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Isthmin 1 Is a Secreted Protein Expressed in Skin,
Mucosal Tissues, and NK, NKT, and Th17 Cells

Ricardo Valle-Rios,1,2,* José L. Maravillas-Montero,1,2 Amanda M. Burkhardt,1,2 Cynthia Martinez,3,4

Bettina Alexandra Buhren,3 Bernhard Homey,3 Peter Arne Gerber,3 Octavio Robinson,4

Peter Hevezi,1,2 and Albert Zlotnik1,2

Using a comprehensive microarray database of human gene expression, we identified that in mammals, a
secreted protein known as isthmin 1 (ISM1) is expressed in skin, mucosal tissues, and selected lymphocyte
populations. ISM1 was originally identified in Xenopus brain during development, and it encodes a predicted
*50-kDa protein containing a signal peptide, a thrombospondin domain, and an adhesion-associated domain.
We confirmed the pattern of expression of ISM1 in both human and mouse tissues. ISM1 is expressed by DX5 +

lung lymphocytes that include NK and NKT-like cells, and is also expressed by some CD4 + T cells upon
activation but its expression increases significantly when CD4 + T cells were polarized to the Th17 lineage
in vitro. The presence of IFN-g during CD4 + T cell polarization inhibits ISM1 expression. Given that ISM1 has
been reported to have anti-angiogenic properties, these observations suggest that ISM1 is a mediator of lym-
phocyte effector functions and may participate in both innate and acquired immune responses.

Introduction

Isthmin (ISM) is a secreted protein originally identified in
the brain of Xenopus laevis (Pera and others 2002). There

are 2 ISM genes in the genome of mammals, ISM1 and
ISM2/Tail1, both of which encode secreted proteins that
exhibit signal peptides, as well as thrombospondin (TSR)
and adhesion-associated (AMOP) domains (Rossi and others
2004). ISM1 is located in human chromosome 20, and in
mouse chromosome 2. ISM1 was identified in 2002 as a
gene expressed in the midbrain-hindbrain boundary or
isthmus organizer of the Xenopus brain during development
and was therefore called isthmin (Pera and others 2002).
Few reports exist on this molecule. However, ISM1 has
been shown to have antiangiogenic, antitumorigenic, and
proapoptotic properties (Xiang and others 2011; Zhang and
others 2011; Yuan and others 2012). Importantly, ISM1
expression has only been described in the central nervous
system (CNS) of Xenopus and no information exists on its
expression in human or mouse tissues.

We analyzed a comprehensive human gene expression
database [body index of gene expression (BIGE)] (Lee and
others 2005; Roth and others 2006; Hevezi and others 2009),
based on the Affymetrix U133 2.0 genearray. We searched

the BIGE database for genes encoding secreted proteins
expressed by cells of the immune system. This screen re-
vealed that human ISM1 (hISM1) is expressed in the skin,
mucosal tissues, and some lymphocyte populations. We
sought to identify the lymphocytes that express ISM1 and
found that it is expressed by human or mouse activated
CD4 + T cells. ISM1 is also expressed by DX5 + NKp46 +

NK and NKT cells located in normal mouse lung. Further
analysis of ISM1 expression by CD4 + T cells indicates that
it is strongly expressed by CD4 + T helper (Th) cells po-
larized toward the Th17 lineage and that its expression is
inhibited by IFN-g. These observations indicate that in
mammals, ISM1 is associated with the immune system. It
may mediate some of the effector functions of Th17, NKT,
and NK cells, and may be involved in innate and acquired
immune responses.

Materials and Methods

BIGE database

The BIGE database has been described (Lee and others
2005; Roth and others 2006; Hevezi and others 2009).
Briefly, samples from 105 different tissues and cell types of
the human body were analyzed for gene expression using
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U133 2.0 genearrays (Affymetrix). The resulting data were
normalized, and a probeset corresponding to ISM1/C20orf82
(235182_at) was used to determine the expression of ISM1 in
the human body.

Mice

BALB/C and C57BL/6 mice were obtained from Charles
River. The NSG (NOD Scid gamma) mouse strain was
purchased from the Jackson Laboratory, JAX mouse stock
name NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ. All animal exper-
iments were performed in accordance with protocols ap-
proved by the Institutional Animal Care and Use Committee
of the University of California, Irvine.

Production and detection of recombinant
mouse ISM1

An ISM1 expression plasmid (pcDNA3.1 + /mISM1) was
constructed by cloning the full mouse ISM1 (mISM1) cDNA
sequence into the plasmid pcDNA3.1+ (Invitrogen). Primers
used for cDNA amplification by polymerase chain reaction
(PCR) were designed based on the ISM1 sequence (accession
NM_001126490) as follows: 5¢-AATTGAATTCATGGTG
CGCCTGGCTGCGGAAC-3¢ and 5¢-CTAGTCTAGAGTA
CTCTCTGGCTTCTTGGAAC-3¢; restriction sites used to
subclone the PCR product are underlined (EcoRI and
XbaI). HEK293 cells were cultured in nonconfluent
conditions and, after 48 h, they were transfected with the
construct pcDNA3.1 + /mISM1. After 5 days, supernatant
was recovered to detect recombinant ISM1 by SDS-
PAGE analysis (10% gel) with primary anti-mISM/ISM1
antibody (Biolegend).

Cell activation

Human peripheral blood mononuclear cells (hPBMCs)
were purchased from Sanguine Biosciences and mouse
lymphocytes were activated with solid-phase anti-CD3
(Icyt) and soluble anti-CD28 (Icyt) for 12 h. Jurkat cells
were stimulated with 10 ng/mL of phorbol 12-myristate
13-acetate (PMA; Sigma) and 200 ng/mL of ionomycin
(Sigma) for 12 h. RNA was then extracted for quantitative
real-time PCR (qPCR) analysis of selected genes.

Isolation of naive CD4 + T cells
and Th polarization conditions

Naive CD4 + T cells were purified from lymph nodes of
BALB/C female mice by using the CD4 + T cell isolation
kit, and CD62L MicroBeads (Miltenyi). Purified naive
CD4 + T cells were cultured in RPMI 1640 with 10% fetal
bovine serum, 100 mg/mL streptomycin, 100 U/mL penicil-
lin, and 2.5 mM b-mercaptoethanol at 37�C and in 5% CO2.
Naive CD4 + T cells were stimulated with solid-phase anti-
CD3 (3 mg) and 3 mg of soluble anti-CD28 for 4–5 days.
Cytokines and antibodies used for the generation of polar-
ized CD4 + T cells are as follows: Th1: IL-12 (10 ng/mL),
IL-2 (5 ng/mL), and anti-IL-4 (10 ng/mL); Th2: IL-4 (4 ng/
mL), IL-2 (5 ng/mL), anti-IFN-g (10mg/mL), and anti-IL-12
(10 mg/mL); iTreg: TGFb (5 ng/mL) and IL-2 (5 ng/mL);
and Th17: TGFb (5 ng/mL), IL-6 (20 ng/mL), anti-IFN-g
(10 mg/mL), and anti-IL-4 (10mg/mL). All reagents were
obtained from Icyt or eBioscience.

qPCR analysis

qPCR data were generated with a Roche LightCycler 480
using a Universal Probe Library–based system. Briefly, total
RNA was extracted from each mouse tissue sample using
TRIzol (Invitrogen) followed by RNA purification and
DNase digest using RNeasy columns (Qiagen). Human
RNA samples were purchased from Clontech and did not
require extra preparation. Two hundred fifty nanograms of
total RNA was used to generate cDNA (Qiagen) and 12.5 ng
of RNA equivalent was used in each qPCR. Gene-specific
primers and corresponding reporter hydrolysis probes were
used to quantify ISM1 and GAPDH (control gene) transcript
levels in each tissue sample. All qPCR data are presented as
relative expression normalized to GAPDH.

Isolation of lung cells and flow cytometry

Lungs from C57BL/6 mice were removed, and minced
and incubated in 10 mL of Hanks buffer containing 1 mg of
collagenase (Sigma) and 2 mg of DNase I (Sigma). Lungs
were digested for 1 h at 37�C with constant horizontal
shaking. The cell suspension was disaggregated, strained
through a 40-mM mesh, and centrifuged to recover cells.
Cells were then treated with ACK lysis buffer, and washed
and finally resuspended in phosphate-buffered saline 1 · .
Flow cytometry was performed following surface staining
by using PerCP anti-CD3, FITC anti-CD8, APC anti-CD4,
FITC DX5, APC-anti-gd TCR (clone GL3), and eFluor 660
anti-NKp46 antibodies (eBioscience), followed by intracel-
lular staining with PE-conjugated anti-ISM1 (Biolegend).
Data acquisition was performed on an FACScalibur Flow
Cytometer followed by analysis using FlowJo software
(TreeStar).

Results

ISM1 is a secreted molecule expressed by skin,
mucosal tissues, and CD4 + T cells

We sought to identify novel secreted proteins expressed
in human lymphocytes. To this end, we screened the BIGE
database for novel secreted proteins and identified ISM1 as a
gene expressed by activated CD4 + T cells. There are 2 ISM
genes (ISM1 and ISM2/Tail1) in the human genome. Ex-
pression data from the BIGE database indicate that ISM2
expression is restricted to the placenta, a result that we also
confirmed by qPCR analysis (data not shown) (Rossi and
others 2004). In contrast, ISM1 exhibits a broader expres-
sion pattern. Microarray data from the BIGE database in-
dicate that ISM1 is expressed by activated peripheral blood
CD4 + T cells, tissues containing skin, and mucosal tissues,
including oral mucosa, mammary gland, trachea, bronchus,
and duodenum (Fig. 1A, B). To confirm that ISM1 is a
secreted protein, we performed western blot analysis of
supernatants from HEK293 cells transfected with full-length
mISM1 cDNA and observed that ISM1 runs as a *70-kDa
protein (Fig. 1D).

We should note that in humans, ISM1 is either not ex-
pressed (or expressed at very low levels) in the CNS (Fig.
1A, B). This observation indicates that, while ISM1 was
initially described as a molecule expressed in the Xenopus
brain (Pera and others 2002), its expression in mammals is
significantly different. To confirm the microarray data we
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performed qPCR assays, which showed similar results (Fig.
1C). Microarray and qPCR data indicate that ISM1 is also
expressed by anti-CD3 and anti-CD28 activated human
peripheral blood CD4 + T cells (Fig. 1A, E). Further, we also
observed that Jurkat T cells activated with ionomycin and
PMA produce ISM1 (Fig. 1E). However, qPCR analyses
performed using naive mouse CD4 + lymph node T cells
showed only a small upregulation of ISM1 upon activation
with anti-CD3 and anti-CD28 (Fig. 1E). The latter obser-
vation suggests that there is either a difference between
ISM1 expression between human and mouse, or, more
likely, that ISM1 is expressed by subsets of CD4 + T cells

that are present in higher numbers in PBMCs from adult
human donors than in lymph nodes from laboratory mice. In
either case, these results indicate that some CD4 + T cells
can produce ISM1 upon activation.

ISM1 is expressed by lung NK and NKT cells

The expression of ISM1 in the BIGE database indicates
that it is a constitutively expressed molecule in certain tissues,
which can also be upregulated upon activation in a subset of
CD4 + T cells. We sought to identify lymphoid cells that
express ISM1. To this end, we analyzed the intracellular
expression of ISM1 by FACS in various mouse organs, in-
cluding spleen, lymph nodes, peripheral blood, and Peyer’s
patches. We did not detect ISM1 expression in cells within
the lymphoid gate in cells derived from several lymphoid
organs isolated from normal mice (data not shown). How-
ever, as shown in Fig. 1C, we detected ISM1 expression in
lymphoid cells from normal mouse lung. FACS analyses of
lung lymphocytes indicate that it is produced by double-
negative (DN) T cells (CD3lowCD4 - CD8 - ) and CD3 - DN
cells (Fig. 2A). ISM1 production was not observed in gd T
cells (Fig. 2B), macrophages (CD11b+ ), dendritic cells
(CD11c+ ), or B cells (CD19 + ) (data not shown).

To further characterize the ISM1-producing lung cells,
we stained with DX5 antibodies, which recognize CD49b, a
specific marker of NK cells (Arase and others 2001), as well
as some populations of NKT cells (Ortaldo and others 1998;
Werner and others 2011). We also stained lung cells with
anti-NKp46, another NK cell marker that defines a sub-
population of NKT cells (Walzer and others 2007; Spits and
Di Santo 2010; Yu and others 2011). The ISM1-producing
lung cells include CD3lowDX5 + , CD3 - DX5 + , and CD3 +

DX5 - (Fig. 2C). We also observed significant NKp46 ex-
pression in the DX5 + ISM1 + subpopulation and in a small
percentage of DX5 + CD3lowISM1 + cells, but no expression

FIG. 1. ISM1 is selectively expressed in the human body
and upregulated in activated CD4 + T cells. (A) Mean ex-
pression values (y-axis) from microarray data for 105 human
tissues are displayed across the x-axis. CNS, central nervous
system; PNS, peripheral nervous system; DS, digestive
system and oral mucosa; St., muscle, adipose, skin; Va.,
heart and blood vessels; RS, respiratory system; E, endo-
crine organs; Ur., kidney, urethra; RT, reproductive tract
(male and female); Imm., immune tissues; Leu., peripheral
blood cells (monocytes, B and T cells), Em, embryonic
(fetal kidney, brain, and placenta). (B) Tissues with the
highest ISM1 expression are shown, based on the average
signal intensity values of the corresponding probeset
(235182_at) from the BIGE database. The MI signal is the
average microarray signal from the replicates for each tissue
included in the BIGE database. Values reflect (A). (C) Se-
lected tissues were tested to confirm ISM1 expression by
qPCR, both in hISM1 and mISM1. (D) mISM1 was detected
by western blot in the supernatants of HEK293 cells trans-
fected with the construct pcDNA3.1+ /mISM1. (E) ISM1
expression was measured by qPCR in resting or activated
mouse naive CD4 + lymph node T cells, human PBMCs, or
Jurkat cells. A representative experiment (out of 3) is shown
in (C) and (D). BIGE, body index of gene expression; hISM1,
human isthmin 1; mISM1, mouse isthmin 1; MI, mean in-
tensity; PBMCs, peripheral blood mononuclear cells; qPCR,
quantitative real-time polymerase chain reaction.
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FIG. 2. ISM1 is produced by DX5 + CD4 - CD8 - CD3low and DX5 + CD4 - CD8 - CD3 - lung cells. (A) Fresh lung cells
from C57BL/6 mice were obtained following collagenase digestion and stained for CD3, CD8, and CD4, followed by
intracellular staining for ISM1. (B) Lung cells were stained for CD3, gd TCR, and ISM1. (C) Lung cells were assayed for
surface staining with anti-CD3, DX5, and anti-NKP46 antibodies followed by intracellular ISM1 staining. Corresponding
isotype controls for anti-CD3 (PerCP hamster IgG) and DX-5 (FITC rat IgM) antibodies were used to define the CD3- or
DX5-positive cells. (D) Fresh lung cells from RAG - / - gc - / - mice were stained as in (C). The percentage of cells
corresponding to each FACS quadrant is shown. All FACS analyses were performed on the gated lymphocyte population
defined by forward versus side scatter (A). Representative experiments are shown (out of 3).
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in CD3 + ISM1 + cells. Interestingly, we also identified a
subpopulation of ISM1 + cells lacking all the markers used
for this staining (Fig. 2C). To verify the lymphoid nature of
the cells expressing ISM1, we analyzed the lung cells ob-
tained from SCID/cg chain - / - mice (which do not have
mature T, NK, or NKT cells) and observed that ISM1 + cells
were significantly reduced in lungs from these mice, con-
firming that some of the ISM1-expressing cells belong to
these lineages. However, there was still a small population
of lung cells expressing ISM1, but lacking lineage markers
(Fig. 2D) within the lymphoid gate of the FACS. Taken
together, these results indicate that ISM1 is expressed by
some NK and NKT-like cells in the normal mouse lung.

ISM1 expression is associated
with the Th17 lineage

The low levels of ISM1 observed in activated naive
mouse lymph node CD4 + T cells (Fig. 1E) led us to hy-
pothesize that ISM1 expression could be associated with a
particular stage of differentiation, for example, a specific
CD4 + T lineage. We therefore decided to explore whether
ISM1 production was associated with a particular subset of
CD4 + Th cells (Th1, Th2, iTreg, and Th17) (Zhu and Paul
2010). To this end, we polarized mouse CD4 + T cells
in vitro to obtain various Th cell subsets.

We successfully polarized CD4 + T cells into Th1, Th2,
Th17, and iTreg subsets based on the expression of specific
cytokines and transcription factors that define each sub-
population (Supplementary Fig. S1; Supplementary Data are
available online at www.liebertpub.com/jir) (Zhu and Paul
2010). We measured the expression of ISM1 in these subsets
by qPCR and observed that it is overexpressed in Th17 cells
but not in Th1 or Th2 cells (Fig. 3A). We also observed
lower levels of ISM1 expression by iTreg cells (Fig. 3A).

IFN-g inhibits ISM1 expression in polarized
CD4 + T cell cultures

We sought to further explore the expression of ISM1
observed between Th17 and iTreg cells. The polarizing
conditions that give rise to these subsets are similar because
they both require TGFb. However, IFN-g is known to reg-
ulate the plasticity of the T cells that differentiate toward
these subsets (Weaver and Hatton 2009). We therefore hy-
pothesized that variations in endogenous IFN-g in these
cultures could regulate the expression of ISM1 in Th17 and
iTregs. We then repeated the polarization of naive CD4 + T
cells under iTreg conditions in the presence or absence of
neutralizing anti-IFN-g antibodies, and measured ISM1
expression. As shown in Fig. 3B, the neutralization of IFN-g
resulted in higher ISM1 production levels than when cells
were polarized in the absence of anti-IFN-g. Moreover, the
level of expression of the transcription factor RORgt, which
controls the commitment toward the Th17 lineage, corre-
lated with the observed ISM1 levels (Fig. 3C). These results
strongly suggest that ISM1 expression in CD4 + T cells is
associated with the Th17 lineage.

Discussion

In the present study we report that a relatively un-
characterized secreted protein (ISM1) is produced by vari-

ous leukocytes and therefore has links to the immune
system. We initially performed a comprehensive analysis of
a human gene expression database (BIGE) looking for genes
associated with the immune system. Our survey revealed
that ISM1 is expressed in skin, various mucosal sites, and
selected populations of lymphocytes. This expression pat-
tern suggests that ISM1 has a barrier function. ISM1 is a
secreted protein of an estimated *50 kDa that contains TSR
and AMOP domains. ISM1 was initially reported as a
molecule expressed in the isthmus in Xenopus during de-
velopment (Pera and others 2002). It has been reported to
have antiangiogenic activity (Xiang and others 2011; Zhang
and others 2011; Yuan and others 2012). Importantly, there
are no previous reports that describe its expression in

FIG. 3. ISM1 expression is associated with Th17 cells and
negatively regulated by IFN-g. (A) Mouse lymph node naive
CD4 + T cells were cultured under CD4 + Th polarizing
conditions for 5 days. ISM1 expression was measured under
non-restimulated (non-restim) or restimulated (restim) con-
ditions by qPCR. Significance was calculated using the
mean and standard deviation of 6 independent experiments.
(B) Mouse lymph node naive CD4 + T cells were cultured
with TGFb + IL-2 or TGFb + IL-2 + anti-IFN-g for 4 days.
ISM1 expression was measured by qPCR from RNA of non-
restimulated or restimulated cells. (C) Analysis of RORgt
expression was performed by qPCR as described in (B).
Statistics were calculated using Student’s t-test from 3 in-
dependent experiments. Th, T helper.
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mammalian tissues. The expression of ISM1 in the BIGE
database, which contains more than 20 sites of the human
CNS, does not show significant ISM1 expression in any of
the CNS sites (Fig. 1A). Further, the BIGE database also
contains human fetal brain, which shows no significant
ISM1 expression. We therefore conclude that while ISM1
is present in the genomes of many species, including birds
(Gallus gallus) and amphibians (X. laevis), its expression
in mammals, including humans, is significantly different
that in those species. Specifically, in mammals, ISM1 is not
expressed in the CNS and is instead strongly associated
with barrier tissues (ie, skin and mucosa) as well as se-
lected lymphocyte populations, including activated human
peripheral blood CD4 + T cells (Fig. 1C, E). The strong
expression of ISM1 in skin and certain mucosal tissues
suggests that ISM1 is also expressed by nonlymphoid cells
in these tissues, possibly in a homeostatic manner; in
support of this, we have obtained preliminary data that
indicate that ISM1 is produced by keratinocytes and we
have also detected a small population of ISM1-producing
lymphoid cells in the intestinal lamina propria (unpub-
lished observations).

We then sought to obtain more information on the lym-
phoid cells that express ISM1. Based on the BIGE database
(Fig. 1A) we initially focused on the lung. Our results in-
dicate that ISM1 is produced by some NK (DX5 + NKp46 +

CD3 - ISM1 + ) or NKT-like (DX5 + NKp46 + CD3 + ISM1 + )
cells that reside in the normal mouse lung. This suggests a
potential role for ISM1 in the homeostasis or in the barrier
function of this organ (Holt and others 2008). The small
lymphoid populations that still express ISM1 in the lungs of
the SCIDg-chain-knockout mice that do not have T, NK, or
NKT cells could represent some of the recently reported
innate populations of lymphocytes (Spits and Di Santo
2010).

The difference in ISM1 expression between human and
mouse activated CD4 + T cells (Fig. 1E) led us to hypoth-
esize that its production may be linked to subsets of dif-
ferentiated CD4 + T cells since laboratory mice have more
naive CD4 T cells than PBMCs from adult humans. To
investigate this possibility, we polarized naive mouse CD4 +

T cells toward the Th1, Th2, Tregs, and Th17 lineages and
measured ISM1 expression in the polarized cells. We ob-
served that activated Th17 cells produce ISM1 as well as
iTreg cells (Fig. 3A) although the production by the latter
was lower. The development of Th17 and Treg subsets is
closely linked (Zhou and others 2008; Weaver and Hatton
2009), reflecting common in vitro conditions used to gen-
erate iTreg and Th17 (ie, stimuli like TGFb) (Li and others
2006; Liu and others 2008). While TGFb favors the dif-
ferentiation of Th17, IFN-g inhibits their development, and
therefore antibodies against IFN-g are often used to achieve
optimal Th17 generation (Basso and others 2009). We hy-
pothesized that endogenously produced IFN-g was affecting
ISM1 expression in Tregs versus Th17 subsets. As shown in
Fig. 3B, neutralization of endogenous IFN-g resulted in
upregulation of ISM1 by Th17 cells, indicating that IFN-g is
a negative regulator of ISM1 expression. Given that Th17
development is known to be inhibited by IFN-g (Ivanov and
others 2006), this result strongly suggests that Th17 and not
iTregs cells are the main ISM1 producers. In support of this,
the levels of RORgt, a transcription factor that controls the
development of Th17 cells (Ivanov and others 2006), in-

creased along with ISM1 levels (Fig. 3C). We should note
that the latter observation suggests that it is also possible
that ISM1 expression may be controlled by RORgt rather
than directly by IFN-g.

ISM1 has antiangiogenic and antitumorigenic properties.
Xiang and others (2011) showed that B16 melanoma cells
that express ISM1 generated smaller tumors in mice than
parental B16 cells. Further, ISM1 has also been reported to
inhibit cell proliferation through the induction of apoptosis
mediated by the activation of caspases 3 and 8 (Zhang and
others 2011; Yuan and others 2012). These observations
suggest that ISM1 may be part of the effector activity of
NKT, NK, and Th17 cells, and may contribute to the re-
ported antitumor activities of these cells (Kim and others
2007; Wilke and others 2011).

Taken together, our results indicate that human and
mouse ISM1 is produced in barrier tissues, including the
skin and mucosa, and by some lung lymphocytes that may
be related to the NK, NKT, and Th17 cell lineages. These
observations strongly suggest that ISM1 is a novel player in
both innate and acquired immune responses.
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