th9 cells
serve as a link between immediate and late-phase allergic response.

Of particular interest is the sharp decline in IL-9 production that followed the rapid
production of this cytokine. In our experimental system the intracellular level of IL-9
declined from its peak on day 3 to a level approximately 5-fold lower on day 4.34 The
uniqueness of the steep decline of IL-9 level is particularly emphasized in view of the
gradual increase in production of IL-10 by cells in the same Th9 cultures (Fig. 1).
Furthermore, a gradual increase in production was also observed with other cytokines, IL-4
and IL-17.34 The sharp decline in IL-9 production in cultures stimulated with the target
antigen, HEL in our study,34 provides an explanation for the observation that IL-9-
expressing cells could not be detected at sites of inflammation mediated by Th9. The role
and fate of Th9 cells following secretion of the cytokine are not known. A portion of these
cells is assumed, however, to become memory cells.

There is still much unknown about IL-9 and the cells that produce it, but the data collected
so far underscore the uniqueness of the IL-9 system. It can be expected that future studies
will shed additional new light on the relationship between these unique features and the
functions of Th9 and their products.
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ABBREVIATIONS

APC antigen presenting cells

CD the cluster of differentiation

EAE experimental autoimmune encephalomyelitis

HEL hen egg lysozyme

IFN-γ interferon-gamma

Ig immunoglobulin

IL interleukin

IRF4 interferon-regulatory factor 4

NKT natural killer T cells

TCR T cell receptor

Th T helper

TGF-β transforming growth factor beta

Treg regulatory T cells
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FIGURE 1.
Production kinetics of IL-9 differs from that of other cytokines. Naïve CD4 cells of 3A9
mice were activated with HEL and APC in the presence of polarizing cytokines specific for
Th9, Th2 or Th17. Cells were collected at different time points, as indicated, and
intracellular expression of IL-9, IL-10, IL-4, and IL-17 was measured by flow cytometry.
(A) Data of a representative experiment. (B) Mean percent of cells expressing intracellularly
the indicated cytokines. This figure is modified from Ref. 33, with permission from the
Journal of Immunology.
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FIGURE 2.
Assessment of Th9 cell plasticity. Th9 cells collected following 3 days of activation/
polarization were expanded with IL-2 for 4 days, washed, and reactivated for 3 days with
HEL and APC in the presence of polarizing cytokines specific for Th1, Th2, Th17, and Th9.
Intracellular expression of IL-10, IFN-γ, IL-17, IL-4, and IL-9. A representative
experiment; similar data were obtained in another experiment. This figure is modified from
Ref. 33, with permission from the Journal of Immunology.
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