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Cytokines mediate the interaction of immune cells. Discovery of novel potential cytokines is of great value for
both basic research and clinical application. In this study, we identified a novel immune-related molecule,
transmembrane protein 98 (TMEM98), through a high-throughput screening platform for novel potential cy-
tokines at a genome-wide level using the strategy of immunogenomics. So far, there is no characteristic and
immune-related functional report about it. In this study, we demonstrate that TMEM98 exists as a type II
transmembrane protein both in the ectopically and endogenously expressed systems. Interestingly, TMEM98
could also be secreted through exosomes. Moreover, the native secreted form of TMEM98 could be detected in
the supernatants of activated human peripheral blood mononuclear cells and mouse CD4 + T cells. Further
expression profile analysis showed TMEM98 was upregulated during the activation and differentiation of T
helper (Th) 1 cells. Function analysis showed that eukaryotic recombinant TMEM98 (rTMEM98) promoted the
differentiation of Th1 cells under both antigen-nonspecific and antigen-specific Th1-skewing conditions. These
findings were further confirmed in vivo as prokaryotic rTMEM98 administration significantly increased antigen-
specific IFN-g production and serum antigen-specific IgG2a in the methylated bovine serum albumin-induced
delayed-type hypersensitivity model. Overall, these observations emphasize the characteristics and essential
roles of TMEM98 for the first time and will be helpful in further understanding the development of Th1 cells.

Introduction

Cytokines are secreted proteins that mediate immune
and inflammatory reactions by binding cell surface re-

ceptors. They play essential roles in many physiological and
pathological processes. Cytokines are mainly produced by
macrophages, dendritic cells, and natural killer cells in innate
immune responses and CD4 + T cells in adaptive immune
responses (Lichtman and Abbas 2009). Except the canonical
endoplasmic reticulum (ER)/Golgi-dependent secretory path-
way, which can be blocked by brefeldin A (BFA) (Miller and
others 1992), they can also be secreted through noncanonical
secretory mechanisms (Duitman and others 2011). In addition
to determining the differentiation and modulating the activa-
tion of CD4 + T cells, cytokines are also major effector mol-
ecules of CD4 + T cells.

CD4+ T cells play critical roles in the adaptive immune
responses. According to the cytokine-producing pattern and
function, they can be classified into T helper (Th) 1, Th2,
Th17, Treg, etc. (Zhu and others 2010). Th1 cells, charac-
terized by the expression of a key transcription factor, T-bet
(Szabo and others 2000, 2003), are involved in clearing in-

tracellular pathogens as well as participating in antiviral and
antitumor immunity. They predominantly produce IFN-g and
are responsible for cell-mediated immune responses, such as
delayed-type hypersensitivity (DTH) (Weaver and others
2007).

Until now, many cytokines have been identified to par-
ticipate in the development of Th1 cells. For example, IL-12
plays a critical role in Th1 cell differentiation, and other
cytokines, such as IL-18 (Zhu and others 2010), IL-21 (Suto
and others 2006), and IL-27 (Owaki and others 2005), can
also influence Th1 cell differentiation or activation through
a different pathway. Therefore, identifying novel potential
cytokines will provide new insights into understanding of
the immune system and the immune responses.

Transmembrane protein 98 (TMEM98) was isolated through
a previously reported data mining platform for novel potential
cytokines based on the whole human genome using the strategy
of immunogenomics (Guo and others 2012; Pan and others
2014; Wang and others 2014). Bioinformatic analysis indicates
that it is a type I transmembrane protein and might have
modulatory effects on T cells. However, there is no charac-
teristic and immune-related functional report about it.
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In this study, we demonstrate that TMEM98 is a type II
transmembrane protein and can also be secreted through
exosomes. It is upregulated during the activation and dif-
ferentiation of Th1 cells. Recombinant TMEM98
(rTMEM98) promotes Th1 cell differentiation both in vitro
and in vivo. Together, our findings demonstrate the char-
acteristics and a pivotal role of TMEM98 in the develop-
ment of Th1 cells, which may be useful in further
understanding Th1 cell differentiation and development.

Materials and Methods

Databases and gene expression data

TMHMM Server v. 2.0 (www.cbs.dtu.dk/services/TMHMM/)
and SignalP (www.cbs.dtu.dk/services/SignalP/) were used
for transmembrane helix and signal peptide prediction anal-
ysis, respectively. Peptide Atlas (www.peptideatlas.org/) and
GeneCards (www.genecards.org/) were used for the expres-
sion analysis. Protein Atlas (www.proteinatlas.org) was used
for the localization analysis. The Gene Expression Omnibus
(GEO) database (www.ncbi.nlm.nih.gov/geo/) was used to
analyze the expression of TMEM98.

Reagents

The pYD11 vector was purchased from the National Re-
search Council of Canada. pcDNA3.1-myc-his ( - ) B (pcDB)
was purchased from Invitrogen. The pcDB-TMEM98, pEGFP-
N1-TMEM98, pYD11-TMEM98-Fc, and pcDB-Tmem98
plasmids were constructed in our laboratory. Three peptides of
TMEM98 and the synthetic OVA323–339 (ISQAVHAAHAEI
NEAGR) peptide corresponding to the immunodominant I-Ab-
restricted CD4+ T-cell epitope from OVA were synthesized by
the Chinese Peptide Company. DNA transfection was per-
formed using VigoFect (Vigorous) according to the manufac-
turer’s instructions. Protease inhibitor cocktail tablets were
obtained from Roche Applied Science. Aldehyde/Sulfate latex
(4% w/v, 4mm) was obtained from Life technologies. Ni-
Sepharose� 6 Fast Flow column and protein G were obtained
from GE Healthcare.

Methylated bovine serum albumin (mBSA), PMA, iono-
mycin, BFA, and monoclonal antibodies against b-actin and
myc were purchased from Sigma-Aldrich. Cytokines were
purchased from R&D Systems. The Biotin ELISA kit for
mouse IFN-g was purchased from eBiocience. Anti-mouse
IgG2a was purchased from Biolegend. Anti-hamster IgG
was purchased from ROCKLAND. LY294002, antibodies for
Western blot, HRP-conjugated secondary antibodies against
mouse, and rabbit IgG were purchased from Cell Signaling
Technology (Boston). FITC-conjugated anti-rabbit or anti-
mouse immunoglobulin were obtained from Beijing Zhong
Shan-Golden Bridge Biological Technology CO., Ltd. Anti-
mouse or anti-human CD3 and CD28 antibodies and the
fluorescence-labeled antibodies (CD4, CD44, CD62L, CD25,
IFN-g, IL-4) were obtained from BD Biosciences.

Polyclonal antibody preparation

Three peptides from human TMEM98 were synthesized,
and polyclonal antibodies were generated by immunizing
rabbits 4 times with all 3 peptides together for 100mg per
peptide. Rabbit serum was collected before immunization as
a negative control. An ELISA assay showed that serum titers

against TMEM98 were as high as 1:106 and could specifi-
cally react with the mixed polypeptides.

For advanced studies, the 3 antibodies were purified by
immunoaffinity chromatography, respectively. Briefly, the
3 peptides for the rabbit immunization were coupled with
CNBr-activated Sepharose 4B (GE Healthcare), respectively,
according to the manufacturer’s instructions. Phosphate-
buffered saline (PBS) was used to wash the beads and dilute
the antiserum. After rolling overnight at 4�C, the beads were
washed with PBS again, the antibodies were eluted with 0.1 M
glycine (pH 2.4), then immediately neutralized with 1 M Tris,
pH 9.0. Finally, the eluted antibodies were dialyzed into PBS.

Protein expression and purification

The eukaryotic expression and purification of the TMEM98-
myc-DDK (DDK is the same epitope as FLAG from Sigma)
protein were commissioned to be produced by OriGene
Technologies, Inc. Purity was > 90% as determined by
SDS-PAGE and Coomassie blue staining, and the endotoxin
concentration was < 0.1 EU/mg protein by LAL analysis.
The prokaryotic expression and purification of TMEM98
(27AA–226AA) were commissioned to be produced by
Crown Bioscience, Inc.; the GST tag was removed using the
thrombin. Protein purity was > 90% as determined by SDS-
PAGE and Coomassie blue staining, and the average en-
dotoxin concentration was 40.9 EU/mg protein.

Mice

Female C57BL/6 mice (6–8 weeks old) were purchased
from Vital River Laboratory Animal Technology Co., Ltd.,
and Beijing HFK Bioscience Co., Ltd. OT-II (OVA323–339

peptide-specific CD4 TCR transgenic) mice on a C57BL/6
background were a kind gift from Yong Zhao (State Key
Laboratory of Biomembrane and Membrane Biotechnology,
Institute of Zoology, Chinese Academy of Sciences). Ani-
mals were bred in the animal breeding facilities at Peking
University Health Science Center (Beijing, China) under
specific pathogen-free conditions. Animal experimental
procedures were approved by the ethics committee of Pek-
ing University Health Science Center.

Cell preparation and culture

Human embryonic kidney (HEK) 293T (a kind gift from T.
Matsuda, Japan) cells and human cervical carcinoma (HeLa)
cells were maintained in Dulbecco’s modified Eagle’s me-
dium (Life Technologies) supplemented with 10% fetal bo-
vine serum (FBS; Hyclone) and L-glutamine (4 mM). Human
peripheral blood mononuclear cells (PBMCs) were isolated
from the peripheral blood of healthy donors (Beijing Blood
Center) using Ficoll/Hypaque density gradient centrifugation
as previously described (Li and others 2006).

CD4 + T cells were purified by negative selection from
female C57BL/6 mice lymph nodes (LNs) following the
manufacturer’s instructions (Invitrogen) and stimulated in
48-well plates coated with anti-mouse CD3e (2C11; 10 mg/
mL) and soluble anti-mouse CD28 (37.51; 2 mg/mL). Naı̈ve
CD4 + T cells (CD4 + CD62LhighCD25-CD44low) were sor-
ted from the LNs of female C57BL/6 mice using the FACS
Aria (BD Biosciences) cell sorter and stimulated in 48-well
plates coated with rabbit anti-hamster primary antibody (pAb;
10mg/mL, 2 h at 37�C), followed by secondary antibodies
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(30 min at 37�C) of hamster anti-mouse CD3e (2C11;
0.1 mg/mL) and soluble anti-mouse CD28 (37.51; 2 mg/mL)
(de Souza and others 2008). The immune cells were main-
tained in RPMI 1640 supplemented with 10% heat-in-
activated FBS, 4 mM L-glutamine, 100 IU/mL penicillin,
0.1 mg/mL streptomycin, and 200 IU/mL gentamicin for the
FACS-sorted cells.

Western blot analysis

Cells were washed twice with prechilled PBS, pelleted by
centrifugation, and lysed in lysis buffer (10 mM Hepes, pH
7.4, 0.15 M NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-
100, 0.5% NP-40, with proteinase inhibitor cocktail). After
incubation for 30 min on ice, lysates were centrifuged
(12,000 g, 10 min, 4�C). The supernatants were collected,
and the protein concentration was measured using a BCA
protein assay reagent (Pierce), with bovine serum albumin
as the standard.

Total protein (20mg) was separated on 12.5% SDS-PAGE,
and then transferred to nitrocellulose membranes (Hybond�,
ECLTM; Amersham Pharmacia). After being blocked in 5%
fat-free milk in Tris-buffered saline containing 0.05% Tween
20 (TBS-T) for 2 h at room temperature, the membranes were
incubated with the appropriate pAbs (1mg/mL; anti-myc,
0.5mg/mL) overnight at 4�C, washed thrice with TBS-T, and
then incubated with appropriate HRP-conjugated secondary
antibody (1:2,000) with gentle agitation for 1 h at room
temperature. Following 3 additional washes with TBS-T, the
membranes were incubated with Super ECL Plus (APPLY-
GEN), drained of excess developing solution (do not let dry),
wrapped in plastic wrap, and then exposed to x-ray film.

Indirect immunofluorescence staining

Cells were harvested and washed twice with PBS and
blocked for 30 min in a blocking buffer (10% BSA in PBS),
then stained with either pAb1 (10mg/mL) or the anti-myc
antibody (10mg/mL), followed by the respective secondary
antibodies (FITC-conjugated anti-rabbit or anti-mouse immu-
noglobulin).

For intracellular staining, the washed cells were fixed in
4% paraformaldehyde (PFA) and perforated with 0.1%
Triton X-100/1% BSA before staining. The samples were
analyzed by an FACSCalibur flow cytometer (BD Bio-
sciences) (10,000 cells were collected) and FlowJo software
(BD). For confocal analysis, cells grown on coverslips in
24-well plates were stained as described above. After
staining with antibodies, cells were stained with Hoechst
33342 (1:10,000; Beyotime Institute of Biotechnology) for
5 min at 37�C. After washing, samples were observed with
an Olympus laser-scanning confocal microscope (FluoView
FV300; Olympus).

BFA and LY294002 inhibition assay

HEK293T cells were transfected with pcDB-TMEM98 or
pcDB plasmids and incubated in HEK293 serum-free me-
dium (SAFC Biosciences). After 24 h, 10mg/mL of BFA,
50 mM LY294002, or ethanol/DMSO (used as a negative
control) were added to the cell culture supernatants for an-
other 24 h. Finally, the cell lysates and supernatants (50mL)
were harvested for Western blotting.

Sucrose density gradient centrifugation

Vesicles were isolated from the conditioned medium by
sequential centrifugation. Briefly, the serum-free culture
medium of transfected HEK293T cells was collected at 48 h
after transfection and centrifuged (800 rpm for 10 min at 4�C,
2,000 g for 10 min at 4�C, and then 10,000 g for 30 min at
4�C) to remove cells and cell debris. Then, they were sus-
pended in 1 mL of 2.5 M sucrose, 20 mM Hepes, pH 7.4, and
floated into an overlaid linear sucrose density gradient (2.0–
0.5 M sucrose, 20 mM Hepes, pH 7.4) at 100,000 g for 16 h at
4�C in a Beckman SW40 rotor as previously described (Li
and others 2010). Fractions (400mL) were collected from the
top of the tube and the density was determined. Each fraction
was sedimented by ultracentrifugation at 100,000 g for
70 min at 4�C in an SW40 rotor. After washing, the vesicles
were analyzed by SDS-PAGE and Western blotting.

Immunoprecipitation

Human PBMCs (2 · 106/mL) were rested or stimulated
using plate-bound anti-CD3 (1 mg/mL) and anti-CD28 (2mg/
mL) for 72 h. Subsequently, the supernatants (40 mL) were
collected and concentrated using a filter tube (3 kD; Milli-
pore) to 1 mL. The supernatants (6 mL) from the mouse
activated CD4 + T cells were collected at different time
points. Then, those supernatants were precipitated with
pAb1 (2 mg) overnight at 4�C. Next, protein G beads (30 mL)
were added, and the cultures were further incubated (over-
night at 4�C). After washing, the pellet was resuspended
with the loading buffer and microcentrifuged. The super-
natants were collected as samples, and pAb2 was used for
Western blot analysis.

In vitro expansion of mouse Th cells

CD4 + T cells or naı̈ve CD4 + T cells (1 · 106/mL) from
wild-type C57BL/6 mice were stimulated in 48-well plates
as described above. For nonpolarizing (Th0) conditions,
naı̈ve CD4 + T cells were cultured with IL-2 (4 ng/mL), anti-
IL-4 (10 mg/mL; 11B11), anti-IFN-g (XMG1.2; 10 mg/mL),
and anti-IL-12 (C17.8; 10 mg/mL); for Th1 conditions, cells
were cultured with IL-2 (4 ng/mL), IL-12 (10 ng/mL), and
anti-IL-4 (10mg/mL; 11B11); and for Th2 conditions, cells
were cultured with IL-2 (4 ng/mL), IL-4 (50 ng/mL), and
anti-IFN-g (XMG1.2; 10 mg/mL). Cells were split on day (d)
3 and supplemented with fresh cytokines and rested for an
additional 2 days.

When OT-II TCR transgenic mice were used, anti-CD3e
and anti-CD28 were replaced with OVA peptide (amino
acids 323–339; 1mg/mL) and DC. Briefly, CD11c + DC cells
isolated by an FACSAria (BD Biosciences) cell sorter from
the spleen were pulsed overnight with OVA peptide (OVA323–339).
Sorted, naı̈ve OT-II TCR transgenic CD4 + T cells (1 · 106/
mL) were cocultured with irradiated (3,000 rad) DCOVA

(1 · 105/mL) in the Th1 condition as described above.

Semiquantitative reverse transcription–polymerase
chain reaction and real-time polymerase
chain reaction

Total RNAs of immune cells were isolated using TRIzol
(Invitrogen) according to the manufacturer’s instructions.
Oligo (dT) primers were used for cDNA synthesis. Reverse
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transcription was performed on equal amounts of RNA for
each sample using a RevertAid� First Strand cDNA Synth-
esis Kit (Fermentas). Mouse Tmem98 PCR amplification
was performed using the following nested primers: external
forward primer, 5¢-TGCAATTGAGCTTCCACCTG-3¢, and
reverse primer, 5¢-GGCCGACAGAGCTCTAGAGAAC-3¢;
and internal forward primer, 5¢-CCGGAATTCCACCATGG
AGACTGTGGTGATCGTC-3¢, and reverse primer, 5¢-CGG
GGTACCTTAAATGGCCGACTGTTCCTGC-3¢.

DNA was denatured at 94�C for 5 min, followed by 30
cycles at 56�C and extension for 1 min at 72�C. The prod-
ucts of the first amplification were diluted 50-fold as the
templates of the second amplification, in which 28 cycles
were carried out at 58�C. The positive control Ifnc was
amplified for 28 cycles, while Il-4 was amplified for 32
cycles. The primers used in this study are shown in Table 1.
Gapdh was amplified as before (Zhong and others 2006) by
22 cycles. Five microliters of the polymerase chain reaction
(PCR) product was analyzed on a 1.0% agarose gel.

Real-time PCR was performed for quantitative analyses
in an ABI Prism 7000 Sequence Detection System (Applied
Biosystems) (Zhong and others 2006). Amplifications were
carried out using the SYBR Green PCR Master Mix Kit
(Applied Biosystems) or Universal Probe Library (UPL)
probes. The quantification data were analyzed with ABI
Prism 7000 SDS software. The expression levels of the
target genes were measured as fluorescence signal intensi-
ties and normalized to the internal standard gene beta-actin
(Actb). The samples with unspecific amplification were re-
garded as zero. The primers used in this study are shown in
Table 1.

Flow cytometry analysis of vesicles

Thirty micrograms of vesicles prepared from the cell
supernatant or medium (used as a negative control) were
incubated with 10 mL 4-mm-diameter aldehyde/sulfate latex
beads (Life technologies) in a final volume of 30–100 mL for
15 min at room temperature, followed by gentle shaking in
1 mL PBS for 2 h. The reaction was stopped by incubation in
100 mM glycine for 30 min. Vesicle-coated beads were
washed thrice in the FACS wash (3% FBS in PBS) .Vesicle-
coated beads were incubated for 40 min with pAb1 at 4�C,
followed by incubation with an FITC-conjugated secondary
antibody, and analyzed on an FACSCalibur flow cytometer
(BD Biosciences).

DTH mice models

The DTH response to mBSA (Sigma) was measured by
footpad swelling, as described (Kim and others 1998).
Briefly, 8-week-old female C57BL/6 mice were sensitized
by an intradermal injection of 50 mL of 2.5 mg/mL mBSA
emulsified with complete Freund’s adjuvant (CFA; Sigma-
Aldrich) at 2 sites on the abdomen. Six days after immu-
nization, mice were challenged by a 30mL injection of
5 mg/mL mBSA in PBS into 1 rear footpad, while the other
rear footpad received a comparable volume of PBS as the
control. Footpad swelling was measured using a dial cali-
per at the indicated times after the challenge. The magni-
tude of the DTH response was determined as follows:
footpad swelling (mm) = footpad thickness of mBSA-
injected footpad (mm) – footpad thickness of PBS-injected
footpad (mm).
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Flow cytometry

For cytokine analysis, cells were restimulated with 50 ng/
mL PMA and 500 ng/mL ionomycin in the presence of
GolgiStop (BD Biosciences) for 5 h. For intracellular staining,
cells were fixed and permeabilized with Cytofix/Cytoperm
buffer (BD Biosciences) according to the manufacturer’s in-
structions. Fixed and permeabilized cells were stained with
antibodies or the appropriate isotype control. Labeled cells
were analyzed by flow cytometry. Data were analyzed using
FlowJo software (Tree Star) by gating on live cells based on
their forward versus side scatter profiles.

Measuring cytokines and anti-mBSA antibody levels

All cytokines and mBSA-specific antibody levels were
detected by ELISA according to the manufacturer’s in-
structions. mBSA-specific antibody levels were detected by
ELISA with standard methods. Briefly, plates were coated
with 10mg/mL of mBSA. Serum was diluted 10-fold in PBS
containing 10% fetal calf serum and incubated in mBSA-
coated wells, and then reacted with biotinylated IgG2a
(0.5 mg/mL; RMG2a-62; Biolegend), followed by HRP-
conjugated streptavidin (eBiosciences), and then developed

with tetramethylbenzidine substrate. The detection limit of
IFN-g (eBiosciences) is 15 pg/mL.

Statistical analysis

Data are expressed as mean – SEM and tested for statistical
significance by the 2-tailed Student’s t-test using GraphPad
Prism 5. Values of P < 0.05 were considered statistically
significant, where *P < 0.05, **P < 0.01, and ***P < 0.001.

Results

Preparation and identification of pAbs
against TMEM98

The TMHMM Server v. 2.0 indicated that TMEM98 was
a type I transmembrane protein with a transmembrane helix
from the 4th to the 26th amino acid (Fig. 1A). To analyze
the subcellular localization of TMEM98, the polyclonal
antibodies (pAbs) were first prepared using 3 synthetic
peptides contained within TMEM98 (Fig. 1A) together as
immunogens. After purification separately, the pAbs against
TMEM98 derived from the first and the second peptide
(pAb1 and pAb2) were found to have higher titers.

FIG. 1. Preparation and identification of the pAbs against TMEM98. (A) The TMEM98 amino acid sequence was derived
from GenBank (accession numbers: NM_015544.2), and human and mouse TMEM98 protein sequences were aligned. The
boxes indicate the predicted transmembrane domain. The 3 peptides used to prepare polyclonal antibodies are indicated. (B)
The cell lysates of HEK293T cells transiently transfected with pcDB, pcDB-TMEM98, and pcDB-Tmem98 were detected
using anti-TMEM98 pAbs, respectively. The anti-myc antibody served as a positive control. pAb1 and pAb2 indicated pAbs
against TMEM98 derived from the first and the second peptide, respectively. (C) pAb1 was tested for indirect immuno-
fluorescence staining. HEK293T cells transiently transfected with pcDB-TMEM98 (TMEM98, solid line) or pcDB (pcDB,
dashed line) were stained with pAb1 or anti-myc antibody after perforation. Samples were analyzed by flow cytometry.
Wild-type (wild-type, dotted line) indicated the nontransfected HEK293T cells. The shading represents the staining of the
isotype control. Data are representative of 3 independent experiments. HEK, human embryonic kidney; pAb, primary
antibody; TMEM98, transmembrane protein 98.

724 FU ET AL.



Western blot analysis showed that compared with pAb2,
pAb1 exhibited higher specificity and could recognize both
human and mouse TMEM98 (Fig. 1B). Moreover, intracellular
indirect immunofluorescence staining showed that pAb1 could
also identify the overexpressed TMEM98 protein in HEK293T
cells, which was consistent with the results using the anti-myc
antibody (the positive control) (Fig. 1C). Therefore, pAb1 is
suitable for Western blot and flow cytometry analyses.

TMEM98 is a type II transmembrane protein

Transmembrane proteins have been classified as type I to
type VI according to their transmembrane forms (Chou and
Cai 2005). To verify if TMEM98 is indeed a type I trans-
membrane as predicted, HEK293T cells were transfected
with pEGFP-N1-TMEM98 or control pEGFP-N1 plasmids.
As illustrated in Fig. 2A, while EGFP signals were evenly
distributed throughout the entire cell in the control group,
the TMEM98-EGFP fusion proteins were clearly distributed
only on the cell membrane, confirming that TMEM98 is a
transmembrane protein.

Type I membrane proteins are single-pass transmembrane
proteins with their N-terminus extracellularly exposed,
while type II membrane proteins have their C-terminus
exposed outside. To test the localization of TMEM98,
HEK293T cells transiently transfected with pcDB-TMEM98
were surface stained with pAb1 under nonpermeabilizing
condition. Similar results were obtained by surface staining
for the myc protein located at the C-terminal end of the
protein with an anti-myc Ab (Fig. 2B), indicating that
TMEM98 is a type II membrane protein with the C-terminus
outside of the cell membrane.

Moreover, the localization of endogenous TMEM98 in
HeLa cells was detected using pAb1 by confocal micros-
copy. As shown in Fig. 2C, the native TMEM98 also lo-
calizes on the cell surface with an extracellular C-terminus,
which further confirms that TMEM98 is a type II trans-
membrane protein. Interestingly, when the membrane was
perforated, positive signals could also be detected in the
cytoplasm and nucleus, but not the nucleoli (Fig. 2D), which
is consistent with the result from Protein Atlas.

TMEM98 could be secreted through exosomes

SignalP 3.0 identifies a potential signal peptide in TMEM98.
Moreover, data from both the Peptide Atlas database and
GeneCards show that TMEM98 is highly expressed in plasma.
To verify whether TMEM98 could be secreted, we examined
the supernatants from HEK293T cells transiently transfected
with the pcDB-TMEM98 plasmid. Western blot analysis
showed that an intense band at *34 kDa appeared in the su-
pernatant (Fig. 3A), indicating that TMEM98 also exists in
secreted forms.

Soluble secretory proteins containing N-terminal signal
peptides are usually secreted through the classical or ER/
Golgi-dependent secretory pathway, which can be blocked
by BFA (Miller and others 1992). Further experiments re-
vealed that TMEM98 secretion could not be inhibited by
BFA (Fig. 3A), suggesting that it is a nonclassically secreted
protein. To further explicit the cleavage site of the secreted
form of TMEM98, rTMEM98 was purified and subjected to
N-terminal sequencing. Intriguingly, the sequence corre-
sponded to the full-length TMEM98 without N-terminal

FIG. 2. TMEM98 is a type II transmembrane protein. (A)
pEGFP-N1-TMEM98 and pEGFP-N1 were transfected in
HEK293T cells, respectively. After staining nuclei with
Hoechst (blue), the cells were analyzed using an Olympus
laser-scanning confocal microscope. Scale bars represent
25mm. (B) Indirect immunofluorescence was performed using
the pAb1 or anti-myc antibody to examine the surface
TMEM98 on nonperforated HEK293T cells transfected with
pcDB-TMEM98 (TMEM98, blue) or the pcDB vector (pcDB,
yellow). Samples were analyzed by flow cytometry. Wild-
type (wild-type, red) indicated the nontransfected HEK293T
cells. The shading represents staining with the isotype control.
Representative result from 3 independent experiments is
shown. The localization of endogenous TMEM98 was de-
tected on HeLa cells without (C) or with perforation (D) with
indirect immunofluorescence as described, and it was ob-
served with a confocal microscope. Rabbit IgG or pAb1 +
anti-rabbit-FITC indicated that cells were first stained with
either rabbit IgG or pAb1, followed by FITC-conjugated anti-
rabbit immunoglobulin. Scale bars represent 50mm. Data are
representative of 2 independent experiments.

TMEM98 PROMOTES TH1 CELL DIFFERENTIATION 725



cleavage (Supplementary Fig. S1; Supplementary Data are
available online at www.liebertpub.com/jir), supporting that
TMEM98 is secreted through a nonclassical pathway.

There are 4 principal types of unconventional protein
secretions that can be distinguished into nonvesicular and
vesicular pathways. The nonvesicular pathways include self-
sustained protein translocation across plasma membranes
(type I) and ABC transporter-based secretion (type II).
Vesicular pathways encompass autophagy-based secretion
(type III) and proteins that bypass the Golgi complex for

trafficking to the plasma membrane (type IV), such as in-
tegral membrane proteins (Rabouille and others 2012).

As TMEM98 is secreted in full length, we first deter-
mined whether TMEM98 was secreted through vesicular
pathways. As shown in Fig. 3B, TMEM98 could be sedi-
mented from the conditioned medium through sequential
centrifugation, indicating that it is secreted as vesicles.
Specifically, the secreted TMEM98 floated on a linear su-
crose density gradient at a peak density of 1.18 g/mL (Fig.
3B). Moreover, as shown in Fig. 3C, the secreted TMEM98
could be inhibited by LY294002, a phosphatidylinositol (PI)
3¢-kinase inhibitor that can inhibit internal vesicle formation
within multivesicular bodies (MVBs) (Fernandez-Borja and
others 1999). These data indicate that TMEM98 could be
secreted through exosomes.

TMEM98 exists in plasma according to the Peptide Atlas
database and GeneCards. To verify the existence of the na-
tive secreted form of TMEM98, we first analyzed the ex-
pression pattern of TMEM98 on the mRNA level in normal
tissues and organs using semiquantitative reverse transcrip-
tion–polymerase chain reaction (SqRT-PCR) (Supplemen-
tary Fig. S2A) and real-time PCR (Supplementary Fig. S2B).
TMEM98 was widely expressed in most tissues with par-
ticularly high expression in the ovary, pancreas, and prostate.

GEO profile analysis (GDS2164/223170_at/TMEM98)
showed that TMEM98 was increased in simian immunode-
ficiency virus Nef protein-expressing CD4 + T cells.
Therefore, we further detected the protein expression of
TMEM98 in the supernatants of the anti-CD3e and anti-
CD28-activated PBMCs. As the pAb1could enrich the
secreted form of TMEM98 in the supernatants from tran-
siently transfected HEK293T cells (Supplementary Fig. S3),
the native secreted TMEM98 was immunoprecipitated using
pAb1 from the supernatants of resting and activated PBMCs
and subjected to Western blotting with pAb2 as the detec-
tion Ab. The intense band suggested the existence of se-
creted TMEM98 in the supernatants of the activated, but not
the rested, PBMCs (Fig. 3D), which also indicates that
TMEM98 might be involved in the activation of T cells.

TMEM98 is upregulated during the activation
and differentiation of Th1 cells

TMEM98 is highly conserved during evolution, with
humans and mice sharing 98.7% identity on the whole
amino acid sequence. To explore the expression and func-
tion of TMEM98 deeply, we detected the kinetic expression
of Tmem98 on the naı̈ve CD4 + T cells harvested from wild-
type C57BL/6 mice and primed with anti-CD3e and anti-
CD28. As shown in Fig. 4A, B, Tmem98 was significantly
increased on the stimulated CD4 + T cells compared with
resting cells, peaking at 48 h after activation.

The vesicles can be accurately quantified by regular flow
cytometry after adsorption onto the latex beads (Valadi and
others 2007). Using this method, we found that the protein
expression of TMEM98 in the supernatant of stimulated
CD4 + T cells was also increased (Fig. 4C), which was
further confirmed through Western blot analysis (Fig. 4D).
These results demonstrate that the expression of TMEM98
is increased both at the mRNA and at the protein level
during the activation of CD4 + T cells.

GEO profile analysis (GDS892/10383/TMEM98) sug-
gested that ectopic expression of mutant GATA3 in 293T

FIG. 3. TMEM98 can be secreted through a nonclassical
pathway. (A) HEK293T cells transfected with pcDB-
TMEM98 or pcDB were incubated with brefeldin A (10mg/
mL) or ethanol (control) for 24 h. The expression level of
TMEM98 was detected in the supernatants and cell lysates
from the transfected HEK293T cells by Western blot using
pAb1. b-actin served as a cell lysate protein loading control
and as the negative control for supernatant proteins. The
experiment was repeated at least thrice. (B) The medium of
the transfected HEK293T cells was floated into a continuous
sucrose density gradient. Aliquots from each of the 12
fractions were analyzed by Western blot with pAb1 and
their densities are 1, 1.04 g/mL; 2, 1.05 g/mL; 3, 1.06 g/mL;
4, 1.07 g/mL; 5, 1.09 g/mL; 6, 1.11 g/mL; 7, 1.12 g/mL; 8,
1.14 g/mL; 9, 1.16 g/mL; 10, 1.18 g/mL; 11, 1.19 g/mL; and
12, 1.15 g/mL. (C) HEK293T cells were transfected as in
(A) and were incubated with 50 mM LY294002 or DMSO
(control) for 24 h. The cell lysates and supernatants were
harvested and analyzed as described in (A). b-actin served
as a cell lysate loading control and negative control for
supernatants. The pcDB vector was used as the negative
control for all experiments. Data are representative of 3
independent experiments. (D) The endogenous secreted
form of TMEM98 was immunoprecipitated using pAb1 or
rabbit IgG from the supernatant of PBMCs, which were
rested (R) or stimulated (S) using anti-CD3e and anti-CD28
for 72 h. The samples were used for Western blot analysis
with pAb2. The pcDB vector was used as the negative
control for all experiments. Data are representative of 2
independent experiments. PBMCs, peripheral blood mono-
nuclear cells.
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FIG. 4. TMEM98 is upregulated during the activation and differentiation of Th1 cells. Sorted naı̈ve CD4 + T cells were
stimulated with anti-CD3e/CD28 and harvested at various time points. Tmem98 transcriptional expression was analyzed by
SqRT-PCR (A) and real-time PCR (B). Gapdh and Actb were used as the internal control. The expression level of Tmem98
at 0 h was treated as the baseline. The experiment was repeated at least twice. (C, D) The protein expression of TMEM98
during the activation of CD4 + T cells through immunofluorescence analysis (C) and Western blot (D). After being coated
on latex beads and labeled by pAb1 (pAb1, dashed line) indirectly, vesicles prepared from the supernatants of activated
mouse CD4 + T cells (C) and Th1 (G) cells by sequential centrifugation were detected by flow cytometry. Gray histograms
were obtained with a matching isotype (Rabbit IgG, solid line and filled with gray). Vesicles prepared from the medium
were used as the negative control. Data are representative of 2 independent experiments. The secreted form of TMEM98
was immunoprecipitated using pAb1 from the supernatant of activated CD4 + T cells at different time points and the
samples were used for Western blot analysis with pAb2. + means supplementing 1.5 mg prokaryotic protein into the medium
before immunoprecipitation. Naı̈ve CD4 + T cells were stimulated in vitro with anti-CD3e/CD28 antibodies and cultured
under the Th0 and Th1 conditions separately as described in the Materials and Methods section. On day 5, cells were rested
or restimulated with plate-bound anti-CD3e antibody for 24 h, and the expression of Tmem98 was detected by SqRT-PCR
(E) and real-time PCR (F). The expression level of Tmem98 on the resting Th1 cells was treated as the baseline. Gapdh and
Actb were used as the internal control, and Ifnc and Il-4 were used as the positive control. The experiment was repeated at
least thrice. (H) Naı̈ve CD4 + T cells were stimulated in vitro with anti-CD3e/CD28 antibodies and cultured on the Th1
conditions separately as described in the Materials and Methods section. Cells were collected at various time points during
the differentiation process, and RNA was isolated for expression profile analysis by real-time PCR. The expression level of
Tmem98 on day 1 was set as 1. Actb was used as the internal control, and Ifnc was used as the positive control. Data are
representative of 2 independent experiments. SqRT-PCR, semiquantitative reverse transcription–polymerase chain reaction;
Th1, T helper 1.
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cells resulted in the upregulation of TMEM98. Therefore, we
investigated the expression of Tmem98 on resting and acti-
vated Th0, Th1, and Th2 cells further by SqRT-PCR and
real-time PCR. SqRT-PCR results showed that Tmem98
was rapidly induced upon activation on Th0 and Th1 cells
(Fig. 4E), and real-time PCR confirmed that Th1 cells
prominently expressed Tmem98 (Fig. 4F). However, al-
though they existed on the resting Th2 cells, the expression
of Tmem98 had no obvious changes upon activation (Fig.
4E). Using the above demonstrated vesicle quantification
analysis method, we found that the secreted TMEM98 was
also increased in the supernatant of stimulated Th1 cells
(Fig. 4G).

Furthermore, we detected the mRNA expression of Tmem98
during the differentiation of mouse Th1 cells. As shown
in Fig. 4H, Tmem98 was elevated significantly during Th1
cell differentiation and peaked at day 2, which was similar
to the expression kinetics of Ifnc. These results indicate that
TMEM98 is probably involved in the activation and dif-
ferentiation of Th1 cells.

TMEM98 promotes the differentiation
of Th1 cells in vitro

Based on the expression profile analysis, it is reasonable
to evaluate the effects of TMEM98 on Th1 cells. To perform
a functional study, we first expressed and purified the eu-
karyotic rTMEM98 with high quality (Supplementary Fig.
S4A). Then, its effects on the differentiation and activation
of Th1 cells were investigated.

Various concentrations of eukaryotic rTMEM98 (0.01,
0. 1, 1, 10 ng/mL) were supplemented to the culture me-
dium during the Th1 cell differentiation process. As shown
in Fig. 5A, flow cytometry analysis showed that eukaryotic
rTMEM98 not only increased the percentage of IFN-g +

cells but also upregulated intracellular IFN-g levels (re-
presented by mean fluorescence intensity, MFI). These
data suggest that eukaryotic rTMEM98 could promote in-
creased Th1 cell generation during in vitro Th1 differen-
tiation. Furthermore, we also analyzed the expression level
of Tbx21, the key Th1 transcription factor, at the optimal
concentration of eukaryotic rTMEM98 (0.1 ng/mL). As
shown in Fig. 5B, Tbx21 was significantly increased at
72 h, verifying that TMEM98 was able to further promote
Th1 differentiation.

To test whether TMEM98 had a similar effect on Th1
differentiation under antigen-specific Th1-skewing condi-
tion, we stimulated OVA323–339-specific Th1 cells derived
from OT-II TCR transgenic mice with the OVA323–339

peptide in the presence of eukaryotic rTMEM98 at the op-
timal concentration (0.1 ng/mL). Eukaryotic rTMEM98 in-
creased both the percentage of IFN-g + cells (Fig. 5C) and
the IFN-g levels secreted into the supernatant (Fig. 5D),
further suggesting that eukaryotic rTMEM98 can promote
Th1 cell differentiation and IFN-g secretion in vitro.

Since expression profile analysis showed that Tmem98
was elevated on the activated Th1 cells, we further evalu-
ated whether eukaryotic rTMEM98 affected already polar-
ized Th1 cells. We measured the percentage of IFN-g+ cells
and IFN-g secretion 72 h after adding various concentrations
of eukaryotic rTMEM98 (0.01, 0.1, 1, 10 ng/mL) to already
polarized Th1 cells in the presence of anti-CD3e. In contrast
to the effect of eukaryotic rTMEM98 during Th1 differen-

tiation, no effect on IFN-g production was observed from
already polarized Th1 cells (Fig. 5E, F), while IL-12, the
positive control of the system, could induce the production
of IFN-g successfully. Therefore, eukaryotic rTMEM98
could promote the differentiation, but not activation, of Th1
cells in vitro in our system.

TMEM98 promotes the differentiation
of Th1 cells in vivo

The above data show that eukaryotic rTMEM98 promotes
Th1 cell differentiation in vitro. According to SignalP 3.0, there
was a potential signal peptide in TMEM98 from the 1st to the
26th amino acid. Moreover, TMHMM Server v. 2.0 indicated
that TMEM98 had a transmembrane helix from the 4th to the
26th amino acid (Fig. 1A). Therefore, we further generated
the prokaryotic rTMEM98 without the first 26 amino acids
with high quality (Supplementary Fig. S4B). First, our in vitro
functional analysis showed that consistent with eukaryotic
rTMEM98, the prokaryotic rTMEM98 could also promote Th1
cell differentiation (Supplementary Fig. S5). Since there was
not enough eukaryotic protein for in vivo functional analysis,
we further used the prokaryotic rTMEM98 to extend these
findings in vivo by evaluating whether TMEM98 could mod-
ulate an antigen-specific response.

DTH, a T-cell-mediated type IV allergy, develops in 2
phases: a sensitization phase, in which T cells are sensitized
and memory T cells are formed, and an elicitation phase, in
which T-cell recall responses are induced upon secondary
challenge with antigens (Grabbe and Schwarz 1998). After
sensitization with mBSA/CFA, 400 ng/mouse of prokaryotic
rTMEM98 was intraperitoneally injected every day for 6
days, and footpad swelling was measured 24 h after antigen
challenge. As shown in Fig. 6A, prokaryotic rTMEM98-
treated mice had significantly abrogated footpad swelling
compared with control PBS-injected mice (n = 5, P = 0.0127).

To further examine the mechanism of this effect, 6 days
after mBSA sensitization, spleen cells were isolated before
the challenge and cultured in the presence of mBSA for
72 h. Both the percentage of IFN-g + cells and the MFI of
IFN-g were increased in the prokaryotic rTMEM98 group.
Although the percentage of IL-4 + cells was also upregu-
lated, their MFI had no obvious change (Fig. 6B). Moreover,
IFN-g levels in culture supernatants from spleen cells de-
rived from prokaryotic rTMEM98-treated mice were also
increased compared with the PBS-treated mice (P = 0.0026)
(Fig. 6C). Consistent with our in vitro results, these data
indicate that TMEM98 predominantly affects Th1 cell dif-
ferentiation in an in vivo mouse DTH model.

A combination of T-cell-derived cytokines induces B
cells to proliferate and differentiate into immunoglobulin-
secreting plasma cells (Finkelman and others 1990). The
Th1-derived cytokine, IFN-g, is important for enhancing the
Th1-related secretion of the IgG2a isotype (Finkelman
and others 1988; Snapper and others 1988). To determine
whether TMEM98 could induce increased serum IgG2a
during the DTH response, we measured serum mBSA-
specific IgG2a levels by ELISA 6 days after the mBSA
challenge. We found that serum mBSA-specific IgG2a was
significantly increased in the prokaryotic rTMEM98-treated
group compared with the PBS-treated group (P < 0.0001)
(Fig. 6D), further suggesting that TMEM98 can efficiently
promote Th1 immune responses.
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In the elicitation phase of the DTH reaction, antigen-
specific Th1 cells are already activated. To test whether
TMEM98 could influence the function of these already ac-
tivated cells in vivo, prokaryotic rTMEM98 was injected
into mice at the same time as the challenge for 3 consecutive
days. As illustrated in Fig. 6E, no obvious change in footpad
swelling was observed between the 2 groups (n = 3), indi-
cating that prokaryotic rTMEM98 has no effect on the ac-
tivation of committed Th1 cells in vivo, which is consistent
with the results in vitro.

Discussion

Cytokines play key roles in important biological pro-
cesses, such as morphogenesis, cell differentiation, and
modulation of the immune response, and lead to new un-
derstandings of disease paradigms. More importantly, they
could be utilized as therapeutic agents or targets and provide
potential opportunities for the development of therapeutics.
Therefore, identifying and characterizing novel potential
cytokines and transmembrane proteins are of great value for

FIG. 5. TMEM98 promotes Th1 cell differentiation, but does not affect polarized Th1 cells in vitro. (A) CD4 + T cells
(1 · 106/mL) were cultured under Th1 conditions, and various concentrations of eukaryotic rTMEM98 were added. On day 5,
cells were harvested and replated at a density of 1 · 106/mL. The cells were stimulated by PMA and ionomycin for 5 h with
GolgiStop, followed by intracellular staining. Data are representative of 3 independent experiments. Live cells were gated for
flow cytometry analysis. (B) Naı̈ve CD4 + T cells (1 · 106/mL) were cultured under Th1 conditions, and the optimal con-
centration of eukaryotic rTMEM98 (0.1 ng/mL) was added. Tbx21 expression was evaluated at 72 h without restimulation
using real-time PCR. The experiment was repeated twice. Values are expressed as mean – SEM. ***P < 0.0001. (C, D) Naı̈ve
CD4 + T cells from OT-II TCR transgenic mice (1 · 106/mL) were stimulated with irradiated OVA peptide-pulsed (1mg/mL)
CD11c + DC cells (1 · 105/mL) in Th1 conditions (IL-2, IL-12, anti-IL-4), and the optimal concentration of eukaryotic
rTMEM98 (0.1 ng/mL) was added. On day 5, cells were collected as described above, and flow cytometry and ELISA analyses
were performed. The experiment was repeated thrice. Values are expressed as mean – SEM. **P = 0.0034. (E, F) Polarized
Th1 cells were restimulated with plate-bound anti-CD3e antibody in the presence of eukaryotic rTMEM98 for 72 h. In-
tracellular staining (E) and ELISA (F) were used to detect the percentage of IFN-g+ cells and IFN-g concentration in the
supernatant, respectively. IL-12 was used as a positive control. Live cells were gated for flow cytometry analysis. Data are
representative of 3 independent experiments. Values are expressed as mean – SEM. ***P < 0.0001. Top number in quadrants
expresses percentage of cells in the quadrant, and the lower number expresses MFI. rTMEM98, recombinant TMEM98.
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both basic research and clinical application. TMEM98 was
identified as a candidate molecule through the data mining
platform for novel potential cytokines using the strategy of
immunogenomics (Guo and others 2012; Pan and others
2014; Wang and others 2014).

In this study, we demonstrated the existence of the se-
cretion of TMEM98 both in the transfected cells and the
primary cells for the first time. To date, many cytokines
have been verified to present in 2 forms: the transmembrane
form and the secreted form, such as the TNF superfamily
cytokine TNF-a, a type II transmembrane protein, which
can be cleaved by an enzyme, and exert their function as
secreted cytokines (Black and others 1997). Although being
a type II transmembrane protein, TMEM98 is secreted in
full length and not through cleavage like TNF-a.

Recently, an increasing number of cytokines devoid of
signal peptides, such as IL-1b, MIF, FGF-1, and FGF-2
(Nickel 2003; Duitman and others 2011), have been shown
to be exported through nonclassical secretory mechanisms
that are independent of ER/Golgi trafficking. Our ultracen-
trifugation results (Fig. 3B) showed that TMEM98 could be
secreted through vesicles. Secreted membrane vesicles can
be divided into exosomes, exosome-like vesicles, membrane
particles, microvesicles, and ectosomes (Thery and others
2009). Of them, exosomes are released from cells through
endosomal vesicle/MVB pathways that result in fusion with
the plasma membrane (Kesimer and others 2009). They are
commonly purified based on the size by serial centrifugation
with a buoyant floatation density of 1.13–1.19 g/mL on su-
crose gradients (Thery and others 2009).

Our further study showed that secreted TMEM98
could be enriched by ultracentrifugation and floated at
a peak density of 1.18 g/mL on a continuous sucrose
gradient. Moreover, the secretion of TMEM98 could be
blocked by LY294002, which can inhibit internal vesicle
formation within MVBs and suppress the secretion of
exosomes (Denzer and others 2000). These characters are
consistent with the criteria for exosomes (Thery and others
2009); therefore, TMEM98 could be secreted through
exosomes.

Furthermore, although the predicted molecule weight of
TMEM98 is 24.6 kDa, the observed band size is about
34 kDa in our system. That may be due to some post-
translational modifications, which might lead to increased
protein size, including glycosylation, phosphorylation,
acetylation, and methylation . The post-translational modi-
fications may be different among different expression sys-
tems. As shown in Supplementary Fig. S4B, TMEM98 has a
weight of 23 kDa because the prokaryotic expression sys-
tems do not have post-translational modifications and the
loss of the first 26 amino acids.

TMEM98 was previously proposed as one of the signature
genes for adenocarcinoma (Imadome and others 2010).
Recently, it has been described as a novel chemoresistance-
conferring gene in hepatocellular carcinoma (Ng and others
2014). However, there has been no immune-related report
about it until now. Our results showed that native secreted
TMEM98 existed on the activated PBMCs, CD4 + T cells,
and Th1 cells. More interestingly, it was increased signifi-
cantly during the differentiation of Th1 cells. In vitro studies
showed that TMEM98 displays a bell-shaped activity curve
and its optimal effect is about 0.1 ng/mL, which is in ac-
cordance with the characteristics of cytokines.

FIG. 6. TMEM98 promotes the differentiation of Th1 cells
in vivo. (A) After sensitization with methylated bovine serum
albumin (mBSA)/complete Freund’s adjuvant (125mg in
50mL), prokaryotic rTMEM98 (400 ng in 400mL phosphate-
buffered saline [PBS]) was injected every day for 6 days. On
day 7, mice were challenged by injecting PBS or mBSA
(150mg in 30mL) into the footpads. Footpad thickness was
measured at 24 h after the challenge. Bars represent mean –
SEM for each group. *P = 0.0127 versus control by t-test.
n = 5 for each group. The result shown is 1 representative of 3
repeated experiments. (B, C) Six days after sensitization,
spleen cells (5 · 106/mL) were isolated before the challenge,
and then stimulated with mBSA in vitro for 72 h. IFN-g
levels in the supernatants and the percentage of IFN-g+ cells
were determined by ELISA and flow cytometry, respectively.
The mean – SEM of each group is also shown. **P = 0.0026
versus control. Top number in quadrants expresses the per-
centage of cells in the quadrant, and the lower number ex-
presses MFI. (D) Six days after challenge, sera were collected
from PBS- and TMEM98-treated mice. Serum IgG2a levels
were analyzed in 1:10 diluted samples by ELISA. The
mean – SEM of each group is also shown. ***P < 0.0001
versus control. (E) Six days after sensitization, prokaryotic
rTMEM98 (400 ng in 400mL PBS, TMEM98, filled triangle)
or PBS (400mL, PBS, open circle) was injected before (in-
dicated as 0 h) and after challenge every day for 3 days, and
the thickness of each footpad was measured with an engi-
neer’s caliper. n = 3 for each group. The result shown is 1
representative of 2 repeated experiments.
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Our in vivo results showed that prokaryotic rTMEM98
inhibited the development of mBSA-induced DTH, in which
Th1 cells play a protective role (Feuerer and others 2006;
Irmler and others 2007), while Th17 cells play a pathogenic
role (Nakae and others 2002; Umemura and others 2007),
indicating that it may promote the Th1 response. Consistent
with this finding, the percentages of antigen-specific IFN-g +

cells, IFN-g secretion, and mBSA-specific IgG2a antibody
levels were also increased. In a word, these results demon-
strate a promoting role of TMEM98 in the differentiation of
Th1 cells both in vitro and in vivo.

In recent years, several large-scale functional screenings
have been performed using culture supernatant containing
overexpressed proteins (Lin and others 2008), purified re-
combinant proteins (Lin and others 2008), and genetic
knockouts (Tang and others 2010). Genentech, Inc., has
constructed 472 knockout mouse strains of secreted and
membrane proteins and analyzed their phenotype. Tmem98
is included in this catalog.

Genetic data indicated that knocking out this gene re-
sulted in greatly reduced viability of the homozygous mu-
tants ( - / - ). The surviving homozygous mutants exhibited
numerous abnormalities in most tested areas, indicating that
Tmem98 plays essential roles in embryonic development.
Moreover, antigen-specific immunoglobulin levels were
also evaluated in the serum of these mice by ELISA; in-
terestingly, OVA-specific IgG2a secretion is decreased both
in Tmem98 + / - and Tmem98 - / - mice (Tang and others
2010), which is consistent with our results using recombi-
nant protein.

Transmembrane proteins also have modulatory effects on
the differentiation and activation of immune cells. For ex-
ample, the interaction between B-7 and CD28 provides the
essential costimulatory signal for CD4 + T cells. TMHMM
Server v. 2.0 indicated that TMEM98 had a transmem-
brane helix from the 4th to the 26th amino acid (Fig. 1A).
Moreover, the 1–26 amino acids were predicted as signal
peptides by SignalP 3.0. Our results demonstrate that
TMEM98 is a type II membrane protein with the C-terminus
outside of the cell membrane (Fig. 2).

To test if TMEM98 functions as a membrane ligand
through the region outside of the membrane, we produced
the prokaryotic protein without the first 26 amino acids.
First, we tested the function of the prokaryotic protein
in vitro and found that it was the same as the eukaryotic
protein (Supplementary Fig. S5). Because there was not
enough eukaryotic protein, we further used the prokaryotic
protein to test its effects in vivo, which was proved to be the
same as in vitro (Fig. 6). These data reflect that the predi-
cated transmembrane and inside regions have no function to
the development of Th1 cells. That means, except the se-
creted form, the transmembrane form of TMEM98 could
also function as a membrane ligand through the region
outside of the membrane to promote Th1 cell differentiation.

Cytokines mediate immune and inflammatory reactions
by binding cell surface receptors. Since rTMEM98 promotes
the differentiation of Th1 cells at a very low concentration,
it may function through receptor binding. Therefore, the
receptor of TMEM98 needs to be further identified.

IL-12-STAT4 and IFN-g-STAT1 are 2 major feedback
loops mediating the Th1 cell differentiation (Szabo and
others 2003). Our results showed that although TMEM98
could activate STAT1 slightly, the effect was not so pow-

erful (Supplementary Fig. S6). Therefore, we cannot for-
mally rule out the possibility that additional mechanisms
may contribute to the effect of TMEM98 on Th1 cell dif-
ferentiation.

Ng and others (2014) have found that TMEM98 might
function through activation of the AKT pathway and deac-
tivation of p53 in conferring chemoresistance of hepato-
cellular carcinoma. As reported previously, Akt could
upregulate IFN-g production by CD4 + T cells from C57BL/
6 mice (Arimura and others 2004). Moreover, active Akt
could rescue Th1, but not Th2 cell differentiation, and T-bet,
but not GATA-3 (Lee and others 2010). Therefore, TMEM98
might promote the differentiation of Th1 cells through the
Akt pathway. Consequently, further study is necessary to
identify the signaling molecules as well as the TMEM98
receptor to understand the underlying mechanism, which
will provide novel insights into the mechanism of Th1 cell
development.

In summary, we have provided the first comprehensive
annotation of the characteristics of TMEM98, a novel im-
mune-related molecule with both the transmembrane form
and the secreted form. Unraveling the promoting effects of
the secreted form of TMEM98 on the differentiation of Th1
cells will be helpful in understanding the characteristics of
TMEM98 and the development of Th1 cells.
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