Research Progress Report for the Moran Foundation (‘00-°01)

Title: Potential tumorigenesis and abnormal cell survival induced by anti-death gene
[EX-1

PI:  Mei X. Wu, Ph.D., Assistant Professor, Department of Pathology

Date: 02-11-2002

Tumorigenesis is a consequence of uncontrolled cell expansion resulting from either
decreased cell death or increased cell proliferation. The overall objective of my proposal
is to determine the oncogenic potential of a novel anti-death gene IEX-1 (Immediate
Early responsive gene X-1) that plays a key role in the regulation of T cell homeostasis.

IEX-1 protects cells from apoptosis triggered by death molecules such as Fas, tumor
necrosis factor-a (TNF-a). These two death-inducing molecules are the major players in
the removal of unwanted activated T cells when a foreign antigen is eliminated.
Consistent with anti-death activity of the gene, IEX-1 is found to express significantly
higher in most tumor cell lines than normal cells, which is probably accounted for by an
altered activity of NF-kB/rel transcription factors, tumor suppresser gene p53, and proto-
oncongene c-Myg, as they all participate in the regulation of IEX-1 transcription
(manuscript in revision). To test the oncogenic potential of IEX-1, we generated IEX-1-
transgenic (Tg.) mice that targeted IEX-1 to lymphocytes. Overexpression of IEX-1
inhibits lymphocyte apoptosis, causing an accumulation of activated T cells. As a result,
the mice developed splenomegaly, lymphadenopathy and a lupus-like disease. The data
are recently published in Proc. Natl. Acad. Sci. (a reprint attached) in which the Moran
foundation is acknowledged.

Since the accumulated T cells are capable of re-entering the cell cycle upon stimulation
by. for instance, microbial and viral infections, they are particularly vulnerable to genetic
alteration, thereby predisposing to the development of cancer. Yet, unlike true
oncogenes, anti-death genes do not directly transform cells, but rather result in aberrantly
prolonged cell viability. Therefore, tumorigenesis induced by anti-death genes requires a
substantial latency period and secondary genetic mutations are very likely involved in the
tumorigenesis.

At present, most of our IEX-1-Tg. mice and non-Tg. control mice are about one year old.
We have so for observed two IEX-1-Tg. mice (2/52) that developed lymphomas. One
mouse showed rapid expanding abdominal masses, ascites and an enlarged anterior
cervical lymph node (more than 10 mm in diameter). The other had an enlarged spleen
with one and half inch long, which is more than 20-fold increase in weight compared to a
normal spleen at similar age. Both lymphomas display an abnormal phenotype: IgM™e",
CD45"¢" and CD3"™". None of non-Tg. age-matched mice (0/47) show signs of tumor
development. These transgenic mice are still being monitored for tumor development:
e.g. the project is still alive and currently funded by American Cancer Society.




I greatly appreciate the support from the Moran foundation for this project that helps me
to generate preliminary data and to obtain Research Scholar Grant RSG-01-178-01-MGO
from American Cancer Society.
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Susceptibility of activated T cells to apoptosis must be tightly regu-
lated to ensure sufficient T cell progeny for an effective response,
while allowing a rapid depletion of them at the end of the immune
response. We show here that a previously isolated, NF-«xB/rel target
gene IEX-1 (iImmediate Early response gene X-1) is highly expressed
in T cells at early stages of activation, but declines with a prolonged
period of activation time, coincident with an increased susceptibility
of T cells to apoptosis during the late phases of an immune response.
Transgenic expression of IEX-1 specifically in lymphocytes impaired
apoptosis in activated T cells, extended a duration of an effector-
phase of a specific immune response, and increased the accumulation
of effector/memory-like T celis and the susceptibility to a lupus-like
autoimmune disease. Our study demonstrated an antiapoptotic ef-
fect of IEX-1 on T cell apoptosis triggered by ligation of Fas and T cell
receptor (TCR)/CD3 complex. The ability of extending life expectancy
of T effectors, in line with a decrease in its expression following
prolonged T cell activation, suggests a key role for I[EX-1 in regulating
T cell homeostasis during immune responses.

antiapoptosis | autoimmunity | NF-«xB | T cells

mmune responses are initiated when resting T cells are trig-

gered by antigen /MHC complexes to undergo clonal expan-
sion and differentiation into effector populations. This response
is followed by a rapid depletion of T effectors through apoptotic
pathways to reduce the risk of autoimmunity (1-3). Therefore,
lifespans of T effectors are critical not only in determining the
duration of an immune response, but also in preventing from
autoimmunity. Compelling evidence suggests that NF-«B/rel
transcription factors play a pivotal role in linking between an
innate and an adaptive immune response (4). However, the
underlying mechanisms are not completely understood, one of
which may be to extend the lifespan of T effectors by activation
of NF-«xB/rel transcription factors as a result of copious proin-
flammatory cytokines released during innate immune responses
(5). In support, considerable studies indicate that activation of
NF-«xB/rel transcription factors promotes the survival of a
variety of cells both in vitro and in vivo (6-9).

IEX-1 (Immediate Early response gene X-1), also named IER3,
p22/PRG1, Dif-2, or mouse homology gly96, was isolated by several
groups, but its function remains controversial (10-13). IEX-1is a
NF-«B/rel target gene and its promoter region contains a regula-
tion site for NF-«B transcription factor (14, 15). It can be rapidly
up-regulated by various activators of the NF-«B/rel transcription
factors such as TNF-a, IL-18, PMA (phorbol 12-myristate 13-
acetate), growth factors, viral infection, lipopolysaccharide (LPS),
irradiation, etc. (10-13, 16-18). IEX-1 was shown to inhibit cell
proliferation in some cells, but it appeared to accelerate cell cycle
progression in others (11, 19-21). It was aiso reporied to promote
apoptosis in 293 and HeLa cells under serum deprivation (20, 22).
In contrast to these in vitro studies, we show here that IEX-1
protects activated T cells from apoptosis in vivo during an immune
response using IEX-1-transgenic mice. Transgenic mice that target
expression of IEX-1 to lymphocytes show a decrease in apoptosis
of activated T cells and an increase in a duration of an immune
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response effector-phase, in the accumulation of effector/memory-
like T cells, and in the susceptibility to a lupus-like autoimmune
disease. In accordance with a physiological role for IEX-1 in
regulating susceptibility of activated T celis to apoptosis, its expres-
sion levels inversely correlate with the susceptibility of T cells to
apoptosis during T cell activation. Our studies thus demonstrate
contribution of IEX-1 to the survival of responding T lymphocytes
and to the maintenance of self-tolerance.

Materials and Methods

Animals. To generate IEX-1-transgenic (Tg) mice, human IEX-1
coding sequence was subcloned into the Sa/l /BamHI sites in a
pHSE-3' expression cassette (23). The cassette contains an H-2K®
promoter at the 5' end and an Ig heavy chain (p) enhancer at the
3’ end that directs transgene expression specifically in lymphocytes
(23). Linearized pHSE-IEX-1 was microinjected into the male
pronucleus of fertilized eggs derived from (C57BL/6 X DBA) F2
embryos. Transgenic founders were identified by Southern blotting
analysis of tail DNA samples by using human JEX-1 cDNA as a
probe or PCR as described (16), and subsequently bred with
C57BL/6 mice. A mixed cohort of F1 and F2 generations of two
independent lines of IEX-1-Tg mice derived from founders #2 and
#4, respectively, were used. MRL+/+ and MRL/lpr/lpr mice
were purchased from The Jackson Laboratory. All mice were
maintained at the animal facility of the Baylor College of Medicine
in accordance with college’s guidelines.

Flow Cytometric Analysis. To immunostain human peripheral
blood T (PBT) cells, PBT cells were isolated by immunomagnetic
negative selection as described (24) and stimulated with 1 pug/ml
immobilized anti-CD?3 antibody (Ab) (OKT3) in the presence of
5% accessory cells. Cells collected at the indicated days were
either left unstimulated or restimulated with 10 ug/ml immo-
bilized anti-CD3 Ab for 2 h. They were then stained with
FITC-conjugated anti-CD2 Ab and R-phycoerythrin (PE)-
conjugated anti-human Fas Ab (7C11) following fixation in 1%
paraformaldehyde. To detect intracellular levels of IEX-1, fixed
cells that were prestained with FITC-anti-CD2 Ab were perme-
abilized by 1% Nonidet P-40, incubated with 20% normal goat
serum at 4°C for overnight to block nonspecific binding, and then
reacted with rabbit anti-IEX-1 Ab followed by staining with
PE-conjugated goat anti-rabbit Ab (16).

For immunophenotyping of mouse lymphocytes, single-cell

This paper was submitted directly (Track il) to the PNAS office.

Abbreviations: Tg, transgenic; DTH, delayed-typed hypersensitivity; SEB, staphylococcal

enterotoxin 8; PBT, peripheral blood T; LN, lymph nodes.

*Present address: Department of Cancer Cell Biology, Harvard School of Public Health,
Boston, MA 02115,

5To whom reprint requests should be addressed at: Department of Pathology, Baylor
College of Medicine, 6621 Fannin Street, MC 1-2261, Houston, TX 77030-2399. E-mait:
mxwu@texaschildrenshospital.org.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

www.pnas.org/cgi/doi/10.1073/pnas.022326699



suspensions were prepared from the thymus, spleen, and lymph
nodes (LN) and fixed in 1% formaldehyde. Abs specific for
mouse antigens including FITC-conjugated anti-CD4, anti-CDS,
anti-CD62L, and anti-CD3; PE-conjugated anti-B220, and anti-
CDS8; biotin-conjugated anti-CD44, anti-CD25, and anti-CD19;
and cy-Chrome (CyC)-conjugated streptavidin were all pur-
chased from PharMingen. Abs specific for human lymphocyte
markers were all obtained from Coulter. The stained cells were
analyzed using a FACScan cytometer (Becton Dickinson) with
Cellquest or an Epics Elite (Coulter).

In Vitro T Cell Assays. For proliferation assays, single-cell suspensions
prepared from mouse LN and spleens were treated with a mixture
of rat anti-mouse Abs against CD19, CD32, and CD16 followed by
depletion of Ab-bound cells with BioMag goat anti-rat IgG (Poly-
sciences) as per the manufacturer’s instruction. The resulting T cells
of about 90% purity were stimulated in triplicate with varying
concentrations of ConA or phytohemagglutinin (PHA) or immo-
bilized anti-CD3 Ab (2C11). [’H]Thymidine (ICN) of 0.5 uCi per
well (1 Ci = 37 GBq) was added 3 days later for ConA and PHA
stimulation or 5 days later for anti-CD3 Ab stimulation. [*H]thy-
midine incorporation was measured after 16 h by using a microplate
scintillation counter (TopCount, Packard).

For apoptosis assays in human PBT cells, PBT cells activated
as above were collected at indicated days, and incubated for 24 h
with anti-human Fas Ab (7C11, IgM). Apoptotic cell death of a
gated CD2+ population was determined by a multiparameter
flow cytometric assay after staining with anti-CD2-FITC,
Hoechst 33342 vital dye, and propidium iodide (24).

To assay apoptosis in activated mouse T cells, LN T cells were
treated with 5 ug /ml ConA (Sigma) for 48 h followed by incubation
with 10 pg/ml a-methyl o-D-mannoside to neutralize residual
ConA. The activated cells were continuously cultured with replen-
ishment of IL-2 every 2 days to predispose the cells to apoptosis. At
day 5-7, viable T cells were collected after passage through a Percoll
density gradient, and cultured in triplicate for 48 h at 5 X 10* per
well in 96-well plates that were precoated with 10 ug/ml anti-CD3
Ab (2C11) or 15 pg/ml anti-mouse Fas Ab (Jo2, PharMingen) in
the presence or absence of 30 ng/mi cycloheximide (CHX). To
reduce background cell death, 100 units /ml rIL.-2 was included in
the media at all times. The percentages of viable cells were
quantified by a MTT cell viability detection kit (Promega) that
incorporates a colorimetric method for determining the number of
viable celis in the culture. The percentage of apoptosis was calcu-
lated as 100 X (1 — average absorbance from triplicate cultures
obtained in the presence of anti-CD3 or anti-Fas Ab/average
absorbance of triplicate cultures obtained in the absence of anti-
CD3 or anti-Fas Ab).

In Vivo Assays. Peripheral depletion of T cells was carried out by i.p.
administration of 30 ug staphylococcal enterotoxin B (SEB) (Sig-
ma). Spleens were coliccted at the indicated days following SEB
administration. Percentages of CD47Vg8* T cells or CD4'Vg6*
were assessed by three-colored flow cytometry analysis using Abs
directed against CD4, CD8 or CD3, and Vg8 or Vg6 antigens. To
induce a delayed-typed hypersensitivity (DTH) response, mice at
6-8 weeks of age were primed by s.c. administration into two sites
on the dorsum of each mouse with 0.1 ml of 10 mg/ml heat-killed
Mycobacterium wberculosis (H37Ra from Difco) emulsified in
incomplete Freunds’s adjuvant. DTH responses were induced in
the primed mice three weeks later by s.c. injection into the right hind
footpad with 25 ul of the same Mycobacterium suspended in PBS.
The mice received a third antigen challenge in the left hind footpad
1 month after the second antigen challenge. Footpad swelling
responses were monitored with a dial caliper daily for 2 weeks.
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Fig. 1. Down-regulation of [EX-1 expression following T cell activation. PBT
cells were stimulated with anti-CD3 Ab and collected at 2 h (day 0) or indicated
days. The cells were either left unstimulated (day 0) or restimulated with
anti-CD3 Ab for another 2 h, and stained with FITC-anti-CD2 Ab and phyco-
erythrin (PE)-conjugated-anti-Fas Ab (Left) or anti-IEX-1 specific polycional Ab
(Right). Aliquots of cells were treated with anti-Fas Ab in the presence of 100
units/ml of IL-2. The percentages of apoptotic cell death were determined on
a gated CD2* T cell population and indicated next to the FACS paneis on the
right. One representative resuit of two (Fas expression and Fas-induced apo-
ptosis) and four (IEX-1 expression) experiments performed is shown.

Measurement of Serum igs, Anti-Double-Stranded DNA Ab, and Pro-
teinuria. Serum Ig levels were determined by ELISA using an Ig
isotyping kit (Southern Biotechnology Associates) as per the man-
ufacturer’s protocol. Ig concentrations were calculated from the
plotted standard curve of serial dilutions of the mouse standard
control Abs. Autoantibodies directed against double-stranded
DNA in sera from individual mice were also measured by ELISA
as described (25). Urine was collected from each mouse by man-
ually applying pressure on the bladder or using a metabolic cage.
Proteinuria was determined by a Vitro 250 Chemistry Analyzer
(Ortho-Clinical Diagnostics, Johnson and Johnson, Raritan, NJ).

Histological Examination. Tissues were fixed with 10% formalin,
embedded in paraffin, and cut at 4 microns. Sections were
stained with hematoxylin and eosin (H&E) by standard methods.
For immunofluorescent studies of Ig deposition, the tissues were
embedded in OCT, flash-frozen in liquid nitrogen, and sectioned
with a cryostat. Four-to-five micrometer sections were air-dried
and fixed with cold acetone for 15 min. The cryosections were
pretreated with 20% of normal goat serum overnight to block
nonspecific binding followed by staining the sections with FITC-
conjugated goat anti-mouse IgG (1:250) (Sigma).

Statistical Analysis. A Student’s two-tailed s test was used uniess
otherwise indicated.

Results

Inverse Correlation of IEX-1 Expression and Susceptibility of T Cells to
Fas-Induced Apoptosis. Resting T cells or T cells at the early stages
(=3 days) of activation were largely resistant to Fas-induced
apoptosis (=10%; Fig. 1), as has also been shown by earlier studies
(26-28). Such resistance was not ascribed to the level of Fas or
Fas-ligand expression, because early activated T cells coexpressed
high levels of Fas (Fig. 1 Left) and Fas-ligand (26, 27). T cells
acquired susceptibility to Fas-induced cell death with increasing
days of stimulation (Fig. 1; ref. 26), presumably resulting from an
altered ratio of antiapoptotic to proapoptotic factors in these cells
(5, 28-30). We show here that IEX-1 is highly expressed in T cells
stimulated for 2 h with anti-CD3 Ab and its expression is further
increased in more activated T cells (day 3) following restimulation
(Fig. 1 Righr). The high levels of IEX-1 expression were also induced
until day 6, but declined gradually thereafter. Interestingly, the
decline in IEX-1 expression coincides with an enhanced suscepti-
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Fig.2. Splenomegaly, lymphadenopathy, and accu-
mulation of effector/memory-like T lymphocytes in
IEX-1-Tg mice. (4) RT-PCR analysis of IEX-1 mRNA in
1EX-1-Tg mice. Total RNA was isolated from LN 7 cells
of non-Tg mice (lane 1), and IEX-1-Tg mice Tg-2 (lane
2) and Tg-4 (lane3), derived from founders 2 and 4,
respectively, and assayed by RT-PCR using primers that
amplified human IEX-1 only. Lower is amplification of
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G3PDH (glyceraldhyde-3-phosphate dehydrogenase)
from the same RT-reaction samples for controls. (B)
Relative [EX-1 protein expression in IEX-1-Tg mice. LN
T cells isolated from above mice were labeled with
FITC-conjugated anti-CD3 Ab followed by staining
with anti-lEX-1 polyclonal Ab (soiid) or preimmunized
normal rabbit Ab {(outlined) as in fig. 1. The mean
immunofluorescence values of anti-lEX-1 Ab staining
on gated CD3* cells are indicated in each profile. (Q
Splenomegaly and lymphadenopathy in IEX-1-Tg
mice. Shown are the spleen and LN (superficial ingui-
nal) from 9-10-month-old IEX-1-Tg mice (b, d, e, and
) and non-Tg age-matched control mice (a and ¢). (D)
Northern blotting analysis of IEX-1 expression in T and
B cells. Trangenic or human IEX-1 (hIEX-1) and endog-
enous mouse |EX-1 (mIEX-1) expressed in B {lane 1)
and T (lane 2) celis are indicated by arrows on the right
of the upper panel. T cells from non-Tg mice (T-)
expressed mlEX-1 only following stimulation with

i-CD3 Ab for 2 h as a positive controi (lane 3). RNA loading control is given in the low panel. {E) A comparison of splenocyte phenotypes between IEX-1-Tg (Tg) and
non-Tg (Non-Tg) mice. Splenocytes were stained with indicated Abs and analyzed by three-colored flow cytometry. One representative result of eight IEX-1-Tg and six
non-Tg mice analyzed is shown; the data obtained from all mice are summarized in Table 1.

bility of T cells to apoptosis induced by ligation of Fas. A 2- to 3-fold
increase in Fas-induced apoptosis (37-52%) is seen at days 9-12 as
compared with the apoptosis (10-16%) obtained at 3-6 days. A
similar expression pattern of IEX-1 expression was also obtained in
mouse T cells following stimulation with anti-CD3 Ab (data not
shown).

Splenomegaly and Lymphadenopathy in IEX-1-Tg Mice. An inverse
correlation between IEX-1 expression levels and resistance of T
cells to Fas-induced apoptosis implicates a role for IEX-1 in the
survival of T cells during T cell activation, because our in vitro
studies demonstrated that IEX-1 inhibited apoptosis in some cells
(unpublished data). To directly test this, we generated transgenic
mice that targeted IEX-1 expression to peripheral lymphocytes. As
endogenous IEX-1 expression is down-regulated following a pro-
longed period of T cell activation, and transgenic expression of
1EX-1 is independent of T cell activation, we reasoned that con-
stitutive, high levels of TEX-1 expression should protect activated T
cells from apoptosis during the late phase of an immune response.
Two independent lines of IEX-1-Tg mice were obtained from two
IEX-1-Tg founders #2 and #4. They expressed high but varying
levels of IEX-1, as shown by reverse transcription (RT)-PCR and
flow cytometric analysis using IEX-1 specific polycional Ab (Fig. 2
A and B). However, the variation in the levels of IEX-1 expression
appeared to have little impact on the observed phenotypes that
were statistically indistinguishable between these two transgenic

lines. Perhaps constitutive IEX-1 expression is essential for its
influence on the lifespan of activated T cells. The expression level
of transgenic IEX-1 is about 10-fold higher than that of endogenous
IEX-1 observed in T celis in the absence of stimulation (Fig. 2D,
lane 2).

Most IEX-1-Tg animals showed no gross developmental abnor-
malities early in life, but starting at 8 weeks, about 10% of them
developed splenomegaly, the incidence increasing to 42% at 9-10
months of age. The spleens of IEX-1-Tg mice were two to three
times larger, as assessed by both weight and size, than those from
control littermates (Fig. 2C, b vs. a, and Table 1, P < 0.01).
Although splenomegaly became cvident at 8 weeks of age, its
severity remained similar out to 9-10 months of age while its
incidence increased. The increased spleen weights correlated with
elevated cellularity (Table 1). Analysis of lymphocyte phenotypes in
the spleens of 9-10-month-old IEX-1-Tg mice revealed a 50%
increase in CD4™ T cells as compared with non-Tg littermates (Fig.
2E and Table 1, P < 0.01). In particular, percentages of
CD3+*CD4* T cells expressing high levels of cell surface CD44
antigen were remarkably increased compared with non-Tg mice
(Fig. 2E and Table 1, P < 0.005). In contrast, alterations in the levels
of CD25, CD62L, and CD69 molecules in these CD4* T cells were
not statistically significant when IEX-1-Tg and non-Tg mice were
compared (data not shown), suggesting that the accumulated T cells
may not be true memory T cells. We refer to these T cells as
effector/memory-like T cells. In addition, an unusual population of

Table 1. Splenomegaly, lymphadenopathy, and accumulation of effector/memory-like T cells in IEX-1-Tg mice

Total number of cells (107) Spleens Lymph nodes
Weights, D3~ D3t b4, D4+ Weights, CD4~, cba+r cp8~, CD8+
Thymus  Spieens LN mg B220*, % B220~, % % CD44hi, % mg % CD44hi, % % CD44hi, %
Non-Tg 122%23 113+12 07+01 84z5 55+ 6 /x4 20zt2 Mz 33+02 25x3 1212 2012 111
(n=86)
IEX-1-Tg 14.1%t36 207r62 44*17 17754 33+8 499 315 24 = 4 21,555 37=x7 27+3 28*5 21+6
(n = 8)
Data are expressed as means = 3D. Cells from the spleens and LN were stained and analyzed as in Fig. 2E. Mice were 9-10 months old.
880 | www.pnas.org/cgi/doi/10.1073/pnas.022326699 Zhang er al.



CD3+CD4+CD8* T cells (8—-13%) was also seen in the spleens of
some IEX-1-Tg mice (4/15), the source of which remains to be
determined.

Unlike the differences seen in the spleens, degrees of lymphad-
enopathy observed varied from mild (2-fold) to severe (12-fold) in
IEX-1-Tg mice (Fig. 2C, d vs. e and f, and Table 1) as compared
with non-Tg littermates (Fig. 2C, c). Lymphadenopathy was seen
mostly in the mice after 8 months of age. In younger mice, although
this trend was apparent, it was not statistically significant, suggesting
that IEX-1-induced lymphadenopathy became evident depending
on age. A remarkable increase in CD4* T cells and to a lesser
extent, CD8" T cells, was also seen in the LN of 9-10-month-old
IEX-1-Tg mice as compared with age-matched non-Tg mice (Table
1, P < 0.01 for CD4* T cells and P < 0.05 for CD8* T cells). Similar
to splenocytes, the number of CD4*CD44h and CD8*CD44M T
cells in the LN also increased significantly (Table 1). Analysis of
splenic B celis showed no significant alteration in the number of B
cells in IEX-1-Tg mice as compared with non-Tg littermates (Fig.
2E, Table 1), although B cells expressed transgenic IEX-1 at levels
comparable to T cells (Fig. 2D, lane 1 vs. lane 2). Thymi from
IEX-1-Tg mice and the negative littermate controls were also
similar in size and in cell numbers (Table 1), suggesting that
constitutive expression of IEX-1 did not significantly affect thymo-
cyte or B cell development.

impaired Apoptosis in T Cells from IEX-1-Tg Mice. The observed
increase in the number of T cells in the secondary lymphoid tissues
could be the result of either an increase in the proliferation of T cells
or a decrease in apoptosis. Given that IEX-1 had been previously
implicated in the promotion of cell cycle progression (11, 13), we
evaluated the effect of IEX-1 on T cell proliferation. Splenic and
LN T celis were isolated from IEX-1-Tg mice and negative litter-
mates at 6 weeks of age, before the development of any overt signs
of splenomegaly and lymphadenopathy, and assayed for T cell
proliferation. We failed to detect any significant effect of IEX-1 on
T cell proliferation following activation with 0.1-1 ug/ml of
anti-CD3 Ab or 0.5-5 ug/ml ConA or 0.5-4 ug/ml! phytohemag-
glutinin (PHA) (data not shown). Further, IEX-1 appeared not to
affect proliferation of B cells chalienged with anti-IgM or anti-
CD40 Ab in the presence of IL-4, suggesting that both T and B cells
proliferative responses were within normal limits.

We next assessed the apoptotic response of activated T cells
from IEX-1-Tg mice. As shown in Fig. 34, the average level of
apoptosis induced by anti-CD3 Ab was 42.8% (n = 8) in T cells
obtained from non-Tg control mice, which was significantly
higher than the 29.0% (n = 10) observed in T cells from
IEX-1-Tg mice. A significant decrease in Fas-induced apoptosis
was also seen in T cells from IEX-1-Tg mice as compared with
non-Tg mice (19% in non-Tg mice vs. 9.5% in IEX-1-Tg mice,
n =5, P < 0.01, Fig. 3B). In contrast, Fas-induced apoptosis of
B cells was similar in the presence vs. absence of constitutive
IEX-1 expression when the cells were stimulated with anti-CD40
Ab and IL-4 for 5-7 days followed by treatment with anti-Fas Ab
(data not shown). IEX-1 thus appeared not to affect B cell
apoptosis under these conditions, in agreement with little in-
crease in the number of B cells in the mice.

To determine whether IEX-1-induced resistance of activated T
cells to apoptosis also took place in vivo, IEX-1-Tg mice and non-Tg
littermates were injected i.p. with SEB superantigen (SAg). The
SAg leads to the elimination of SEB-responsive Vg8* T cells and
is a commonly used model system for studying peripheral T cell
depletion in vivo (31). As shown in Fig. 3C, SAg-activated periph-
eral CD47Vg8™ T cells doubled in number within a 48 h period in
both IEX-1-Tg mice and non-Tg littermates, as measured by flow
cytometric analysis using Abs specific for CD3, CD4, and Vg8
antigens. This expansion was followed by a profound depletion of
CD4*Vg8* T cells in non-Tg mice, to levels lower than that found
prior to SEB administration. In contrast, SEB-mediated depietion
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Fig.3. Impaired apoptosisin T cells from IEX-1-Tg mice. T cells from IEX-1-Tg
(Tg) and non-Tg (Non-Tg) littermates at 6-8 weeks of age underwent apo-
ptosis triggered by anti-CD3 Ab (A) or anti-Fas Ab (B) following activation. (4)
The means from triplicate samples of each mouse with a total of ten IEX-1-Tg
and eight non-Tg mice performed. Standard deviation (SD) of the triplicate
cultures was less than 3% (data not shown) and each symbol represents an
individual mouse. (8) The means = SD of Fas-induced apoptosis in T celis (n =
5). which represents one result of three experiments performed in triplicate.
(O A defect in superantigen-mediated depletion of T cells in IEX-1-Tg mice.
IEX-1-Tg and non-Tg littermates were administrated with 30 ug of SEB.
Percentages of CD47V88™ T cells relative to total CD4* T cells in the spleens
were determined at the indicated days by flow cytometric analysis. Data are
shown as means (n = 6) = SD of three independent experiments in which two
mice per time point were used for each experiment,

of T cells was significantly delayed in IEX-1-Tg mice. Neither
significant expansion nor depletion of non-SEB responsive Vg6* T
cells was detected in these mice (data not shown). The ability of
IEX-1 to attenuate T cell elimination in vivo in an antigen-specific
fashion supports the notion that it has a role in the survival of
activated T cells during an immune response.

Elevated and Extended DTH Responses in JEX-1-Tg Mice. To investi-
gate how IEX-1-induced resistance of activated T cells to apoptosis
affected inflammation, we assessed DTH responses in the presence
as compared with absence of constitutive expression of IEX-1. As
is shown in Fig. 4, a DTH response was evident within a day after
the antigen challenge similarly in both IEX-1-Tg and non-Tg
littermates, as measured by a dramatic increase in footpad thickness
due to severe swelling (Left). By day 6, footpad swelling began to
ameliorate in non-Tg mice, consistent with re-establishment of
lymphocyte homeostasis, in part secondary to apoptosis of acti-
vated T cells (1-3). However, little amelioration in the footpad
swelling was observed in IEX-1-Tg mice even at day 10. The
maximal DTH response was thus sustained significantly longer in
IEX-1-Tg mice (9 days) than in non-Tg mice (4 days). An extended
DTH effector-phase response was even more significant in IEX-
1-Tg mice following a second boost immunization in their left hind
footpads (Right). We noticed, at day 3 following the antigen
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Fig. 4. An elevated and extended DTH response in IEX-1-Tg mice. A DTH
response was induced in IEX-1-Tg (Tg) mice and non-Tg (Non-Tg) littermates
by intracutaneous injection of Mycobacterium tuberculosis into the right hind
footpad (Left). The mice were immunized again with the same antigen in the
left hind footpads one-month later (Right). The footpad thickness (mm) was
measured daily by a caiiper. Dada are shown as means (n = 7) = SD of footpad
thickness. Onerepresentative resuit of three experiments performed is shown.

challenge, that the left footpad swelling decreased by more than
10% in non-Tg mice, in agreement with that repeated stimulation
with the same antigen expedites the depletion of peripheral T cells
(1-3). In sharp contrast to the expeditious decrease in the footpad
swelling in non-Tg mice, the left hind footpad swelling in IEX-1-Tg
mice attained a higher maximum and persisted for a longer period.
The left footpad thickness of IEX-1-Tg mice was about 185% of
that measured in non-Tg mice at day 4 following the second antigen
boost. Our results clearly demonstrate an elevated and, perhaps
more importantly, an extended DTH response in IEX-1-Tg mice.
This extended duration of a DTH response may be a direct
reflection of the ability of IEX-1 to prevent responding T cells from
apoptosis and thus to prolong their survival at the local sites.

A Lupus-Like Autoimmunity in IEX-1-Tg Mice. In several murine model
systems, a lupus-like autoimmune response has been detected in
animals with defects in T cell apoptosis (32, 33). To determine
whether this was the case in IEX-1-Tg mice, serum Ig levels in a
cohort of 21 IEX-1-Tg mice and 17 non-Tg controls were measured
to assess global immune system activation. Our ELISA results
showed that serum IgM and total IgG levels were similar between
IEX-1-Tg mice and non-Tg littermates (data not shown). Analysis
of individual IgG isotypes also revealed similar levels of IgG1,
1gG2b, I1gG3, and IgA in these animals. However, an elevated level
of serum IgG2a by more than 30-fold as compared with that in
non-Tg littermates was obtained in 67% of IEX-1-Tg mice after 9
months of age (P < 0.001; Table 2). This result is highly relevant to
the immunopathogenesis of a lupus-like syndrome, because murine
1gG2a activates complement better than all other IgG subclasses
except for IgG3 (34). In agreement with development of autoim-
mune responses in the animals, serum autoantibodies directed
against double-stranded DNA were also increased significantly in
~54% of IEX-1-Tg mice (Table 2).

Histological examination of representative mice with increased
levels of anti-double-stranded DNA autoantibodies identified glo-
merulonephritis with thickened basement membranes, mesangial
hypercellularity, and lymphoplasmacytic infiltration in the kidney

Fig. 5. A lupus-like autoimmune disease in IEX-1-Tg mice. (A and B) Hema-
toxylin and eosin (H&E)-stained kidney sections: a glomerulus from a 9-month-
old non-Tg mouse and an age-matched IEX-1-Tg mouse, respectively. (C and
D) immunofiuorescent staining of kidney sections with FITC-conjugated goat
anti-mouse igG Ab. Note that fluorescence in glomeruli of a 9-month-old
|EX-1-Tg motuse (D), but not in glomeruli of a non-Tg age-matched mouse (C).
(€ and F) Erythema with alopecia in the skin (£} and swelling of joint (F, a) in
IEX-1-Tg mice; b in F, normal foot control.

as shown in Fig. 5B. We also observed positive immunofluorescent
staining in kidney sections prepared from IEX-1-Tg mice but not
in non-Tg mice when the tissues were stained with FITC-
conjugated goat anti-mouse IgG Ab, indicating IgG immune com-
plex deposits in the kidney (Fig. 5 C and D). Concomitant renal
damage was the significantly higher amount of proteinuria mea-
sured in 61% of IEX-1-Tg mice as compared with non-Tg mice,
although it was lower than that measured with MLP/jpr mice
(Table 2). As evidence of more widespread inflammation, about
30% (12 /40) of IEX-1-Tg mice spontaneously developed erythema
with alopecia of the skin (Fig. 5E), and swelling in the foot joints
(Fig. 5F, a). The syndrome was noted in IEX-1-Tg mice only after
7 months of age. There was no evidence of the disease in young
IEX-1-Tg mice or in non-Tg mice even after prolonged observation
(0/26). Systemic lupus erythematosus (SLE) autoimmune disease
is characterized by the production of pathogenic autoantibodies
causing systemic tissue injury, most prominently glomerulonephri-
tis, skin lesions, and arthritis, Qur studies indicate a lupus-like
autoimmune disease developed in IEX-1-Tg mice as they aged,
clearly suggesting that IEX-1 can enhance the susceptibility of a
given host to a lupus-like disease, because no such disease devel-
oped in non-Tg littermates maintained under similar conditions.

Discussion

Our studies clearly demonstrate that constitutive expression of
IEX-1 in lymphocytes decreases apoptosis in activated T cells,
resulting in a prolonged effector-phase of an immune response, the
accumulation of effector/memory-like T cells, and the develop-
ment of a lupus-like autoimmune disease in the animals. In keeping
with its possible role in regulating susceptibility of activated T cells
to apoptosis in vivo, IEX-1 is highly expressed in T cells after
stimulation, but declines during the late phases of T cell activation.
The decreased expression of IEX-1 is accompanied by an increased

Table 2. Elevated levels of igG2a, anti-ds DNA autoantibodies, and proteinuria in

IEX-1-Tg mice

Mice lgG2a Anti-ds DNA (titer) Proteinuria
[EX-1-Tg {n = 21) 1 + 05 mg/mi (67%) 1:200-1:1,600 (54%) 39 + 17 mg/d! (61%)
Non-Tg (n = 17} 0.03 = 0.05 mg/ml <1:100 <5 mg/dl

MLR/lpr(n = 4) ND >1:3,200 94 + 77 mg/dl

ND, not done. The data are expressed as means + SD for IgG2a and proteinuria. |[EX-1-Tg and non-Tg mice were

9-10 months old and MRL//pr mice were 4 months oid.
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susceptibility of activated T cells to apoptosis. These findings
underscore a roie for IEX-1 in regulating the lifespan of responding
T cells and duration of an immune response.

IEX-1 expression can be rapidly induced by proinflammatory
cytokines such as TNF-« and IL-1 as well as byproducts of bacterial
and viral infections, apparently through activation of NF-xB/rel
transcription factors (10, 12, 13, 16-18). These proinflammatory
cytokines are critical for the survival of responding T lymphocytes
and for the linkage between the innate and adaptive immune
responses (35-39). A recent study using gene microarray to com-
pare gene expression in T cells activated by antigen in the presence
vs. absence of adjuvant revealed that up-regulation of NF-«xB
transcription factors including Bel-3, p65 (RelA), but not Bcl-2 and
Bcl-xL antiapoptotic genes, might be responsible for the adjuvant-
mediated boost of T cell responses, by increasing life expectancy of
activated T cells during and after the initial proliferative phase of
immune responses (5, 40, 41). It is thus very likely that IEX-1
expression levels can be sustained in activated T cells in the
presence of proinflammatory cytokines or byproducts of bacterial
and viral infections, contributing to NF-«B/rel-mediated preven-
tion of apoptosis of responding T cells during a productive immune
response under physiological conditions. The finding of a longer
duration of an immune response in IEX-1-Tg mice than in non-Tg
mice in response to antigen stimulation implicates a potential
strategy to improve vaccine responses by administration of vaccines,
along with stimuli that induce the expression of survival genes in
lymphocytes.

IEX-1 appears to exert apparently contradictory effects, de-
pending on the type of cells and/or stimuli in vitro studies. At
present, we do not understand the molecular basis for its diverse
effects on different cells. One possibility is that the down stream

—

. Lenardo, M,, Chan, K. M., Hornung, F., McFarland, H., Siegel, R., Wang, J. &

Zheng, L. (1999) Annu. Rev. Immunol. 17, 221-253.

Webb, S., Morris, C. & Sprent, I. (1990) Cell 63, 1249-1256.

Kabelitz, D., Pohl, T. & Pechhold, K. (1993) Immunol. Today 14, 338~339.

. Hatada, E. N., Krappmann, D. & Scheidereit, C. (2000) Cwr. Opin. Immunol. 12,

52-58.

. Mitchell, T. C., Hildeman, D., Kedl, R. M., Teague, T. K., Schaefer, B. C., White,

J.. Zhu, Y., Kappler, J. & Marrack, P. (2001) Nat. Immunol. 2, 397-402.

Beg, A. A. & Baltimore, D. (1996) Science 274, 782-784.

Van Antwerp, D. ], Martin, 8. J,, Kafri, T., Green, D. R. & Verma, [. M. (1996)

Science 274, 787-789.

8. Wang, C. Y., Mayo, M. W. & Baldwin, A. S., Jr. (1996) Science 274, 784-787.
9. Beg, A. A, Sha, W. C, Bronson, R. T., Ghosh, S. & Baltimore, D. (1995) Nature
(London) 376, 167-170.

10. Kondratyev, A. D., Chung, K. N. & Jung, M. O. (1996) Cancer Res. 56, 1498-1502.

11. Schafer, H., Lettau, P., Trauzoid, A., Banasch, M. & Schmidt, W. E. (1999)
Pancreas 18, 378-384.

12. Pietzsch, A., Buchler, C., Aslanidi
Commun. 238, 4-9,

13. Charles, C. H,, Yoon, J. K., Simske, J. S. & Lau, L. F. (1993) Oncogene 8, 797-801.

14. Schafer, H., Diebel, J., Arlt, A, Trauzold, A. & Schmidt, W. E. (1998) FEBS Lett. 436,
139-143.

15. Pietzsch, A, Buchler, C. & Schmitz, G. (1998) Biochern. Biophys. Res. Comnuun. 248,
651-657.

16. Wu, M. X, Ao, Z,, Prasad, K. V., Wu, R. & Schiossman, S. F. (1998) Science 281, 998-1001.

17. Domachowske, J. B, Bonville, C. A., Mortelliti, A. J,, Colella, C. B, Kim, U. &
Rosenberg, H. F. (2000) J. Infect. Dis. 181, 824-830.

18. Kumar, R., Kobayashi, T., Warner, G. M., Wy, Y, Salisbury, J. L., Lingle, W. &
Pittelkow, M. R. (1998) Biochem. Biophys. Res. Commun. 283, 336-341.

19. Segev, D. L., Ha, T. U, Tran, T. T.,, Kenneally, M., Harkin, P., Jung, M.,
MacLaughlin, D. T., Donahoe, P. K. & Mah an, S. (2000) J. Biol. Chem. 275,
28371-28379.

20. Grobe, O., Arlt, A., Ungefroren, H., Krupp, G., Folsch, U. R., Schmidt, W. E. &

Schafer, H. (2001) FEBS Lett. 494, 196-200.
. Kobayashi, T., Pittelkow, M. R., Warner, G. M., Squillace, K. A. & Kumar, R.
(1998) Biochem. Biophys. Res. Commun. 251, 868-873.

22. Arlt, A., Grobe, O., Sieke, A., Kruse, M. L., Folsch, U. R., Schmidt, W. E. &
Schafer, H. (2001) Oncogene 20, 69-76.

23. Pircher, H., Mak, T. W, Lang, R., Ballhausen, W., Ruedi, E., Hengartner, H.,

Zinkernagel, R. M. & Burki, K. (1989) EMBO J. 8, 719-717.

@ orwR

N

C. & Schmitz, G. (1997) Biochem. Biophys. Res.

2

—

Zhang et al.

target of IEX-1 is subject to the control of other cellular signals.
Our ongoing study shows that IEX-1 binds to a sulfhydryl-rich
(>30% cysteines) protein, suggesting that IEX-1 may participate
in the regulation of redox status of cells.

Recently, genome-wide linkage studies in both humans and mice
reveal that the strongest linkage to SLE disease is within or near the
MHC locus (42-44). This, on one hand, emphasizes a critical role
for MHC molecules in the development of SLE disease. On the
other hand, it does not adequately explain the multigenic nature of
the disease. It is thus reasonable to predict that other genes encoded
within or near the locus, in addition to the MHC allele, may also
contribute to the disease. Interestingly, IEX-1 is mapped within the
MHC locus [human 6p21.3 that is syntenic with a region on mouse
17(18.65)] (15). This finding, coupled with impaired apoptosis in
activated T cells and an increased susceptibility of IEX-1-Tg mice
to a lupus-like autoimmune disease, suggests that IEX-1 may be one
of the genes within the MHC locus, in conjugation with MHC,
predisposing to the susceptibility of SLE disease. This possibility is
consistent with other studies demonstrating that a defect in apo-
ptosis of T cells predisposes a susceptible host to autoimmune
disease in both human and murine systems (32, 33, 45-43).

We thank Dr. H. Pircher for permission to use the pHSE-3' expression
cassette and Dr. Y. Choi for sending it to us; Dr. D. Kiehm at Dana Farber
Cancer Institute for assistance with generation of IEX-1-Tg mice; the
members of flow Cytometry Core Lab, Center for Cell and Gene Therapy,
Baylor College of Medicine, for flow cytometric analysis; and Drs. Milton
F. Finegold and Prasad Kanteti for discussion and critical reading of this
manuscript. This work was supported by National Institutes of Health Grant
Al45003, Research Scholar Grant RSG-01~178-01-MGO from the Amer-
ican Cancer Society, and Moran fund from Baylor College Medicine (to
M.X.W.). R.E. was supported in part by a Molecular Medicine Scholars
Award funded by the Alvin and Lucy Owsley Foundation.

24, Wu, M. X, Daley, J.F., R
Acad. Sci. USA 92, 1525-1529,

25, Korner, H., Cretney, E., Wilhelm, P, Kelly, . M., Rollinghoff, M., Sedgwick, J. D.
& Smyth, M. J. (2000) J. Exp. Med. 191, 89-96.

26. Wesselborg, S., Janssen, O. & Kabelitz, D. (1993} J. Immunol. 150, 4338-4345.

27. Schiossman, S. F.,, Boumsell, L., Harlow, J. M., Kishimoto, T., Morimoto, C, Ritz, J., Shaw,
8., Silverstein, R. L, Springer, T. A, Tedder, T. F. & Todd, R. F. (1995) Leucocyte Tiping
V: White Cell Dij iation Antigens (Oxford Univ. Press, Oxford), pp. 11441148,

28. Boise, L. H. & Thompson, C. B. (1996) Science 274, 67-68.

29. Irmler, M., Thome, M., Hahne, M., Schneider, P., Hofmann, K., Steiner, V., Bodmer,
J. L., Schroter, M., Burns, K., Mattmann, C., et al. (1997) Nature (London) 388,
190-195.

30. VanParijs, L., Refaeli, Y., Abbas, A. K. & Baitimore, D. (1999) Immunity 11, 763-770.

31. Kawabe, Y. & Ochi, A. (1991) Nature (London) 349, 245-248.

32. Hunig, T. & Schimpl, A. (1997) Curr. Opin. Immunol. 9, 826-830.

33. Nagata, S. & Suda, T. (1995) Immunol. Today 16, 39-43.

34, Takahashi, S., Fossati, L., Iwamoto, M., Merino, R., Motta, R., Kobayakawa, T.
& lzui, S. (1996) J. Clin. Invest 97, 1597-1604.

35. Mitchell, T., Kappler, J. & Marrack, P. (1999) J. Immunol. 162, 4527-4535.

36. Ehl, S, Hombach, J., Aichele, P., Rulicke, T., Odermatt, B., Hengartner, H.,
Zinkernagel, R. & Pircher, H. (1998) J. Exp. Med. 187, 763-774,

37. Rocken, M., Urban, J. F. & Shevach, E. M. (1992) Nature (London) 359, 79-82.

38. Velia, A. T., McCormack, J. E., Linsley, P. S, Kappler, J. W. & Marrack, P. (1995)

Immunity 2, 261-270.
. Vella, A. T., Mitchell, T., Groth, B., Linsley, P. S., Green, J. M., Thompson, C. B.,
Kappler, J. W. & Marrack, P. (1997) J. Immunol. 158, 4714-4720.

40. Adams, J. M. & Cory, S. (1998) Science 281, 1322-1326.

41. Strasser, A., Harris, A. W. & Cory, S. (1991) Cel! 67, 889-899.

42. Gaffney, P. M., Kearns, G. M., Shark, K. B, Ortmann, W. A, Selby, S. A,

Malmgren, M. L., Rohlf, K. E., Ockenden, T. C., Messner, R. P., King, R. A, e

al. (1998) Proc. Natl. Acad. Sci. USA 95, 14875-14879.

Harley, J. B., Moser, K. L., Gaffney, P. M. & Behrens, T. W, (1998) Curr. Opin.

Immunol. 10, 690-696.

44, Kono, D. H. & Theofilopoulos, A. N. (2000) Int. Rev. Immunol. 19, 367-387.

45, Puck, J. M. & Sneller, M. C. (1997) Semin. Immunol. 9, 77-84.

46. Mountz, J.D., Zhou, T., Su, X., Cheng, J., Pierson, M., Bluethmann, H. & Edwards,
C. K., III (1996) Behring Inst. Mitt. 200-219.

47. Nagata, S. (1998) J. Hum. Gener. 43, 2-8.

48. Fisher, G. H., Rosenberg, F. J,, Straus, S. E., Dale, J, K., Middleton, L. A, Lin,
A. Y., Strober, W., Lenardo, M. J. & Puck, J. M. (1995) Cell 81, 935-946.

S. F. (1995) Proc. Nadl,

, R. A. & Sch

3

o

4

@

PNAS | January 22,2002 | vol.99 | no.2 | 883




