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Cell separation and culture conditions

Human basophils were isolated from venous blood obtained from consent-
ing volunteers with no history of atopic diseases. Basophils were semipu-
rified by Percoll density gradient centrifugation as previously described
(18). The purity of semipurified basophil preparations was 12.5 * 0.13%
(n = 60). A vast majority of the contaminating cells were lymphocytes and
monocytes, and the preparations usualiy contained no eosinophils. Their
viability, measured by the trypan blue exclusion test, was consistenily
>95%. In some experiments basophils were further purified (purity,
~98%) by negative selection with MACS beads (Basophil Isolation kit;
Miltenyi Bictec, Auburn, CA) as described previously (13).

HUVEC were isolated and cultured according to the previously de-
scribed methods (19). The culture medium was medium 199 (Invitrogen
Life Technologies, Grand Island, NY) supplemented with 20% FCS (In-
vitrogen Life Technologies), 2 mM L-glutamine (Invitrogen Life Technol-
ogies), antibiotics (100 U/ml penicillin and 100 ug/ml streptomycin; In-
vitrogen Life Technologies), endothelial cell growth supplement (20 pg/
ml; Collaborative Research, Bedford, MA), and heparin sodium (90 ug/ml;
Sigma-Aldrich). HUVEC (2-5 X 10° cells) were cultured on 2% gelatin-
coated Transwell culture inserts (6.5-mm diameter polycarbonate mem-
branes with 5-um pores; Costar, Cambridge, MA) for 2-5 days. To confirm
the confluence of the HUVEC on the membrane, sample monolayers were
routinely stained with Diff-Quick (International Reagents, Kobe, Japan)
before use in each experiment,

TEM assay

Unless otherwise indicated, HUVEC monolayers grown in Transwell in-
serts were pretreated for 4 h with human rlL-18 (5 ng/ml; Diaclone Re-
search, Besagn, France) and washed twice with PIPES ACM buffer (25
mM PIPES, 119 mM NaCl, $ mM KCl, 2 mM Ca**, 0.5 mM Mg?*, and
0.03% human serumn albumin). Percoll-separated basophils (3 X 109100
pI) suspended in PIPES ACM buffer were added to the upper wells, and
samples to be tested (600 ul) were placed in the lower wells. After incu-
bation for 3 h at 37°C, the cells that had migrated to the lower wells were
collected and washed twice in PBS supplemented with 3% FCS and 0.1%
NaN,. For analysis of the numbers of migrated basophils, the cells were
stained with FITC-conjugated goat anti-human IgE (BioSource Interna-
tional, Camarillo, CA) at 4°C for 30 min. After washing the cells, the
numbers of FITC-pasitive cells were counted by flow cytometry as previ-
ously described (13). Basophil TEM was expressed as a percentage of the
number of inoculated basophils,

The effects of integrins and CCRs were examined by treating cells with
blocking mAbs or controls at 37°C for 30 min, Without wasking, treated
cells were placed in the upper wells. We used F(zb’), for blocking CD354
(iICAM-1) and CD106 (VCAM-1) on HUVEC to avoid the undesired ef-
fects of the Fc portion of immobilized mouse mAb on basophil FeyR.
HUVEC were pretreated with the F(ab"), of each mAb or controls at 37°C
for 30 min before assay. The inhibition by mAbs was calculated using the
following formuia: % inhibition = (migration by isotype-matched control-
treated cells — migration by blocking mAb-treated cells){migration by
isotype-matched control-treated cells) X 100,

Statistics

All data are expressed as the mean * SEM, and differences between values
were analyzed by the one-way ANOVA. When this test indicated a sig-
nificant difference, Fisher's protected least significant difference test was
used to compare individual groups.

Results
Effects of IL-1 and eotaxin on basophil migration across
endothelial cells

A basophil TEM assay was performed using Percoll-separated ba-
sophils and Transwell systems with cultivated HUVEC on the sur-
face. In accordance with the previous reports of eosinophil TEM
assays (19), HUVEC were activated by stimulation with IL-18 for
4 h before assays. As shown in Fig. 14, only marginal numbers of
basophils had transmigrated across a layer of unstimulated
HUVEC even after 3 h of incubation. In contrast, stimulation of
HUVEC with IL-1 significantly enhanced basophil TEM at later
time points. During the initial 2 h, TEM across IL-1-activated
HUVEC showed a similar time course of accumulation as TEM
across unstimulated HUVEC, After 3-h incubation, however, the
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FIGURE 1. Time course of TEM of basephils. 4, HUVEC monolayers
in Transwell inserts were pretreated with (M and (]} and without (# and C)
IL-1-8 (5 ng/m1) at 37°C for 4 h. Percoll-separated basophils were added
to the upper wells, and the chambers were incubated at 37°C in the pres-
ence (M and @} and the absence ((J and O) of cotaxin {5 nM} in the lower
wells. After the indicated time periods, the cells in lower wells were col-
lected, and the number of IgE-positive cells was determined by flow cy-
tometry. Bars represent the SEM (n = 6-8). ¥, p << 0.05; 3+, p < 0.01 (vs
spantaneous migration (O) at corresponding time point). 8, TEM through
HUVEC by highly purified basophils was indicated. Basophils from a sam-
ple of Percoll-separated cells were further enriched by negative selection
with MACS beads. TEM assays were performed for 3 h, as described
above, using Percoll- () and MACS-separated (M) basophils. The purities
of Percoll- and MACS-separated basophils were 19.6 = 5.7 and 98.3 =+
0.4%, respectively. Bars represent the SEM (n = 5). NS, no significant
difference between Percoll- and MACS-separated basophils.

number of transmigrated cells was significantly increased in cul-
tures stimulated with IL-13 (3.9 * 1.2 and 14.7 * 2.7%, for TEM
across unstimutated and TL-1-stimulated HUVEC, respectively). Fur-
thermore, basophil TEM was markedly enhanced by the presence of
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FIGURE 2, Effects of chemokines on basophil TEM. A4, HUVEC were
pretreated with IL-1-8 (5 ng/ml} at 37°C for 4 h. A basophil TEM ‘assay
was performed in the presence of various chemokines in the lower wells.
Basophils were separated by Percoll and immediately added to the upper
wells, After 3 h of incubation at 37°C, the cells in the lower wells were
collected, and the number of IgE-positive cells was determined by flow
cytometry. B, Percoll-separated basophils were cultured in RPMI 1640
supplemented with 10% FCS and antibiotics at 37°C for 24 h. The cultured
cells were added to the upper wells, and TEM assay was performed as
described above. Bars represent the SEM (n = 4-7). ¥, p < (,05; **, p <
0.01 (vs migration in the absence of chemokines (Nil)}.

a chemoattractant, eotaxin/CCL11, Compared with spontaneous
TEM, chemokine-induced TEM showed a faster time course of
accumulation. Even with unstimulated HUVEC, the number of trans-
migrated cells increased linearly untit 2 h and then plateaued. Al-
though a similar time course of accumulation was observed with
activated HUVEC until 2 h of incubation, the number of transmi-
grated cells was significantly increased at 3 h of incubation (Fig. 14).
The basophil preparations used in these experiments were Percoll-
separated an consisted of ~90% contaminating cells. To explore
whether these contaminating cells indirectly affect basophil TEM, we
further purified the Percoll-separated cells by negative selection with
MACS beads (purity, >98%) and compared the TEM between
Percoll- and MACS-separated basophils. As shown in Fig. 1B, no
significant difference in TEM was observed between the two prepa-
rations, indicating that contaminating cell populations do not signifi-
cantly affect the basophil TEM.
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Basophil TEM by chemokines

The results of our and other laboratories have demonstrated the
expression of multiple chemokine receptors in basophils (13, 16,
20), and our previous functional survey demonstrated that CCR3
ligands are mainly responsible for the migratory responses of rest-
ing basophils (13). Fig. 2 depicts the effects of various chemokines
on basophil TEM. Transmigration was determined after 3 h of
incubation using IL-1-activated HUVEC. CCR3 ligands, eotaxin,
and RANTES/CCLS5 induced strong basophil TEM. Eotaxin binds
specifically and exclusively to CCR3, whereas RANTES binds to
CCRI with higher affinity than to CCR3, To determine the che-
mokine receptors responsible for RANTES-induced basophil
TEM, we performed blocking experiments using receptor-specific
mAbs of an antagonistic nature, As shown in Fig. 3, eotaxin-in-
duced TEM was almost completely inhibited by anti-CCR3 mAb.
Although RANTES-induced TEM was also markedly blocked by
anti-CCR3 mAb, treatment with anti-CCR1 mAb exerted virtually
no effect on the migratory response.

Our previous study using a HUVEC-free Transwell system
demonstrated that CXCR1/CXCR?2 ligand IL-8/CXCL8 and CCR2
ligand MCP-1/CCL2 also induced significant, but weak, migration
of basophils (13). However, no statistically significant TEM was
observed in cells stimulated with IL-8. In contrast, MCP-1 was
capable of inducing TEM as strongly as eotaxin. Furthermore, a
CXCR4-specific ligand, stromal cefl-derived factor-1 (SDF-1)/
CXCL12, was also capable of inducing strong basophil TEM un-
der certain conditions. In our previous report we demonstrated that
the expression of functional CXCR4 is induced on the basophil
surface by 24 h of culture, and SDF-1 induced significant migra-
tory responses in 24-h cultured basophils (13). The same situation
was observed in TEM; although freshly isolated basophils failed to
exhibit TEM in response to SDF-1, strong TEM, comparable to
that induced by eotaxin, was observed with 24-h cultured basophils
(Fig. 2B).

Iantl-ccm
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|anu-ccn3
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FIGURE 3. Effects of chemokine receptor blocking on chemokine-in-
duced basophil TEM. HUVEC were pretreated with IL-1-8 (5 ng/ml) at
37°C for 4 h. Percoll-separated basophils were preincubated with anti-
chemokine receptor mAbs (20 pg/ml) or isotype control mAb (mouse
1gG1, 20 pg/ml) at 37°C for 30 min. TEM assay was performed in the
presence and the absence of eotaxin (15 nM) or RANTES (15 nM) in the
lower wells for 3 h. Migrations of contrel Ab-treated basophils toward
eotaxin and RANTES were 29.5 = 4.6 and 28.5 = 5.7%, respectively.
Spontaneous migration without any chemokine was 9.2 = 2.5%. Bars rep-
resent the SEM (r = 9). #%, p < 0.01 (vs percentage of control migration),
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Basophil TEM by IL-3

Results from our and other laboratories have established that IL-3
stimulates various aspects of basophil functions, such as mediator
release (21, 22) and in vitro survival (23, 24). Furthermore, our
earlier study using Boyden chamber systems demonstrated that
IL-3 potently enhances in vitro locomotive responses by basophils
(F1). The migratory response induced by IL-3 was chemokinetic
rather than chemotactic. When serially diluted IL-3 was added to
the upper wells of a Transwell, we observed that the number of
transmigrated basophils increased in a dose-dependent fashion
(Fig. 4). A significant increase in basophil TEM was observed
when the cell suspension in the upper wells contained as little as 3
pM IL-3. When the TL-3 gradient was diminished by adding the
same concentration of IL-3 to both the upper and lower wells, the
basophil TEM was not significantly affected. In contrast, elimina-
tion of the eotaxin gradient mostly inhibited the increase in baso-
phil TEM, indicating that eotaxin-induced TEM was mainly che-
motactic (Fig. 4). Furthermore, IL-3 showed an additive effect on
eotaxin-induced TEM; the number of transmigrated cells induced
by eotaxin was significantly increased in the presence of IL-3
(17.7 = 4.4 and 23.4 *+ 4.6%, eotaxin-induced TEM for the ab-
sence and the presence of IL-3, respectively; » = 4; p < 0.05).

Effects of adhesion molecules on basophil TEM

Adhesion molecules and their counter-receptors play a critical role
in the TEM of various cell types. Previous studies by others re-
vealed that basophils express both 8, (CD49d, CD4%e, and CD29)
and 3, (CD1la, CDI11b, and CD18) integrins on their surface (25).
When the effects of 8, and 3, integrins on basophil TEM across
IL-1-stimulated HUVEC were studied using blocking mAbs, sig-
nificant inhibition of spontaneous TEM was observed in cells
treated with anti-CD18 mAb, but'not in those treated with anti-
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FIGURE 4. Effects of IL-3 on basophil TEM. HUVEC were treated
with [L-1-8 (5 ng/ml) at 37°C for 4 h. [L-3 and eotaxin (5 nM} were added
to the upper and/or lower wells as indicated. Basophils were separated by
Percoll, and TEM assay was performed at 37°C for 3 h. Bars represent the
SEM (n = 8). %, p < 0.05; »x, p <C 0.0] (vs spontanecus migration without
[L-3 or ectaxin). .
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CD2% mAb, in both Percoll-separated and MACS-separated ba-
sophils (Fig. 54). No significant inhibition was observed in cells
treated with anti-CD1la or anti-CD11b mAb alone, but treatment
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FIGURE 5. Effects of adhesion molecules on spontaneous basophil
TEM across activated HUVEC, 4, HUVEC were pretreated with IL-1-8 (5
ng/ml) at 37°C for 4 h. Percoll-separated ([J) and MACS-separated (1)
basophils were preincubated with anti-adhesion molecule mAb (10 pg/ml)
or isotype control mAb (mouse IgGi} at 37°C for 30 min. The TEM assay
was performed at 37°C for 3 h. Bars represent the SEM (n = 4), The
purities of Percoll- and MACS-separated basophils were 17.6 * 3.7 and
98.8 + 0.9%, respectively. Control migrations of Percoll-separated and
highly purified basophils pretreated with control mAb were 4.6 * 1.8
and 3.3 £ 1.6%, respectively. *, p < 0.05; +, p < 0,01 (vs control mi-
gration). NS, no significant difference berween Percoll-separated and
highly purified basophils. 8, HUVEC were pretreated with IL-18 (5 ng/m)
at 37°C for 4 h. Percoll-separated basophils were preincubated with anti-
adhesion molecule mAb (10 ug/ml) or isotype control mAb (mouse 1gG1)
at 37°C for 30 min, The TEM assay was performed at 37°C for 3 h, Bars
represent the SEM (n = 8-10). Contro] migration of basophils pretreated
with control mAb was 7.3 £ 1.1%. *, p < 0.05; *+, p < 0.01 (vs control
migration}. C, IL-1-stimulated HUVEC were pretreated with the F(ab'), of
anti-VCAM-1 mAb (3 pg/ml), anti-ICAM-1 mAb (10 pg/ml), or control
Ab (mouse IgG, 10 ug/ml) at 37°C for 30 min. The TEM assay was
performed using Percoll-separated basoephils at 37°C for 3 k. Bars represent the
SEM (n = 6). Control migration across HUVEC precultured with the F(ab"),
of control Ab was 9.5 = 1.8%. *, p < 0.05; **, p < (.01 (vs control migra-
tion). T, p < 0.05 {vs migration after pretreatment with anti-ICAM-1 mAb).

— 240 —



The Journal of Immunoclogy

A B
eotaxin IL-3
a0 80 *k
60 *% 50
T
| = | =1 *
8 8
= =
] * 8 T
£ 407 = 40
E £
P -|- 2
2047 207
0 0
CD29 CcD18 CcD23 CcD1i8

FIGURE 6. Effects of adhesion molecules on eotaxin-mediated (4) and
[L-3-mediated (8) basophil TEM across activated HUVEC. HUVEC were
prerreated with IL-1-8 (5 ng/ml) at 37°C for 4 h. A, Percoll-separated
basophils were treated with anti-CD18 maAb (10 pg/ml), anti-CD29 mAb
(10 pg/ml), or isotype contrel mAb (10 pg/mi) at 37°C for 30 min. TEM
assay was performed at 37°C for 3 h in the presence of eotaxin (5 nM} in
the lower wells. 8, Percoll-separated basophils were preincubated with
1L-3 (300 pM) at 37°C for 30 min plus anti-CD1!8 mAb (10 pg/ml), anti-
CD29 mAb (10 pg/ml), or isotype control mAb (1¢ ug/ml) at 37°C for 30
min, Basophil TEM was performed at 37°C for 3 h. Bars represent the
SEM (n = 6-8). Control migrations induced by eotaxin and IL-3 in the
case of basophils pretreated with isotype control mAb were 22.7 = 7.6 and
22.4 * 3.4%, respectively. Spontancous TEM without eotaxin or IL-3 was
8.6 = 1.7%. », p < 0.05; »*, p < 0.0] (vs control migration).

with a combination of both mAbs resulted in significant inhibition
of basophil TEM (Fig. 58). In contrast, as expected, neither anti-
CD4%d nor anti-CD49¢ mAb inhibited TEM (—14.6 = 24.3 and
—37.5 = 26.8%, inhibitory effects of anti-CD49d and anti-CD49%e
mAb, respectively; n = 7). Fig. 5C depicts the effects of counter-
receptors of endothelial cells on spontaneous TEM. When IL-1-
stimulated HUVEC were pretreated with F(ab’), of anti-CD106
{VCAM-1) or anti-CD54 (ICAM-1) mAb, we found that TEM of
fresh basophils was significantly inhibited by anti-ICAM-1 mAb
alone. Although anti-VCAM-1 mAb alene failed to exert a significant
inhibitory effect, the combination of anti-VCAM-1 and anti-ICAM-1
mAbs produced enhanced inhibition compared with anti-ICAM-1
alone, indicating an additive inhibitory effect of anti-VCAM-1 mAb.
Taken together, these results indicate that the 8, integrin/ICAM-1
system is mainly responsible for TEM of fresh basophils across
activated HUVEC, in which the B, integrin/VCAM-1 system may
also play an additive role.

In contrast to spontaneous TEM, eotaxin-tnduced TEM was sig-
nificantly inhibited not only by anti-CD18 mAb, but also by anti-
CD2% mAb (Fig. 64). The inhibition by anti-CD29 mAb was sig-
nificantly less prominent than that by anti-CD18 mAb, TEM of
IL-3-primed basophils was also inhibited by anti-CD29 mAb, al-
though again less potently than with anti-CD 8 mAb. These results
indicate that 3, integrins are more actively involved in eotaxin- or
IL-3-induced basophil TEM, in contrast to spontanecus TEM.

Discussion
Participation of basophils in allergic inflammation has been
strengly inferred from both the increase in the number of these
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cells and the presence of basophil-derived mediators at inflamma-
tory sites during allergic reactions (2~6, 9). TEM represents an
essential step for movement of leukocytes from the circulation to
inflamed tissue sites, and numerous reports have extensively stud-
ied TEM of various types of leukocytes (26). In contrast, to our
knowledge no studies have dealt with basophil TEM to date. In the
present study, using well-established assay systems, for the first
time we have investigated basophil migration across vascular en-
dothelial cell monolayers.

The chemokine family has been highly implicated in the patho-
genesis of inflammation of various etiologies (27). In addition,
several lines of evidence have demonstrated that chemokines play
an important role in TEM of various leukocytes (28-31). The same
situation was observed in TEM of basophils. We previously stud-
ied the expression profile and functions of chemokine receptors in
human basophils (13). CCR3 is constitutively expressed on the
basophil surface, and CCR3 ligands such as eotaxin induced the
most potent migratory responses in freshly isolated basophils. In
contrast, although surface expression of CXCR4 is hardly detect-
able in freshly isolated basophils, it becomes gradually apparent
during culture, and SDF-1 induces a strong migratory response,
comparable to that induced by eotaxin (13). In parallel to these
previous findings, our present results show the involvement of both
CCR3 and CXCR4 in basophil TEM; strong TEM was induced by
CCR3 ligands in freshly isolated cells and by SDF-1 in 24-h cul-
tured basophils (Fig. 28). The physiological role of CXCR4 on
basophils is uncertain at present. However, as discussed in our
previous paper (13), constitutive and ubiquitous expression of
SDF-1 in many tissues suggests that CXCR4 is involved, rather, in
baseline trafficking of basophils. In the present study we found that
CCR2, which is strongly expressed on basophils (13, 16), is also
actively involved in basophil TEM. Our earlier report showed that
whereas CCR2 causes the most potent degranulation of basophils
(13), its migration-inducing ability is only marginal. Based on the
numbers of migrated basophils, MCP-1 is ~5-fold less potent than
eotaxin (13}, In contrast to those findings, the present study dem-
onstrated that MCP-1 elicited strong basophil TEM, comparable to
that induced by eotaxin. This observation is of potential impor-
tance, because CCR2 is virtually undetectable on human eosino-
phils (32), and MCP-1 fails to induce eosinophil TEM at all (29).
As discussed below, many of the regulatory mechanisms of TEM
of basophils are shared with eosinophils. Therefore, MCP-1-me-
diated basophil TEM may represent a unique mechanism for se-
lective migraticn of human basophils. In contrast, we failed to
observe any significant direct effects of CCR1, CCR2, CCRS,
CXCR1, and CXCR2 on basophil TEM. Thus, although we cannot
exclude possible additional effects of these receptors, it is reason-
ably concluded that basophil TEM is regulated mainly by both
CCR2 and CCR3, and by CXCR4 under certain circumstances.

HUVEC are capable of liberating various chemokines in re-
sponse to diverse stimuli (33-35). Therefore, it should be noted
that HUVEC-derived chemokines might disturb the chemotactic
gradient and thereby affect the TEM results. Furthermore, more
complicated mechanisms may exist regarding the CXCR4/SDF-1
system; Murdoch et al. (36) reported that HUVEC expressed
CXCR4 and induced a rapid calcium influx in response to SDF-1.
Inasmuch as CXCR4 on vascular endothelial cells is up-regulated
by activating stimuli, the presence of SDF-1 may induce and/or
modulate cytokine/chemokine production by activated HUVEC,
Even though we stimulated HUVEC for only a short time (4 h) and
eliminated possible soluble factors from HUVEC by washing be-
fore performing TEM assays, there remains the possibility that
HUVEC-derived mediators might affect the TEM results, as re-
ported for eosinophil TEM (34),

— 241 —



5194

We and others have demonstrated that IL-3 represents the most
potent basophil-activating cytokine and stimulates various aspects
of basophil functions, including mediator release (21, 22), survival
(23, 24), motility (11), adhesiveness to the endothelium (14), and
expression of activation markers (14). Our present finding that
IL-3 potentiated basophil TEM broadens the current concept of the
capacity of IL-3 to modulate allergic inflammatory responses by
up-regulating basophil functions. However, it seems unlikely that
IL-3 is directly involved in basophil accumulation at allergic in-
flammatory sites, because checkerboard analyses clearly showed
that IL-3-mediated TEM was chemokinetic rather than chemotac-
tic. Nevertheless, the additive effect of IL-3 seen in eotaxin-in-
duced TEM strongly suggested that IL-3, and potentially IL-5 and
GM-CSF as well, plays a cooperative role in basophil TEM with
these basophil-directed chemokines by meodulating locomotive
movement.

In addition to basophil-directed cytokines and chemokines, ad-
hesion molecules play a critical role in basophil TEM. Although
basophils express both 8, and 3, integrins (12}, we found that 3,
integrins represent the first line of adhesion molecules that account
for basophil TEM. TEM of fresh basophils across activated
HUVEC was significantly attenuated by treatment with anti-CD18
mAb. Cotreatment with anti-CDlla and anti-CD1lb mAbs
showed additive inhibitory effects, indicating the involvement of
both the ¢, and a,, chains in basophil TEM. In line with these
observations, pretreatment of activated HUVEC with mAb against
ICAM-1, a counter-receptor for both CD11a and CD11b, signifi-
cantly inhibited basophil TEM. Furthermore, basophil TEM in-
duced by TL-3 or eotaxin was also suppressed by anti-CD18 mAb.
An in vitro study by others showed up-regulation of the expression
of a B, integrin (CD11b) by IL-3 (14). We found that CD11b and
CD18 were also up-regulated by IL-3, and that eotaxin exerted the
same effact to a lesser extent (M. likura and X. Hirai, unpublished
observation). Thus, the enhanced TEM observed in IL-3- and
eotaxin-treated cells can be attributed at least in part to sirength-
ened interaction with B, integrin caused by up-regulated expres-
sion of these molecules.

Our results indicated an additional role of B, integrins in baso-
phil TEM. Spontaneous TEM across activated HUVEC was not
inhibited by anti-CD49d, anti-49e, or anti-CD29 mAb (Fig. 54),
but anti-CD29 mAb significantly inhibited TEM of eotaxin- and
IL-3-stimulated basophils (Fig. 6). The increase in the involvement
of B, integrin in these cells is potentially mediated by functional
up-regulation of B, integrin. Sung et al. (37) reported that short
term incubation of eosinophils with eotaxin or GM-CSF (30 min)
up-regulates the binding of cells to VCAM-1 without affecting the
expression level of VLA-4 protein. Although not proven, a con-
formational change in the VLA-4 receptor is likely to be respon-
sible for the increased involvement of B, integrin in basophils
stimulated with either eotaxin or IL-3. Because B, integrin is spe-
cifically expressed on basophils and eosinophils, but not neutro-
phils (38), this molecule is strongly implicated in the selective
accumulation of basophils as well as eosinophils at allergic in-
flammatory sites.

The results of blocking experiments showed a discrepancy in the
efficacy between inhibition of « and 8 subunits as well as counter-
receptors and leukocyte integrins. This discrepancy strongly sug-
gests additional involvement of untested adhesion molecules in
basophil TEM. Although our present results indicated essential
roles for o, and e, in basophil TEM, the blockade of the B sub-
unit (CD18) was more effective than that of a combination of
CDllaplus CD11b (Fig. 5, 4 and B). The lower efficacy of block-
ade of « subunits indicates possible roles for other members of «
subunits of B, integrin, i.e., CDllc (o) and a,, which have been
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shown to be constitutively expressed on basophils (39, 40). A sim-
ilar situation was postulated for counter-receptors of Ig superfarm-
ily members. We found that anti-VCAM-1 mAb showed an addi-
tive inhibitory effect in combination with anti-ICAM-1 mAb on
TEM of fresh basophils regardless of the inefficacy of anti-CD29
treatment (Fig. 5, 4 and C). Because oy, integrins use VCAM-1
as one of their counter-receptors (41), an additive role for
VCAM-1 may also support the involvemnent of ¢ 8, integrins in
spontaneous basophil TEM. Furthermore, our finding that block-
ade of counter-receptors is markedly less effective than that of
leukocyte integrins (Fig. 5, 4 and C) may reflect the involvement
of other untested Ig superfamily members, such as ICAM-2. Ad-
ditional study is required to elucidate the possible roles of these
molecules in basophil TEM.

The increased TEM observed in IL-1-stimulated HUVEC indi-
cated the importance of endothelial cell activation in basophil
TEM. Throughout our experiments we used HUVEC stimulated
with IL-1 for 4 h, which up-regulates mainly [CAM-1 expression
(42). However, the expression profile of counter-receptors on en-
dothelial cells varies in a stimulus- and time-dependent fashion.
Furthermore, phenotypic and functional heterogeneity of vascular
endothelial cells is observed among different tissues. For example,
IL-4 selectively induces VCAM-1 expression in HUVEC (43) or
nasal polyp-derived microvascular endothelium (44), but not in
microvascular endothelial cells from skin (45), intestine (46), or
lung (47). In contrast, VCAM-1 expression of pulmonary micro-
vascular endothelial cells was selectively up-regulated by fong
term (24-h} stimulation with TNF-a (47). Thus, it is highly likely
that basophil TEM across endothelial cells obtained from other
organs and/or stimulated with other cytokines would show a
different profile from our present results derived using IL-i-
activated HUVEC. To elucidate the precise mechanisms of
basophil TEM in various allergic diseases, basophil TEM across
these endothelial cells is an important issue meriting additional
investigation.

Substantial evidence to date has clearly indicated a close rela-
tionship between basophils and eosinophils (48). Both cell types
share a majority of their cell surface structures, including cytokine/
chemokine receptors and adhesion molecules. The activating he-
mopoietins for both cells, ie., IL-3, GM-CSF, and TL-5, com-
pletely overlap, and CCR3 induces strong migratory responses of
basophils as well as eosinophils. Furthermore, in contrast to neu-
trophils, B8, integrins in addition to 3, integrins are specifically
expressed on the surface of both cells. The results of the present
study clearly show that the regulatory profile of basophil TEM is
very similar to that reported for eosinophils (19, 29, 31, 49, 50). In
addition to regulatory cytokines and chemokines, adhesion mole-
cules are also involved in TEM of basophils in a quite similar
fashion as in TEM of eosinophils. These common aspects of TEM
determined in vitro strongly suggest similarity of the in vivo ki-
netics of these two cell types.

In summary, for the first time we have studied the profile and
regulation of basophil TEM using IL-1-activated HUVEC. Baso-
phil-activating hemopoietin IL-3 and basophil-directed chemo-
kines, such as CCR2 and CCR3 ligands, are critically involved in
TEM of basophils. Although B, integrin/[CAM-1 plays a major
role in basophil TEM, 8, integrin/'WVCAM-1 clearly plays an ad-
ditional role. These profiles of the regulation of basophil TEM are
very similar to those of eosinophil TEM, except for that by CCR2
ligand MCP-1. Our results thus support the previous argument for
a close relationship between basophils and eosinophils, and sug-
gest similar in vivo kinetics for these two cell types.
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Nucleosome-Specific Regulatory T Cells Engineered by Triple
Gene Transfer Suppress a Systemic Autoimmune Disease’

Keishi Fujio,* Akiko Okamoto,* Hiroyuki Tahara,* Masaaki Abe,! Yi Jiang, !
Toshio Kitamura,* Sachike Hirose,’ and Kazuhike Yamamoto**

The mechanisms of systemic autoimmune disease are poorly understood and available therapies often lead to immunosuppressive
conditions. We describe here a new model of autoantigen-specific immunotherapy based on the sites of autoantigen presentation
in systemic autoimmune disease. Nucleosomes are one of the well-characterized autoantigens. We found relative splenic localiza-
tion of the stimulative capacity for nucleosome-specific T cells in (NZB X NZW)F, (NZB/W F,) lupus-prone mice. Splenic
dendritic cells (DCs) from NZB/W F, mice spontaneously stimulate nucleosome-specific T cells to a much greater degree than both
DCs from normal mice and DCs from the lymph nodes of NZB/W F, mice. This leads to a strategy for the local delivery of
therapeutic molecules using autoantigen-specific T cells. Nucleosome-specific regulatery T cells engineered by triple gene transfer
(TCR-a, TCR-B, and CTLA4Ig) accumulated in the spleen and suppressed the related pathogenic autoantibody production.
Nephritis was drastically suppressed without impairing the T cell-dependent humoral immune responses. Thus, autoantigen-
specific regulatory T cells engineered by multiple gene transfer is a promising strategy for treating autoimmune diseases. The

Journal of Immunology, 2004, 173: 21182125,

ystemic autoimmune diseases have traditionally been

treated using nonspecific immunosuppressive agents, but

these agents often lead to opportunistic infections and an
increased rate of malignancy. There remains the need to develop
selective or specific therapies that target individual autoantigens.
Several strategies have been developed as potential Ag-specific
immunotherapies, such as using Ag-pulsed dendritic cells (DCs),?
but the majority of these approaches will require further investi-
gation '(1, 2). A more detailed understanding of autoimmune dis-
eases, including autoantigen presentation, is required for the de-
velopment of reasonable immunotherapies.

Systemic lupus erythematosus {SLE) is a life-threatening auto-
immune disease characterized by the production of a variety of
autoantibodies (3). Anti-DNA Abs are thought to be one of the
major pathogenic products of the autoimmune response (4-6).
Datta and colleagues (7-9), as well as other groups (10, 11), have
noted that nucleosomes could be a major immunogen for patho-
genic autoantibody-inducing T cells in lupus-prone mice, Datta
and coworkers (7-9) showed that the majority of pathogenic Ty
clones specific for nucleosomes were capable of rapidly inducing
anti-DNA autoantibody production, and that these clones were also
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able to induce nephritis when injected into young lupus-prone
mice. Moreover, anti-nucleosome ELISAs have demonstrated bet-
ter sensitivity, specificity, and diagnostic confidence with regard to
human SLE than anti-DNA ELISAs. Anti-nucleosome ELISAs are
also correlated with disease activity, as determined by the SLE
Disease Activity Index (12, 13).

Although evidences have accumulated demonstrating the im-
portance of nucleosomes as major pathogenic autoantigens, the
cellular mechanisms for the immunological recognition of nucleo-
somes are poorly understood. Generalized hyperresponsiveness of
B cells has been reported in both mice and human lupus (14, 15).
However, these nonspecific immune disorders cannot provide a
sufficient model of nuclear autoantigen-specific autoimmunity en-
countered in patients with lupus,

To better understand the mechanisms of autoantigen recogni-
tion, we first reconstituted nucleosome specificity by TCR gene
transfer in CD4™ T cells from (NZB X NZW)F, (NZB/W F,)
lupus model mice (3, 16). Using this model, we demonstrated an
abnormmal autoantigen presentation of splenic DCs. Among the
lymphoid organs, this elevated autoantigen presentation of DCs
was relatively localized in the spleen. We then developed a triple
gene transfer system to penerate autoantigen-specific regulatory
cells. These regulatory cells preferentially accumulated in the
spleen and suppressed the progression of the disease without ob-
vious systemic immunosuppression.

Materials and Methods

Preparation of retroviral construct

Line 3A is a cell line from lupus-prone (SWR X NZB)F, (SNFI; L-AY9)
that can recognize the immunodominant nucleosomal epitope (histone H4;
aa 71-94) in the context of [-A% (7, 8) and many cther I-A molecules (8).
Both TCR-a and -8 ¢DNA fragments were synthesized using PCR based
on the published sequences of line 3A (7, 8) and designated as AN3 TCR-x
and -B. Val3 and V34 fragments identical to CDR/! and two sequences of
line 3A were obtained from NZB splenic cDNA and an added CDR3 se-
quence by PCR. Jad1-Ca fragment and JB2.6-C8 fragment were also ob-
tained from NZB splenic ¢<DNA and an added CDR3 sequence by PCR.
Val3-CDR3 fragment and CDR3-Ja4!-Ca fragment were combined in a

0022-1767/04/502.00
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subsequent “fusion™ reaction in which the overlapping ends anneal, allow-
ing the 3" overlap of each strand to serve as a primer for the 3’ extension
of the complementary strand. The resulting fusion product is amplified
further by PCR. V34-CDR3 fragment and CDR3-J532.6-Cj3 fragment were
combined similarly. The full-length fragments were cloned into a pMXW
retroviral vector to obtain pMXW-AN3a and pMXW-AN3SB (Fig, 14).
pMXW is an improved vector generated by insertion of the woodchuck
hepatitis virus posttranscriptional regulatory element (WPRE) (17, 18) be-
tween the Norl and Sall sites of pMX (19). WPRE enhances expression of
transgenes delivered by retroviral vectors (18), and the expression effi-
ciency of the pMXW vector is improved 1.5 times when WPRE is inserted,
compared with the efficiency of the pMX vector, Murine CTLA4lg cDNA
was synthesized by PCR as described previously (20) and was then cloned
into the pMX-IRES-GFP (21). Complementary DNAs for the TCR a- and
B-chains were isolated from a ¢cDNA library of DO11.10 TCR-transgenic
splenocytes and were inserted into the retroviral vector pMX to generate
pMX-DOTAE and pMX-DOTBE, respectively (22).

Mice

NZB/W F, and BALB/¢c mice were obtained from Japan SLC (Shizuoka,
Japan). All animal experiments were conducted in accordance with the
instirational and national guidelines.

Production of retroviral supernatanis and retroviral
transduction

Total splenacytes were isolated and cultured for 48 h in RPMI 1640 me-
dium supplemented with 10% FCS, 2 mM L-glutamine, 100 U/ml penicil-
lin, £00 pg/ml streptomycin, and 5 X 1073 M 2-ME in the presence of Con
A (10 pg/ml) and IL-2 (50 ng/ml) before the transduction, Retroviral su-
pematants were obtained by transfection of pMXW, pMXW-AN3a,
PMXW-AN3S, pMX-IRES-GFP, pMX-CTLA4Ig-IRES-GFP, pMX-
DOTAE, or pMX-DOTBE DNA into PLAT-E packaging cell lines (22, 23)
with the use of the FUuGENE 6 transfection reagent (Roche Diagnostic
Systems, Somerville, NI}

Fzlcon 24-well plates (BD Biosciences, San Jose, CA) were coated with
the recombinant human fibronectin fragment CH296 (Retronectin; Takara,
Otsu, Japan) according to the manufacturer’s instructions. Before infection,
virus-bound plates were prepared. The viral supernatant (500 p1) was pre-
loaded onto each well of the CH296-coated plate, and the plate was spun
at 2000 X g for 3 h at 32°C. The virus-coating procedure was repeated
three times. Before infection, the viral supernatant was washed away and
splenocytes prestimulated for 48 h were added te each well (1 X 10°
cells/well). Cells were cultured for 36 h to allow infection to occur, To
control the viral expression efficiency, we produced a viral supernatant
(pMXW, pMXW-AN3a, pMXW-AN3S, pMX-IRES-GFP, and pMX-
CTLA4Ig-IRES-GFP, simultaneously) and prechecked the uniformity of
the infection efficiency before in virro and in vivo experiments,

Cell purification

A CD4™ T cell population was prepared by negative selection with MACS
using anti-CD19 mAb, anti-CD1le, mAb, and anti-CD8a mAb. CD1lc¢™
DCs were prepared as previously described (24, 25). Briefly, spleen cells
or lymph node cells were digested with collagenase type IV (Sigma-
Aldrich, St. Louis, MO} and DNase [, and the CD11c™ cells were selected
twice by positive selection using MACS CD1 lc microbeads and magnetic
separation columns. The purity (85% in average} was determined by
visualization with anti-CD1lc-biotin followed by streptavidin-PE. A
CDI9™ B cell population was prepared by positive selection with MACS
using anti-CD19 mAb. For CFSE labeling (Molecular Probes, Eugene,
OR), cells were resuspended in PBS at 1 X 107/ml and incubated with
CFSE at a final concentration of 5 mM for 30 min at 37°C, followed by two
washes in PBS,

Nucleosome preparation

Pure nucleosomes were prepared as previously described (26). Briefly, fro-
zen pure chicken erythrocytes were thawed and suspended in lysis buffer
on tce (10 mM Tris-HCI, 10 mM NaCl, 5 mM MgCl,, 0.5% Nonidet P-40,
and 0.25 mM PhMeSO,F, pH 7.5). The nuclei were recovered by centrif-
ugation and the nuclear pellet was washed and digested with micrococcal
nuclease. The nuclear pellet was lysed into 0.2 mM Na,EDTA, and nuclear
debris was removed by centrifugation. The soluble chromatin at 4,4, =~ 100
was dialyzed against 5 mM triethanolamine HCL, 60 mM NaCl, 1 mM
Na,EDTA (pH 7.5), and subsequently fractionated in the same buffer, usu-
ally in sucrose gradients. Gradients were fractionated and monitored at 280
nnt, and the appropriate fractions were pooled.

2119

Proliferation assay

At 24 h postinfection, purified CD4* T cells were cultured at 2 X 10%cells/
well, with 1 X 10° celis/well of irradiated CD§9* B cells or 1 X 104
cells/well of imadiated CD1lc™ DCs in 96-well flat-bottom microtiter
plates in volumes of 100 ul of complete medium with or without 1 gg/ml
nucleosome or 0.3 M chicken OVA,;, 354 Peptide. After 24 h of culture,
the cells were pulse labeled with | pCi of [*H]thymidine/well (NEN Life
Science Products, Boston, MA) for 15 h and the [*Hjthymidine incorpo-
ration was determined. In some experiments, we calculated the ratio of
(group A — cpm)/(group B — cpm) in each experiment and showed the
average ratio of three to five experiments as “average ratio of (group A —
cpm)i(group B — cpm) to clarify the reproducibility of the data.

Transfer experiments

The indicated number of cells suspended in PBS were i.v. injected into
mice. For the transfer of gene-transduced cells, cell viability was always
>97%, as detected by trypan blue exclusion.

ELISA

1gG anti-DNA Abs were quantified using ELISA plates coated with calf
thymus DNA (Sigma-Aldrich, and the DNA-binding activities were ex-
pressed in units, referring to a standard curve obtained by serial dilutions
of a standard serum pool from 7- 10 9-mo-old NZB/W F, mice, containing
1000 U/ml. IgG antinucleosome Abs or IgG anti-histone Abs were quan-
tified using ELISA plates coated with purified nucleosome or purified hi-
stone. Methods for detection of CTLA4Ig protein were described previ-
ously (27). Briefly, ELISA plates were coated with anti-mouse CTLA4
(BD PharMingen, San Diego, CA) overnight at 4°C, blocked with blocking
solution, and then incubated sequentially for 1 h at 37°°C with serial di-
lutions of serum or culture supernatants followed by peroxidase-conjugated
F(ab’), goat anti-mouse [gG2a (Accurate Antibodies, Westbury, NY) and
ABTS substrate (Kirkegaard & Perry, Gaithersburg, MD). Serial dilutions
of a known concentration of purified CTLA4Ig were used in each plate to
establish a standard curve.

Histopathology

Organs were fixed in 4% paraformaldehyde, embedded in paraffin, and
stained with periodic acid-Schiff solution. For three-color immunoflucres-
cence staining, sections were incubated with biotinylated peanut agglutinin
{Vector Laboratories, Burlingame, CA) and then with Cy35.5-conjugated
streptavidin (Cortex Biochemicals, Irvine, CA). The sections were then
stained with a rat Alexa488-labeled mAb to B220 and tetramethylrhoda-
mine-conjugated mAbs to CD4 and CD8 {Vector Laboratories). To detect
the deposition of immune complexes at glomeruli, we incubated sections
with FITC-labeled goat Abs to mouse [gG or to C3 (ICN Pharmaceuticats,
Costa Mesa, CA).

Sratistical analysis

Statistical significance was determined using the unpaired Student’s 7 test
or the Mann-Whitney U test,

Results

Transduction of nucleosome-specific AN3 TCR confers
specificity for the nucleosome and awtoreactivity to DCs in NZB/
WF,CD4" T cells

We previously reported successful TCR gene transfer and recon-
stitution of the Ag specificity to OVA in BALB/c CD4™" T cells
(27). In the present study, we transferred nucleosome-specific TCR
genes (AN3a and ) into NZB/W F, splenocytes. To improve the
expression of the introduced genes, we generated a Moloney-based
retroviral vector, pMXW, by insertion of the woodchuck fragment
(17, 18) into pMX (19). We selected the TCR of line 3A from
lupus-prone SNF1 mice. A hybridoma transfected with this TCR
did not exhibit any significant response to either H-2¢ or H-2?
APCs (28). Each TCR gene was inserted into pMXW, and the
resulting retrovirus vectors (pMXW-AN3« and pMXW-AN3B)
were used for the gene transfer (Fig. 14).

Retroviral infection of the AN3 TCR genes into NZB/W F,
splenocytes induced a 40—45% increase in the V84 population in
CD4* T cells compared with mock-infected splenocytes (Fig. 1B).
The calculated efficiency of the VB4 introduction into the
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FIGURE 1. Retroviral transfer of AN3 TCR re-
constituted the specificity for nucleosomes on
NZB/W F, CD4™ T cells. Reconstituted T cells
showed autereactivity to splenic DCs. A, Schematic
representation of the pMXW retrovirus construct ex-
pressing the ¢cDNA for the AN3 TCRa or TCRB
chain. LTR, long terminal repeat. B, Anti-CD4 and
anti-V B4 staining of pMXW (mock) or AN3 TCR-
transduced NZB/W F, splenocytes. Results of a rep-
resentative experiment are shown. C, Proliferation
of AN3-transduced and mock-transduced CD4* T
cells to B cells with nucleosomes. I, T cells alone;
O, T+ B A T+ B + nucleosomes (1 pg/ml). D,
Proliferation of AN3-transduced and mock-trans-
duced CD4™* T cells to CD11¢* DCs with nucleo-
somes. M, T cells alone; O, T+ DCs; B, T +
DCs + nucleosomes (1 pg/ml). E. Blockade of
AN3-transduced CD4* T cell proliferation to
NZB/W F, CD1lc* DCs by an anti-I-A* Ab, K24- c
195, W, T cells along; 1, T + DCs; &, T + DCs +

anti-I-A¢ Ab. F, Proliferative response of AN3- or
mock-transduced CD4* T cells from BALB/

{BAL) or NZB/W F, (BWF) (M, mock-transduced

cells; [0, AN3-transduced cells) with BALB/c

CDllc* DCs (BADC) or NZB/W F, CD11¢* DCs 4000
(BWDC). G, Proliferative response of DOLM1.10- 0
and mock-transduced CD4™ T cells from BALB/c

(BAL) or NZB/W F, (BWF) (M, mock-transduced

cells; [, DOL1.10-transduced cells with ¢.3 uM F
OVA,.; 455) With BALB/c CDIlc* DCs (BADC)

or NZB/W F, CD11c* DCs (BWDC). Data shown

are representative of more than three independent
experiments with similar results,
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CD4*VB4~ population was 50—60%. The lack of anti-Val3 or
anti-clonotypic Abs prevented direct visualization of AN3 TCR
surface expression. However, based on the transduction of other
TCR pairs (i.e.,, OVA-specific DO11.10 TCR detected by a clo-
notypic Ab KJ1-26; and AVE/BV7, detectable by anti-Va8 and
anti-VB7 Abs; data not shown), we speculate that Vo chain ex-
pression is approximately equal to that of the V8 chain. Thus, the
proportion of clonotypic AN3 TCR-expressing cells was estimated
to be 25-36% in CD4™ T cells. These cells were referred to as
BWF.AN3, and the mock-infected CD4™ T cells were teferred to
as BWF.mock.

We investigated the specific reactivity to the nucleosomes of
BWF.AN3 in the presence of NZB/W F, B cells and DCs. Al-
though BWF.mock cells showed minimal proliferation in the pres-
ence of B cetls and the nuclecsomes, BWF.AN3 showed strong
proliferation in the presence of B cells and the nucleosomes, but
not in the presence of B cells alone (Fig. 1C). The average ratio of
(BWF.AN3 - cpm)/(BWF.mock — cpm) was 1.13 + 0.12 and that
of (BWF.AN3 with nucleosome {nuc} — cpm)y(BWF.mock with
nuc — cpm) was 3.12 * 0.51 in three experiments (p < 0.005).
These results demonstrate that the introduction of AN3 TCR re-
constitutes the specificity for the nucleosome on CD4™ T cells.
Furthermore, BWF.AN3 showed proliferation in the presence of
sptenic DCs without nucleosome (Fig. 1D). The average ratio of
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(BWF.AN3 — cpm)/(BWF.mock — cpm) was 6.97 = 1.63 in five
experiments (p < 0.001). Consistent with previous report that
CD4™* T cells of lupus-prone mice respended to nucleosome ex
vivo (7), BWF.mock showed relatively weak proliferation in the
presence of splenic DCs and nucleosome. The average ratio of
(BWF.mock with nuc — cpm)/(BWF.mock — cpm) was 2.21 +
0.73 in five experiments {p < 0.05). Despite these endogenous
responses of BWF.mock to nucleosome, BWF.AN3 showed stron-
ger proliferation compared with BWF.mock in the presence of
splenic DCs with the nucleosomes. The average ratio of
(BWF.AN3 with nuc — cpm)(BWF.mock with nuc — cpm) was
4.01 = 2.18 in five experiments (p < 0.05).

AN3a-infected or B-infected cells failed to respond to the DCs
{(data not shown), and the autoreactive response was blocked by
anti-I-A? Ab (Fig. 1E). Thus, this autoreactivity of BWF.AN3 to
splenic DCs suggests that NZB/W F, splenic DCs spontaneously
present a considerable amount of nucleosomal epitopes.

The nucleosome-specific response of NZB/W F, mice consisted
of general T cell hyperreactivity and Ag-specific
hyperpresentation of splenic DCs

To investigate the relative contribution of either T cells or splenic
DCs to the autoreactive response, we also transduced the AN3
TCR into BALB/c CD4™ T cells and these cells were referred to
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as BAL.AN3. Although BAL.AN3 showed no proliferative re-
sponse to BALB/c splenic DCs, BWF. AN3 showed 2 moderate
proliferative response to BALB/c splenic DCs (Fig. 1F). These
results suggest that the BWF1 T cell hyperreactivitiy enables
BWF.AN3 to recognize small amounts of nucleosomal epitope
presented on BALB/c splenic DCs, but these small amounts are
ignored by BAL.AN3. As expected, BWF.AN3 strongiy re-
sponded to BWF1 splenic DCs. Proliferative response of
BWF.AN3 in the presence of BALB/c splenic DCs amounted to
~14-18% of that to BWFI splenic DCs, indicating that the ab-
normal presentation of splenic DCs may contribute more to the
autoreactive response than does T cell hyperreactivity.

To determine the general Ag recognition and reactivity of
NZB/W F, mice, we examined the proliferation of T cells trans-
duced with OVA-specific TCR (DOI11.10). Fifty to 60% of the
total CD4™* T cells expressed the introduced DO11.10 TCR, as
determined by the anti-clonotypic Ab KJ1-26. DOI1.10-trans-
duced BWF1 T cells cultured with DCs plus OVA,,5_ 13 peptide
exhibited stronger proliferation than BALB/c T cells, again sug-
gesting that BWF1 T cells possess general hyperreactivity. In con-
trast, the OV A peptide-presentation (Fig. 1G) and the whole OVA
presentation (data not shown) of NZB/W F, splenic DCs appeared
to be quite similar to that of BALB/c splenic DCs. Thus, the hy-
perpresentation of DCs seems to be restricted to a certain Ag.

Nucleosome-specific T cells interacted with the autoantigen in
the spleen

DCs in every type of lymphoid tissue may present nucleosomal
epitopes, because nucleosomal Ags are available in every organ.
To investigate this possibility, we fluorescently labeled either
BWF.mock or BWF.AN3 T cells in vitro with CFSE and injected
them into NZB/W F, mice. Two days after the transfer, T cells
from the spleen and those from the peripheral lymph nodes (LNs)
were harvested and analyzed. BWF.mock isolated from the spleen
exhibited a convergent strong fluorescence peak, indicating that
these cells had not proliferated extensively. In contrast, BWF.AN3
isolated from the spleen exhibited several weaker fluorescence
peaks. Moreover, AN3 CD4™ T cells underwent multiple divisions
over a 5-day period of the experiment, and mock CD4™ T cells
underwent a very slight progression of cell division (Fig. 24).
These findings suggested that BWF.AN3 encountered the nucleo-

FIGURE 2. Nucleosome-specific T cells were Mock-spl

stimulated more strongly in the spleen than in the
LNs. 4, CFSE-labeled BWF .mock T cells or BW-
F.AN3 T cells were transferred i.v. into 10-wk-old
NZB/W F| mice. Two and 5 days later, splenocytes
or peripheral LNs (cervical, inguinal, and mesen-
teric) from recipient mice were examined for
CFSE*VB4™*.gated cells. B, Proliferation of AN3-
or mock-transduced T cells to CD1ic* DCs from
the spleen or LNs. CD11c* DCs from NZB/W F,
spleens (BWspIDC), from NZB/W F, LNs
(BWLNDC}) and from BALB/c spleens (BAsp!DC).
Data shown are representative of three independent
experiments with similar results.

AN3-spl

Mock-LNs

AN3-LNs

2i21

somal epitope in the spleen. It was of note that both CFSE-labeled
BWF.mock and BWF.AN3 isolated from the peripheral LNs ex-
hibited a strong convergent fluorescence peak, suggesting that
BWF.AN3 encountered the nucleosomal epitope less frequently in
the LNs,

A comparison of the stimulative capacity for BWF.AN3 also
suggested that splenic DCs presented more nucleosomal epitope
than DCs from the peripheral LNs (Fig. 28). The average ratio of
(BWsplDC — cpm)y(BWLNDC — cpm) was 2,79 * 0.44 in three
experiments (p << 0.005). These results showed that nucleosome-
specific T cells are stimulated predominantly in the spleen.

Effect of CTLA4Ig transfer on the nucleosomal response

We next tried to generate nucleosome-specific regulatory cells by
introducing an immunosuppressive melecule, CTLA4Ig, as the
third gene in BWF.AN3 T cells. Long-term administration of
CTLA4Ig to NZB/W F, mice has been shown to prevent disease
onset for a period of months (29).

We constructed a pMX-CTLA4Ig-IRES-GFP vector (Fig. 14).
We then performed a triple gene transfer of the AN3af and
CTLAA4Ig genes to investigate the effect on CTLA4Ig expression.
The experimental groups consisted of CD4™ T cells transduced
with either AN3 + CTLAA4Ig-IRES-GFP(CTLA4lg), AN3 +
IRES-GFP(IG), pMXW(mock) + CTLA4Ig, or mock + IG. The
average expression efficiency from several different sets of infec-
tion was 45.2% for V34 and 47.3% for GFP in CD4" cells (Fig.
3A4). The average expression efficiency is expected to be 45% for
the AN3a gene, and the average percentage of GFPTAN3™* cells
expressing all three gene products in CD4™ T cells was estimated
to be ~10% (0.45 X 0.45 X 0.45). As shown in Fig. 3B, the
CTLA4Ig secreted from T cells blocked the proliferation of the
endogenous T cell population to the nucleosome to a moderate
degree. The average ratio of (mock + CTLA4Ig with nuc ~ cpm)/
(mock + IG with nuc — cpm) was 0.40 * 0.07 in three experi-
ments (p < 0.005). But the T cell stimulation mediated by AN3
TCR was not blocked by CTLA4Ig. The average ratio of (AN3 +
IG — epm)/{mock + IG — cpm) was 7.85 * 1.07 and that of (AN3
+ CTLA4Ig — cpm){mock + IG ~ cpm) was 7.18 = 0.96 in
three experiments. The AN3 + CTLA4lg transduced cells showed
the increase of CTLA4Ig secretion on T cell activation in the pres-
ence of DCs (Fig. 30).
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FIGURE 3, Effect of CTLA4Ig gene transfer on
the T cell proliferation to nucleosomes. 4, Expres-
sion analysis of GFP and VB4 in gene-transduced
cells gated for CD4. The transduction efficiency was
~45% for a single gene in each group. B, Suppres-
sive effect of CTLA4Ig wansduction on T cell acti-
vation to nucleosomes. W, T cells alone; (I, T +
DCs; &, T + DCs + nucleosome. C, CTLA4Ig pro-
duction of T cells with or without DCs. Each culture
supernatant was harvested after 24 h of culture. Data
shown are representative of three independent ex-
periments with similar results.

Nucleosome-specific regulatory cells suppressed autoimmune

disease

We transferred cell suspensions containing 1 X 10° cells of CD4"
T cells, calculatedly expressing either AN3 + CTLA4Ig, AN3 +
1G, mock + CTLAd4Ig, or mock + IG into 10-wk-old NZB/W

F, mice.

The autoantibodies usually found in NZB/W F, mice were mea-
sured in the sera from the different groups. The elevations of anti-
dsDNA and anti-histone Abs were suppressed in AN3 +
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CTLA4Ig-injected mice at 22 wk of age (Fig. 44). AN3 +

CTLA4Ig-injected mice showed the lowest average titer of anti-

nucleosome Ab, but the titer in this group was not significantly
different from those in the controls. This inefficient suppression
may be due to the fact that autoimmunity to the nucleosome is the

driving reaction and that this reaction is stronger than the subse-

anti-ds DNA antibody

quent response.
The mice were monitored biweekly for proteinuria. By week 22,
control mice that had received PBS, mock + IG, AN3 + IG, or
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FIGURE 4. Effect of adoptively transferred engineered cells on disease progression. 4, Suppression of auteantibody production. The elevation of serum
anti-nucleosome, anti-dsDNA, and anti-histone Abs, measured by ELISA, was suppressed in AN3 + CTLAdlg-injected mice at 22 wk. Statistically
significant differences between AN3 + CTLA4Ig and contro! groups are denoted by asterisks (p < 0.05); » = 7 for AN3 + CTLA4Ig, and n = 8 for each
centrol group. 8, Cumulative percentage of mice in each group that developed severe proteinuria (>300 mg/dl). AN3 + CTLA4Ig showed suppressed pro-
gression of protcinura compared with the control groups. x, PBS; M, mock + IG; [, AN3 + 1G; @, mock + CTLA4Ig; O, AN3 + CTLA4Ig. AN3 +
CTLAA4Ig vs the controls at 30 wk was significant (p < 0.05). C, A T cell-dependent huroral immurne response to active immunization of QVA, Mice
transferred with the engineered T cells at 10 wk of age were immunized with OVA in the footpad at 14 wk of age. Anti-OVA 1gG Ab titer was measured
at 17 wk of age. W, PBS; &2, mock + IG; B3, AN3 + IG; |, mock + CTLA4Ig; B, AN3 + CTLA4Ig; [, no immunization. n = 6/group. D, Measurement
of serum CTLA4Ig protein in the experimental groups with ELISA. Only AN3 + CTLA4lg-transferred mice showed detectable, but low concentration of

CTLAA4Ig protein.
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mock + CTLA4lg started developing severe nephritis, as diag-
nosed by persistent proteinuria of >300 mg/dl. By 30 wk of age,
89% of the PBS control group, §8% of the mock + IG group, 63%
of the AN3 + IG group, and 75% of the mock + CTLAA4Ig group
of mice had developed severe proteinuria, whereas none of the
AN3J + CTLAA4Ig mice showed excess proteinuria (Fig. 45). How-
ever, the AN3 + CTLA4Ig-transferred mice started to develop
severe proteinuria at 32 wk of age. Splenomegaly and an increase
in the CD4:CD8 ratio, usually observed in aged NZB/W F, mice,
were suppressed in AN3 + CTLA4Ig-injected mice (data not
shown).

The kidneys from the controls and AN3 + CTLA4Ig-injected
mice were examined at 30 wk of age (Fig. 5, A-F). Control mice
had severe glomerulonephritis with mesangial proliferation and
thickening of the capillary walls with marked deposition of 1gG
and complement. AN3 + CTLA4Ig-injected mice had mild glo-
merular lesions and deposition of IgG and complement was only
restricted to the mesangial area. Although mock + CTLA41g-
transferred mice showed formation of a number of large follicles
with T cell invasion in the spleen, AN3 + CTLA4lIg-transferred
mice showed only a limited number of small follicles (Fig. 5, &

and ).

AN3 + CTLA4Ig-treated mice exhibited the normal humoral
immune response upon active immunization

We next examined the T celi-dependent humeral immune response
to active immunization of OVA. Mice transferred with the engi-
neered T cells at 10 wk of age were immunized with OVA (100
ug) with CFA at 14 wk of age and boosted with OVA with [FA at
16 wk of age. The level of anti-OVA IgG Ab titer from 1 7-wk-old
mice treated with AN3 + CTLAA4Ig was not significantly different
from those of the control mice (Fig. 4C). AN3 + CTLA4Ig trans-
ferred mice, but not other experimental groups, had low but de-
tectable levels of serum CTLA4Ig (13.4 = 10.1 pg/ml} (Fig. 4D),
findings consistent with in vitro data shown in Fig. 3C, Thesc
results suggest that the engineered regulatory cells are sufficient to
suppress autoimmune disease. However, they are not enough to
induce general immunosuppression, because of the low serum
level of CTLA4Ig in AN3 + CTLAd4lg-transferred mice.

Discussion

In this study, we demonstrated T cell hyperresponsiveness and the
possibility of nuclecsomal hyperpresentation of splenic DCs in
NZB/W F, mice. In addition to the involvement of T cell hyper-
responsiveness in Ab-mediated autoimmune disease (30), our re-
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sults strongly suggest that the autoantigen hyperpresentation of
DCs could contribute to the initiation and propagation of the re-
sponse to the autoantigen, thereby resulting in florid autoimmune
disease. This observation is consistent with those from previous
reports indicating that mice with T cell hyperresponsiveness de-
velop only a mild form of lupus-like symptoms (31, 32). Since
hyperpresentation was not observed in the case of an exogenous
Ag, OVA (peptides and whole protein), it is possible that the au-
toantigen hyperpresentation of splenic DCs was not due to the
general hyperpresentation, e.g., excessive costimulatory signals,
but rather to some Ag-restricted phenomenon. These features may
be nucleosome specific, as reperted in a previous study demon-
strating that lupus-prone B6.NZMc1 mice showed nucleosome re-
activity of T cells without generalized immunological deficits of B
cells and T cells (33).

Although disease-related increases in the number of splenic DCs
and chemokine production by myeloid DCs have been reported
(34), these abnormalitics have been observed in aged lupus-prone
mice. Qur finding of autoantigen hyperpresentation in the splenic
DCs of young mice (10 wk) suggests the significance of the au-
toantigen hyperpresentation of splenic DCs in the pathogenesis of
lupus.

Autoreactive response of nucleosome-specific T cells was much
moere prominent in the spleen than in the LNs. Although the mixed
I-A haplotype of AfBz/Aad molecules in NZB/W F, mice (35) may
be associated with autoreactive response of AN3 infectant, the
absence of the autoreactivity to B cells and DCs from peripheral
LNs strongly suggests the requirement of an autoantigen for the
autoreactivity. Differences between the splenic DCs and DCs from
other peripheral lymphoid organs have been reported, including
differences in the expression of chemokines (36) and chemokine
receptors (37). Otherwise, localization of tissue-specific autoanti-
gen among secondary lymphoid organs may be one explanation.
For example, although DCs in the gastric LNs are known to exhibit
constitutive presentation of gastric parietal cell-specific H*/K™*-
ATPase, peripheral or mesenteric DCs do not (38). Thus, the
spleen could be one of the main sources of nucleosomes. Increased
frequency of splenic apoptosis in SNFI lupus mice has also been
reported (23). Moreover, an insufficient complement system may
allow apoptotic waste material to accumulate in the spleen (i.e., the
“waste disposal” hypothesis) (39).

In our study, the therapeutic effect with mintmal systemic im-
munosuppression was archived by the use of nucleosome-specific
T cells secreting CTLA4Ig. Although elevation of CTLA4Ig pro-
tein was detected in the serum of AN3 + CTLA4Ig mice, the

FIGURE 5. Histological examination from the AN3 + CTLA4Ig-treated mice compared with control mice. Sections of kidney from mock + 1G-injected
mice (4, C, and E) and AN3 + CTLA4Ig-injected mice (£, D, and F) subjected to staining with periodic-acid-Schiff solution (4 and B) or to immuno-
fluorescence staining with anti-IgG (C and D) or anti-C3 (£ and F}. Immunofluarescence staining of sections from the spleen, from mock + CTLAd4]g-
injected mice (G), and from AN3 + CTLA4Ig-injected mice (H} with Abs to B220 (green), CD4 and CD8 (red), and with peanut agglutinin (blue). A section

from one representative mouse from the indicated group is shown.

— 249 —



2124

average concentration of CTLA4Ig in AN3 + CTLA4Ig mice is
less than one-tenth of the level of previous systemic CTLA4Ig
treatment with 5 X 10% PFU of adenovirus (27). Although the
systemic adenoviral-CTLA4Ig (5 X 10® PFU) treatment exhibited
a therapeutic effect equivalent to that of our experiment, the sys-
temic treatment was accompanied with generalized immunosup-
pression. Since autoantigen-specific CTLA4Ig-secteting T cells
showed normal Ab production on active immunization, this treat-
ment may be superior to systemic CTLA4Ig administration. How-
ever, a systemic effect of a very low level of CTLA4Ig cannot be
excluded and should be investigated further.

Tt is not surprising that 10° AN3 + mock cells did not aggravate
the disease, since as many as 4 X 107 original L3A clone cells
were needed to accelerate lupus nephritis in young lupus-prone
mice (40). Thus, a relatively small amount of Ag-specific and po-
tentially pathogenic T cells could be used for the immunotherapy.
Foxp3, 2 member of the transcription factor family, has been iden-
tified as a key molecule for the development of CD4TCD25™ reg-
ulatory T cells {41). Retroviral transfer of Foxp3 confers regula-
tory function on CD4"CD25™ T cells. The introduction of such
regulatory molecules with TCR could possibly generate Ag-spe-
cific regulatory T cells.

In a preliminary analysis of the persistence of the transferred
genes in the spleen and LNs from 30-wk-old mice with RT-PCR,
expression of AN3a gene was detected in the spleens from two of
two AN3 + IG™ and AN3 + CTLA4Ig ™ -injected mice (data not
shown). These results may suggest the persistence of introduced
genes at 20 wk after the transfer in the spleen.

Although several models of adoptive cell gene therapy have
been reported using T cell hybridomas or lines (42, 43), our
method has the advantage of using autologous lymphocytes for
gene recipients. However, TCR-transduced recipient T cells could
gain heterodimeric TCR consisting of endogenous and exogenous
chains. If such an unexpected TCR recognizes a certain unrelated
self-derived molecule, the transduced T cells may be harmful, We
did not observe evident autoreactivity in single AN3a or AN38
genes transferred into CD4% T cells (data not shown), and the
renal disease of AN3 TCR-transferred mice was not accelerated
(Fig. 5B). There was a recent report of tumor rejection mediated by
retrovirally reconstituted Ag-specific T cells without any signifi-
cant autoimmune pathology (44, 45). However, the possibility of
developing autoimmunity should be carefully investigated further
in application of TCR gene transfer.

In the present study, the efficacy of triple gene transfer in pe-
ripheral T cells was demonstrated for the first time, Although sev-
eral improvements of the present method are still necessary, these
findings suggest that the direct engineering of Ag-specific func-
tional cells with multiple gene transfer is a powerful technique for
the development of future Ag-specific therapies.
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Systemic lupus erythematosus (SLE) is a multigenic autoimmune
disease, and the major histocompatibility complex (MHC) class Il
polymorphism serves as a key genetic efement. In SLE-prone
{NZB x NZW)F, mice, the MHC H-2972 heterozygosity (H-2¢ of NZB
and H-27 of NZW) has a strong impact on disease; thus, congenic
H-2%/4 homozygous Fq mice do not develop severe disease. In this
study, we used Fa-deficient intra-H-2 recombination to establish
A%4d_congenic {NZB x NZW)F, mice, with or without E molecule
expression, and dissected the role of class 11 A and E molecules. Here
we found that A%Y hamozygous Fy mice lacking E molecules
developed severe SLE similar to that seen in wild-type F1 mice,
including lupus nephritis, autoantibody production, and sponta-
neously occurring T cell activation. Additional evidence revealed
that E molecules prevent the disease in a dose-dependent manner;
however, the effect is greatly influenced by the haplotype of A
molecules, because wild-type H-29/2 Fy mice develop 5LE, despite E
molecule expression. Studies on the potential of dendritic cells to
present a self-antigen chromatin indicated that dendritic cells from
wild-type Fy mice induced a greater response of chromatin-specific
T cells than did those from A%d Fq mice, irrespective of the presence
ar absence of E molecules, suggesting that the self-antigen pre-
sentation is mediated by A, but not by E, molecules. Our mouse
models are useful for analyzing the molecular mechanisms by
which MHC class 1] regions regufate the process of autcimmune
responses.

ystemic lupus erythematosus (SLE) is a systemic autoim-
mune disease characterized by the appearance of autoanti-
bodies to several nuclear components. The deposition of formed
immune complexes mediates the disease in a wide variety of
tissues and organs, including the kidney and the vascular system.
There is evidence that the development of SLE is under the
control of multiple susceptibility genes (1). Among these, genes
in the major histocompatibility complex (MHC) have been
implicated as a key genetic element. Because SLE is an autoan-
tibody-mediated disease, MHC class II polymorphisms are prob-
ably involved in the pathogenesis. However, because of the
complex multifactorial inheritance and heterogeneity of SLE,
and because of the linkage disequilibrium that exists among the
class I, I1, and III genes within the MHC complex, the absolute
contribution of individual MHC ¢lass II loci has been difficult to
dissect. Thus, our knowledge of the molecular mechanism of
MHC ciass II contribution to SLE remains incomplete.
Substantial progress in research in this area has been achieved
through studies using SLE-prone mice with genetic recombina-
tion and manipulation of MHC (H-2) genes. In {(NZB X
NZW)F, mice that spontanecusly develop disease closely re-
sembling human SLE, the disease is strongly associated with H-2
haplotypes from both parents (H-2¢ from NZB and H-2* from
NZW) (2-6). Genetic dissection by producing H-2-congenic
mice revealed that an early onset of severe SLE occurs in only

13838-13843 | PNAS | September21,2004 | vel 101 | no.38

heterozygous H-2% mice and not in homozygous H-2%¢ and
H-2%% mice (2, 3, 5). Although both A and E class II molecules
may be involved, evidence has suggested that mixed haplotype
class II Aad8* molecules are responsible for the pathogenesis by
promoting the production of pathogenic high-affinity 1gG auto-
antibodies to nuclear components (7, 8).

In contrast to class II A molecules, E molecules are suggested
to be a suppressive genetic element for SLE. This notion was
based mainly on the results obtained by using a transgene
technique. A BXSB strain of mouse, another spontancous SLE
model, carries H-2" haplotype and expresses AP, but not E,
molecules, because of a defect in the Ea gene (9). The devel-
opment of BXSB disease is closely associated with the H.2°
haplotype (10) and is almost completely prevented by a trans-
gene encoding Eo? chains (11). Similar findings were noted in
the nonobese diabetic (NOD) mouse, a model of spontaneous
autoimmune diabetes. NOD mice express class II A%?, but not E,
molecules, because of a defect in the Fa gene (12). Evidence
indicated that whereas the class II A&7 gene is critical for the
disease susceptibility {13), the transgenic introduction of Ea® or
Eo* does prevent the disease (14—16). Thus, A and E molecules
seem to provide the susceptible and protective genetic elements
for autoimmune diseases, respectively, at least in these mouse
models.

Nevertheless, the conclusion awaits further studies, because the
transgene possibly induces unexpected improper effects on immune
cells. For example, unpaired or mispaired transgene-derived class IT
molecules can be toxic to B cell maturation (17). Furthermore,
there are reports suggesting that excessively generated transgenic
Ee® molecules bind to A molecules, thereby decreasing the avail-
ability of A molecules for antigen presentation (18), and that
overexpression of E molecules suppresses expression levels of
endogenously encoded A molecules (19). In the (NZB X NZW)F,
model, severe SLE occurs despite the presence of intact E mole-
cules. To examine the role of A and E molecules in {NZB X
NZW)F; lupus, we generated several kinds of congenic {(NZB X
NZW)F, mice with intra-MHC recombination at the £ subregion,
taking advantage of natural recombinants, including those we
found among ~3,000 meiosis in crosses of NZB strains.

Materials and Methods

Mice. NZB (H-29) and NZW (H-2%) mice were purchased from
the Shizuoka Laboratory Animal Center {Shiznoka, Japan) and
were maintained in our animal facility. The H-2-congenic

Abbreviations: DC, dendritic cell; NOD, noncbese diabetic; SLE, systemic lupus erythema-
tosus; TCR, T cell receptor,
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Table 1. H-2 haplotypes of established MHC-congenic and intra-MHC recombinant-congenic

New Zealand strains of mice

Strains H-2 haplotype K Ab  Aa Eb Ea Tnfa D
NZ8 d d d d d d d d
NZB.GD g2 d d d d // b b b
NZIW.GD g2 d d d d // b b b
NZB.GDr g2r d d d d d /b b
NZW.H-2¢ d d d d d d d d
(NZB X NZW.H-249)f, d/d d d d d d d d
(NZB X NZW.GD)F, d/g2 d d d d d/b d/b  d/b
(NZ2B.GDr X NZW.GD)F, g2r/g2 d d d d d/b b b
(NZB.GD X NZW.GD}F, g2/g2 d d d d /! b b b

//. Intra-H-2 recombination site between d and b haplotype.

NZW.H-2¢ (2, 3, 5) strain was established by selective back-
crossing of (NZB X NZW)F; to NZW for 15 generations.
NZB.GD (H-25%) (20) and NZW.GD strains were established by
selective backcrossing of (B10.GD X NZB)F, and (B10.GD X
NZW)F, with NZB and with NZW mice, respectively, for 15
generations. The NZB strain with an intragenic recombination
between Eq of NZB and Tnfa of NZB.GD was obtained in
crosses of NZB and NZB.GD strains and was tentatively desig-
nated NZB.GDr. Alleles at the H-2 loci in established H-2-
congenic and recombinant H-2-congenic New Zealand mice are
shown in Table 1. These mice were crossed to produce (NZB X
NZW)F, hybrids with the same d haplotype of the upstream
region of the Eb gene but with different haplotypes of down-
stream regions of the Ea gene (Table 1), and the disease severity
was compared among these female F) mice.

Typing of H-2 Haplotype. Peripheral blood was obtained from the
periorbital sinus, followed by lysis of red blood cells with
ammonium chloride. Aliquots of 5 X 10° to 10 X 10° cells were
incubated with anti-A? (K24-199) (21); anti-E {ISCR, which
reacts with a common determinant of the E molecule) (a kind
gift from Dr. N. Shinchara, Kitasato University, Kanagawa,
Japan); anti-D? (T19-191); and anti-D® (H141-30) mAbs, fol-
lowed by FITC-labeled anti-mouse polyclonal IgG antibodies
(ICN). Incubations were run for 30 min at 4°C, and the stained
cells were analyzed by using FACSTAR and CELLQUEST software
(Becton Dickinson).

Microsatellite DNA Polymorphism in the Tnfa Promoter. Tnfz pro-
moter was shown to have microsatellite polymorphism, and differ-
ent tumor necrosis factor alleles have different lengths of micro-
satellites (22, 23). Todetermine the tumor necrosis factor alleles of
each mouse strain, PCRs were performed with genomic DNAs,
using 5' primer (§'-GGACAGAGAAGAAATGGGTTTC-3)
and 3' primer (5"-TCGAATCTGGGGCCAATCAGGAGGG-3')
(22), and differences in lengths of PCR products were determined
by using electrophoresis of PCR products on 7% denaturing
polyacrylamide gels, as described in ref. 24,

Measurement of Proteinuria. The onset of renal disease was
monitored by biweekly testing for proteinuria, as described in ref,
25. Mice with a proteinuria of 111 mg/ml or more in repeated
tests were regarded as being positive.

Measurements of Anti-DNA and Anti-Chromatin Antibedies. Scrum
levels of IgG autoantibodies to DNA and chromatin were
determined by ELISA, using peroxidase-conjugated polyclonal
anti-mouse IgG antibodies (ICN). The DNA- and chromatin-
binding activities were expressed in units, referring to a standard
curve obtained by serial dilutions of a standard serum poo! from
7- to 9-month-old (NZB X NZW)F; mice, containing 1,000
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units/ml (5). DNA was obtained from calf thymus (Sigma).
Chromatin was prepared as described in ref. 26. Briefly, nucleo-
somes were isolated by solubilizing chromatin from purified
chicken erythrocyte nuclei with micrococcal nuclease, The sol-
ubilized chromatin was fractionated into sucrose gradients that
were analyzed for monomers by using electrophoresis, and the
appropriate fractions were dialyzed and pooled.

Analysis of T Cell Activation and T Cell Receptor (TCR) V; Repertoires.
To examine the activation states of CD4™ T cells, aliquots of 19°
spleen cells were double-stained with FITC-conjugated anti-
CD4 mAb and phycoerythrin-conjugated anti-CD69 mAb. To
analyze TCR Vg repertoires, spleen cells were stained with
biotin-labeled mAbs to each TCR Vg repertoire {Pharmingen),
followed by incubation with avidin-phycoerythrin and FITC-
conjugated anti-CD4 mAb. All incubations were run for 30 min
at 4°C, and the frequency of CD4* T cells with each TCR Vg
repertoire per total CD4™ T cells was calculated by using
FACSTAR and CELLQUEST software.

Preparation of Retroviral Construct with Chromatin-Specific TCR
Genes and Transduction to Splenocytes. Chromatin-specific TCR
V. and V; DNA fragments were synthesized, using PCR based
on the published sequences of the nucleosome-specific T cell line
derived from the lupus-prone (SWR X NZB}F, mouse (27, 28),
as described in ref. 29. These fragments were cloned into a
pPMXW retroviral vector (30) and transfected into PLAT-E
packaging cell lines (31) by using FuGENES transfection reagent
{Roche Diagnostics). The viral supernatant of transfected cells
were placed on fibronectin-coated 24-well plates, and total
spleen cells from 2-month-old (NZB x NZW)F, mice prestimu-
lated for 48 h with Con A (10 pg/ml) and interleukin 2 (50
ng/ml) were added to the wells (1 X 108 cells per well). Cells
were cultured further for 36 h to allow infection to occur.

Purification and Functional Analysis of Dendritic Cells {DCs), Spleen
cells were treated with collagenase type IV (Sigma) and DNase
I, and CD11¢* cells were positively collected by passing spleen
cells twice through MACS CD1lc microbeads and magnetic
separation columns. The purity (85% in average) of DCs was
determined by flow cytometry with anti-CD11c-biotin, followed
by streptavidin-phycoerythrin.

To analyze the potential of chromatin presentation, CD4* T
cells were purified by negative selection, using MACS mi-
crobeads with anti-CD19, -CD11¢, and -CD8 mAbs 24 h postin-
fection, and 2 X 10* cells per well of T cells were cocultured with
1 % 10° cells per well of irradiated CD11c* DCs in 96-well
flat-bottom plates with 1 peg/ml chromatin. After 24 h of culture,
the cells were pulse-labeled with 1 uCi (1 Ci = 37 GBq) of
[*H]thymidine per well (NEN) for 15 h, and the [*H]thymidine
incorporation was determined.
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Statistical Analysis. Statistical analysis was performed by using
Student’s ¢ test and the x* test, P << 5% was considered to have
a statistical significance.

Results

Establishment of Intra-MHC Recombinant-Congenic New Zealand
Mice. By sclective backcrossing, we first introduced the H-28
haplotype derived from the B10.GD strain into NZB (H-29) and
NZW (H-2%) and established H-2-congenic NZB.GD (20) and
NZW.GD strains. H-28? has an intragenic recombination be-
tween d and b haplotype in the E gene and the H-2 haplotype
is K'4b?Aa? Eb"Ea®TnfabD? (Table 1) (32). Because the Fa® gene
is defective, H-28% mice do not express E molecules (20). To
establish the strain that carries the H-2 haplotype of K¢
AblAG?EbEq"TnfaD?, we conducted a search for the mouse
with a spontaneously occurring intragenic recombination be-
tween Ea and Tnfa in the progeny of NZB and NZB.GD crosses.
In ~3,000 meiosis, there was a single mouse carrying this
recombination, and the recombination-congenic NZB line, pro-
visionally designated NZB.GDr (H-25%), was generated. This
haplotype is valid to evaluate the effect of E molecule expression
on the same Trnfa"D" background. Table 1 summarizes the
haplotypes of the intra-MHC-congenic New Zealand mouse and
the related strains,

E Molecule Expression Levels in {NZB x NZW)F, Mice with Different
Intra-H-2 Haplotypes. Congenic and recombinant-congenic New
Zealand mice were crossed to obtain (NZB X NZW)F; mice
with four different combinations of the H-2 haplotype {Table 1).
Fig. 1 shows flow cytometric analyses for expression profiles of
A, E, and D molecules on peripheral blood lymphocytes, As
expected, although levels of A? expression were almost identical,
levels of E molecules differed significantly among these F; mice,
i.e., full expression levels in H-2% homozygous, approximately
one-half of expression levels in H-2%52 and H-282 heterozy-
gous, and no expression in H-28%8? homozygous Fy mice. Profiles
of the class I D molecule expression showed that lymphocytes
from H-2¢82 F| mice were positive for both D? and D", whereas
those from H-2827s2 and H-28%#2 F; mice were positive for D® and
negative for D9, As also shown in Fig. 1, E molecules in wild-type
H-2%2 heterozygous F| mice were fully expressed. Because these
F, mice are heterozygous H-297 the level of A? and D¢
expression was approximately one-half of that seen in the H-24
homozygote.

Comparisons of Disease Features. Fig. 24 compares cumulative
incidences of proteinuria in wild-type H-2% heterozygous
(NZB %X NZW)F| mice with intact E molecule expression and
four kinds of H-2-congenic (NZB X NZW)F; (H-294, H-2%%e2,
H-282782 and H-28%22) carrying identical homozygous A% mol-
ecules but different levels of E molecule expression. Compared
with findings in wild-type F; mice, the incidence was markedly
reduced in homozygous A*® F; mice with intact E molecule
expression (H-24%). In a striking contrast, homozygous A%¢ F,
mice deficient in E expression (H-28%22) showed an early onset
and a high incidence of proteinuria. comparable to those found
in the wild-type F; mice. Findings in H-29%2 and H-258%"82 with
one-half of E expression levels were in between. Together with
the finding that heterozygous H-28278? and homozygous H-28%s?
F; mice share the same H-2 haplotype except for the Ea
subregion (Table 1), itis strongly suggested that the development
of lupus nephritis in A% F, mice is down-regulated by E
molecules in a dose-dependent manner,

As shown in Fig. 2B, the decrease in survival rate was
associated with an increase in the incidence of proteinuria in all
groups of mice. Whereas all H-28%8? F| mice and 90% of
wild-type F, mice died of disease by 12 months of age, 80% of
H-294 F; mice and =50% of H-292? and H-287"¢! F; mice
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Fig.1. Flow cytometry analysis for cell surface expression of Ad, E, D% and D
molecules on peripheral lymphocytes In (NZB X NZW)F, mice with different
H-2 haplotypes. The upper four groups of Fi mice with homozygous A%¢
showed the same expression leve!l of A9 molecules, and the level in wild-type
H-2%2 heterozygous Fq mice was almost one-half of that seen in the former
groups. When E molecule expression levels were examined with a mAbto a
common determinant, H-2992 and H-29%792 F; mice showed approximately
one-half the level {EV?} of that seen in H-24d and wild-type H-2%% Fy mice (E").
H-29%92 F| mice did not express E molecules {E°). DY expression levels in H-2992
and H-2%2 Fy mice were approximately one-half of that seen in H-2%9 F, mice.
DY expression level in H-2%92 F{ mice was approximately one-half of that seen
in H-292762 and H-29%92 Fy mice.

remained alive. In Fig. 2 C and D, we compare serum levels of
1gG autoantibodies to DNA and to chromatin, respectively, in
6-month-old homozygous AY¢ F; mice with different levels of E
expression. Whereas H-2#%2? F, mice lacking E molecules
showed high levels of both autoantibodies, comparable to those
found in wild-type F; mice, the levels were greatly reduced in
mice expressing E molecules.

Increase in Activated T Cells in E-Deficient Mice. Frequencies of
CD69* activated CD4* T cells increase with age in (NZB X
NZW)F, mice, as animals develop SLE (33). Fig. 34 compares
frequencies of CD69™* activated splenic CD4* T cells in total
CD4* T cells among four groups of A% F, mice at 6 months of
age. The frequency (mean * SE) in E-negative H-28%82 F, mice

- {31.1 = 8.6) was significantly higher than those found in three

other groups of Fy mice (11.0 * 2.2 in H-294 F, mice, 14.2 + 4.6
in H-2482 Fy mice, and 17.2 + 6.3 in H-2¢%¢2 F, mice) (P < 0.02).
Frequencies in H-2%#? and H-282"82 F; mice showed a tendency
to be higher than those found in H-2%! F| mice; however, there
were no significant differences among the groups.
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Fig.2. Comparisons of the cumulative incidence of proteinuria (A), survival
rate (B), and serum levels of IgG anti-DNA antibodies (C) and anti-chromatin
antibodies (D) among Fy mice with different H-2 haplotypes. The number of
mice examined is shown in parentheses. H-29%92 Fy showed a significantly
higher incidence of proteinuria and a lower survival rate, as compared with
three other A% §y strains (P < 0.001). Incidence of proteinuria and survivalrate
in H-2¢9 Fy mice were significantly reduced, as compared with H-2492 F, and
H-292¢92 F; mice (P < 0.01). Compared with H-29%92 F| mice, wild-type H-2%1F,
mice showed a subtle but significantly lower incidence of proteinuria after 7
months of age (P < 0.05) and an improved survival rate after 9 months of age
{P < 0.65). Serum levels of autcantibodies are compared at & months of age.
Column and bar represent mean and SE, respectively. Asterisks indicate a
significant difference.

TCR V;; Repertoire Skewing in E-Deficient Mice. E molecule expres-
sion levels on thymic epithelial cells affect TCR Vg repertoire
selection in the thymus {34-36). As shown in Fig. 38, Vg1l and
V12 repertoires in splenic CD4* T cells were negatively se-
lected in E molecule-positive H-249, H-2%82, and H-28%/* F,
mice, and there was no significant difference in these repertoire
frequencies among the three groups, In contrast, significant
proportions of V11 (mean and SE, 10.8 * 0.2%) and Vf
(6.0 = 0.3%) reperioires were observed in E-negative H-26%2-
mice.

12
F

Effects of E Molecule Expression on DC Function. Differences in
haplotypes of class Il molecules may affect autoimmune mani-
festations through the self-antigen presenting capacity of
antigen-presenting cells. To determine whether the presence or
absence of E molecules affects the potential for self-antigen
presentation, we took advantage of a T cell proliferation assay
against self-antigen. Splenic T cells from (NZB X NZW)F| mice
were transfected in vitro with chromatin-specific TCR Vg and Vi,
originally derived from a {SWR x NZB)F, mouse, which can
recognize the immunodominant nucleosomal epitope (amino
acids 71-94 in histone H4) in the context of A%9 (27, 28) and
other A haplotype molecules (37). These T cells can reconstitute
the specificity to the nucleosome (38). Such T cells and the T cells
transfected with vector alone (mock) were cocultured with
CDl11c-positive splenic DCs obtained from (NZB X NZW)F,
with different levels of E expression, in the presence of chro-
matin. As shown in Fig. 4, although DCs from A% F; mice with
H-29, H-2%82, and H-28%2? haplotypes induced significant levels
of chromatin-specific T cell responses, there were no significant
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Fig.3. Changesin splenicCD4* T cells among 6-month-old A% Fy mice with
different E molecule expression levels. {4) Representative flow cytometry
profiles for the expression of activation marker CD69 on splenic D4 T cells.
Frequency of CDE9*CD4* T cells per total CD4* T cells is shown, {B) Compar-
isons of each TCR Vg reperteire frequency insplenicCDA* Teells, V11 and V12
repertaires were significantly higher in H-2992 F; mice than those in other
three Fy mice (P < 0.001).

differences among the three groups of Fy mice. Compared with
findings in these A% F mice, DCs from wild-type A%? het-
erozygous (NZB X NZW)F, mice induced a significantly greater
response of chromatin-specific T cells. Thus, it is suggested that,
as compared with Aedpd, A%Z.unique Aa?f? and/or Ae*f? have
an increased capacity of DCs to present chromatin and that the
presence or absence of E molecules does not influence the
potential of DCs for chromatin presentation.

Discussion

Our newly generated intra-MHC recombinant-congenic
(NZB X NZW)F, mice make it feasible to examine the role of
class II A and E molecules in the regulation of autoimmune
disease, with disregard to the effect of other MHC genes such as
Tnfa and class I D, which also have been implicated in autoim-
mune susceptibility (39, 40). The results clearly indicated that
class 11 A and E serve as promoting and protective genetic
elements, respectively.

H-29 heterozygosity has a strong impact on SLE in (NZB X
NZW)F, mice, because the disease is largely reduced in H-294
and H-2*¢ homozygous mice (2, 3, 5). This observation means
that a combination of H-2-linked genes from both parents play
a tole in an epistatic manner. In this context, we earlier
speculated that the polymorphic class I & and 8 chain genes
from both parents may form F -unigue mixed haplotype o/B
heterodimers, such as Aad98% and Aa*p9, either of which may
serve as a restriction element for self-reactive T cells (5).
Consistent was the finding in the present studies that, compared
with DCs from A% homozygous Fy mice, DCs from wild-type
A% (NZB x NZW)F, mice showed a greater likelihood of
chromatin presentation to T cells. Because the antigen-
presenting capacity was not influenced by the presence or
absence of E molecules, class II A molecules can be attributed
to this event, The importance of mixed haplotype a/B het-
erodimers also was supported by findings of Gotoh et al. (7), in
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Fig. 4. The potential for chromatin presentation by CD11c-positive splenic
cells from (NZB X NZW)F; mice with different H-2 haplotypes. Splenic T cells
from [NZB x NZW)F; mice transfectad with chromatin-specific TCR V.. and V3
or with vector alone (mock) were cocultured with CD11¢-positive splenic DCs
obtained from F, mice with different H-2 haplotypes, in the presence of
chromatin, and T cell proliferative responses were compared. DCs from all
these £, mice induced significant Jevels of chromatin-specific T cell responses;
however, the potential of DCs for chromatin presentation was significantly
higher in wild-type H-2%7 F, mice than that in other Fy groups. Means and SE
of three experiments are shown,

which the Aadp-restricted self-reactive T cell clone isolated
from (NZB X NZW)F, mice had a potential to induce IgG
anti-DNA antibodies in vive (8). These Fi-unique mixed haplo-
type class Il a/f heterodimers also may be involved in the
aberrant selection of self-reactive T cells in the thymus. Based on
studies by Braunstein and Germain (41), the assembly of Ax and
Ap chains of different haplotypes is under serious pairing
restrictions, Thus, low expression levels of these heterodimers in
the thymic epithelial cells may allow e/B heterodimer-restricted
self-reactive T cells to escape from negative selection in the
thymus.

In contrast to A molecules, the mixed-haplotype E molecules
are not formed in most of the H-2 heterozygotes, because Ea
chains are usually nonpolymorphic (42). However, Eaf is unique
among the Ex chains of other haplotypes and has two amino acid
substitutions in the al domain (43, 44). Thus, F; unique E
molecules can be formed in H-29 F, mice. In this context,
Nygard et al. (45) proposed the possible preferential formation
of Ea®f* mixed haplotype molecules and their involvement in
the promotion of F; disease. However, evidence indicated that
Ead8% molecules are protective rather than promoting (20).

The protective mechanism by E molecules remains elusive;
however, several possibilities are suggested. First is the E-
mediated clonal deletion mode! of self-reactive T cells in the
thymus. It has been shown that T cells bearing TCR Vg5, Vgll,
V12, and Vgl7a are eliminated in E-positive strains of mice
(34-16), although the extent of negative selection is influenced
by background genes (46—48). In this context, there are reports
indicating that no clear-cut difference in the expression of TCR
Vg repertoire was observed between E* and E transgenic NOD
(16) as well as collagen-induced arthritis-susceptible B10.RQB3
mice (49), although the E transgene protected against the
disease. Hence, the clonal deletion hypothesis for E-mediated
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protection of autoimmune disease has been dismissed in cases of
these models. In the (NZB X NZW)F, genetic background,
however, CD4 T cell repertoires bearing TCR V11 and Vgl2
were significantly negatively selected in mice expressing E
molecules. Thus, clonal deletion remains one possible mecha-
nism at work in our mouse models,

Second is the determinant capture model. In Ea“transgenic
BXSB mice, transgene-derived Ea? peptides bind to A" mole-
cules, possibly decreasing the use of A molecules for presenta-
tion of pathogenic self-peptides (18). Rudensky er al (50)
showed evidence for the binding of Eaf peptides to A" molecules
in a sequence analysis of peptides derived from the cell surface.
This mechanism may be involved in the E-transgene-mediated
protection of the collagen-induced arthritis model of ES-
deficient B10.RQB3 mice (51, 52). However, such a mechanism
may not be operative in our medel, because the potential for

" chromatin presentation by CD11C* DCs was not affected by E

molecules expressed in A% F) mice. This notion is in agreement
with the finding by Nakano er al. (53) that antigen-presenting
cells from both E* and E~ NOD mice can similarly stimulate
diabetogenic T cells.

Third is the cytokine balance model. Hanson et al (19}
proposed that E molecule-mediated Thl/Th2 cytokine imbal-
ance is one possible mechanism for the disease protection in
Ead-transgenic NOD mice. Indeed, there is evidence that the
differential MHC class II expression on antigen-presenting cells
mediated by class II promoter polymorphism exerts a codomi-
nant effect on the Th1/Th2 cytokine balance (34, 55). In our
preliminary studies, however, there was no clear difference in the
potential of anti-CD3-stimulated T cells to produce IL-4 and
IFN-y between E* and E~ A% F mice (data not shown).

An alternative is the signal transducer competition model, in
which B cells may be the major cellular sites of E molecule-
mediated autoimmune protection. Lang et al. (56) reported that
antigen stimulation by means of the B cell antigen receptor on
resting B cells induces association of MHC class II molecules
with B cell antigen receptor-derived Ig-a/Ig-8 heterodimers,
which function as signal transducers on class II aggregation by
the TCR. Because both A and E molecules physiologically
associate with Ig-a/B heterodimers (S6), when self-reactive B
cells were stimulated by A-restricted T helper cells plus self-
peptides, E molecules possibly associate competitively with
Ig-a/B heterodimers. Hence, activation signals should be lower
in E* than in E~ B cells, This idea well explains the observed
dose dependency of E-mediated protection of SLE seen in the
present studies.

Wild-type H-292 F; mice develop severe SLE, although they
do express intact E molecules. This finding is in striking contrast
to findings in H-29 F, mice that develop the disease only when
lacking E molecules. Two mechanisms are thought to be in-
volved. First, compared with H-2%¢ F,, the self-antigen-
presenting capacity of DCs in H-292 F, is much higher, so that
effects of E molecules may be insufficient for suppression.
Alternatively, although not mutually exclusive, generation of
H-2% Fi-unique self-reactive T cells restricted to haplotype-
mismatched Aa/B heterodimers in the thymus, as discussed
above, may play a role in an E molecule-independent manner.

Taken collectively, our mouse models may provide means for
further clarification of molecular mechanisms involved in the
positive and negative regulation of autoimmune disease medi-
ated by class IT A and E molecules. Studies on the suppressive
effect of E molecules are of particular importance, because one
can apply this knowledge to future prophylactic and therapeutic
approaches to autoimmune diseases.
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