The Journat of Immunology

A LN cells from primed mice

B v recepror
Y™ caron

B Spleen T cells from naive mice

-= Y1 receptor
=

FIGURE 7. Constitutive expression of Y, receptor mRNA in LN cells
from immunized animals and T cells from naive mice. A, LN cells from
animals immunized with MOG.;_5 express Y, receptor RNA (Jeft panels).
LN cells were prepared as described in Material and Methods. RNA from
homogenized mouse brain was used as a positive control (right panels in
both A and B). One representative experiment is shown. B, T cells isclated
from spleens of naive animals also express Y, receptor RNA (feft panels).
Five micrograms of total RNA were used for RT-PCR, and amplified prod-
ucts were analyzed by agarose gel electrophoresis. GAPDH was used as a
control for equal loading. The sizes of the PCR products were 334 bp for
the Y, receptor and 190 bp for GAPDH.

group), and all the recipient mice died before day 18 after cell transfer.
However, there was a clear tendency that mice transferred with T cell
blasts from p-His?-treated mice would survive for a longer period of
time (the date of death in an individual mouse: day 14, day 17, day 17,
day 17, day 17) compared with those given the T cell blasts from
PBS-treated mice (the date of death: day 8, day 11, day 14, day 15,
day 15). In addition, the mice transferred with the T cells from
{D-His?®-treated mice showed a reduced clinical score at day 8 com-
pared with the control mice (1.5 * 0.5 vs 4.5 * 0.6). These results
indicate that NPY Y, agonist is effective also for EAE induced in
SJL/T mice and that the mechanism of action is to interfere with the
process of effector lymphocyte generation.

Discussion

With regard to the bidirectional interaction between the immune
and the nervous system, prior studies have indicated that cat-
echolamines released from sympathetic nerve endings regulate
Thl responses and Th1l-mediated disease such as EAE. Qur study
demonstrates that NPY also plays an important role in the regu-
lation of EAE. It has previously been indicated that NPY modu-
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FIGURE 8. Splenocytes frem naive mice were stimulated by a plate-
bound anti-CD3 mAb in the presence of various concentrations of
{p-His**]NPY. The Y, receptor agonist induced a dose-dependent inhibi-
tion of the secretion of IFN-y in vitro (Y, receptor agonist vs control:
1077 M, p = 0,023; 1071 M, p = 0.001; 107% M, p < 0.0001). Pooled
data from three independent experiments are shown (n = 7). Error bars,
SEM,; *, significant differences between treated and untreated conditions.
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lates various T eell functions in vitro, including T cell adhesion o
integrins (30) and cytokine secretion of in vitro established T
clones (22, 23). Our study could be regarded as the first work to
provide evidence that NPY modulates T cell function in vivo and
that NPY is involved in the natural regulation of Th!-mediated
autoimmunity,

The action of NPY is mediated via distinct receptor subtypes
such as the Y, Y4, Y4, and Y receptor. Here we conclude that Y,
receptors are the main receptor subtypes engaged in the NPY-
mediated suppression of EAE. This conclusion was obtained from
a series of experiments applying Y, receptor agenists and a Y,
receptor antagonist. Firstly, we showed that the suppressive effect
of NPY on EAE was abolished when we coinjected the Y| receptor
antagonist BIBO3304. Secondly, we replaced native NPY with
two types of compounds known to selectively stimulate Y, recep-
tors ([p-His>*]NPY, [F",P**INPY) and found that these NPY an-
alogs also effectively suppress the dévelopmcm of EAE. However,
a Y, receptor agonist was not effective. Thirdly, treatment with
BIBO3304 resulted in a significantly earlier onset of disease. All of
these results indicate that Y, receptor engagement leads to the
suppression of EAE.

The Y, receptor agonists appear to be much more potent EAE
inhibitors than native NPY. In terms of the dosage requirement to
gain clinical effects, the hierarchy for the native and altered NPY
compounds was apparent ([p-His**INPY > [F” P**]NPY > native
NPY). It seems that the efficacy of these ligands as EAE thera-
peutics correlates with the specificity for the Y, receptors. Narmely,
[D-His**JNPY is more selective for Y, receptors, compared with
[F? P**INPY (24). Taking this into consideration, it is possible that
stimulation of non-Y, receptors may compete with Y, receptor
ligation. Alternatively, the Y, receptor agonists may be more ef-
ficacious as ligands than native NPY in inducing intracellular
events leading to the immunoregulation. Alternatively, these dif-
ferences in the potency of Y, receptor compounds and the native
peptide NPY may be explained by parallel activation of stimula-
tory and inhtbitory Y receptors by NPY itself rather than by the
specific ligands. Furthermore, it is possible that the different Y,
receptor specific compounds exhibit a differential tissue penetra-
tion or may be differentially degraded by specific enzymes such as
CD26 (31, 32). Further studies are needed to verify these postu-
lates and provide us with a new insight into NPY-Y, receptor
interactions.

The experiment using the Y, receptor antagonist BIBO3304
showed an earlier onset of EAE, although the disease course was
not altered after onset. This indicates that endogenous NPY plays
a regulatory role in the induction phase, but not in the effector
phase of EAE. Consistent with this, we showed that the treatment
during the induction phase is as effective as the continuous treat-
ment covering both induction and effector phases, whereas the
treatment starting after onset of EAE does not change the clinical
course of EAE. A possible explanation for the failure of the Y,
receptor antagonist to alter the effector phase is that endogenous
NPY levels may substantially decrease in the effector phase, owing
to enzymatic degradation. Whereas it is currently impossible to
measure the NPY levels in mice with EAE, it is well known that
NPY is cleaved by enzymes such as dipeptidyl peptidase IV (CD26),
a membrane-bound enzyme, constitutively expressed on numerous
cells including leukocytes (31, 32). In addition, activated T cells are
reported to express a higher level of CD26 on their surface (33). Thus,
it is possible that the contribution of endogenous NPY to the immu-
noregulation might be reduced in the effector phase because of the
rapid degradation by enzymes such as CD26. It is necessary to pursue
this issue with different methodologies.
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Regarding the mechunism for NPY-mediated suppression of
EAE, we showed a significant inhibition of anti-MOG, 5 55 [2G2a
titers and of [FN-y production by MOG 4 s¢-specific T cells after
treatment with [n-His® |NPY, In contrast, IgG1 titers were unal-
fected, which resulted in a bigher IgGl-1gG2a ratio in treated
mice. Also, T cell-proliferative responses were not afiected signil-
icantly. On the basis of these results, we conclude that NPY plays
a selective role in inhibiting IFN-v production by MOG;4_ss-$pe-
cific T cells, leading to a Th2 bias. Ex vivo reconstitution exper-
iments also showed that MOG.;_ss-specific T cells are the major
target for NPY. Although the presence of functional Y, receptors
on rat leukocytes has been documented (20, 21), we proved here
the presence of mRNA encoding the Y, receptor in T cell popu-
lations. Accompanying in vitro experiments further confirmed that
NPY suppresses T cell production of IFN-y provoked by CD3
cross-linking.

In conclusion, this study demonstrates for the first time to our
knowledge that NPY has an immunomodulatory activity that sup-
presses signs of EAE. Given that the levels of NPY in the CSF are
reduced in patients with MS (34, 35), it is tempting to speculate
that NPY may also play a critical role in preventing the develop-
ment of MS. With the availability of novel and highly selective
agonists and their ability to mimic the effects of NPY in a highly
specific manner, we propose that targeting NPY receptors may be
a promising new therapeutic approach to autoimmune disorders.
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Another View of T Cell Antigen Recognition: Cooperative
Engagement of Glycolipid Antigens by Val4Jal8 Natural
TCR'

Aleksandar K. Stanic,* R. Shashidharamurthy,* Jelena S. Bezbradica,* Naoto Matsuki,*
Yoshitaka Yoshimura,* Sachiko Miyake," Eun Young Choi,* Todd D. Schell,’ Luc Van Kaer,*
Satvir S. Tevethia,’ Derry C. Roopenian,* Takashi Yamamura,’ and Sebastian Joyce®*

Val4]al8 natueral T (INKT) cells rapidly elicit a robust effector response to diferent glycolipid Ags, with distinct functional
outcomes. Biochemical parameters controlling INKT cell function are partly defined. Tlowever, the impact of iNKT cell receptor
B-chain repertoire and how a-galactosylceramide (a-GalCer) analogues induce distinct functional responses have remained
elusive. Using altered glycolipid ligands, we discovered that the Vb repertoire of iNKT cells impacts recognition and Ag avidity,
and that stimulation with suboptimal avidity Ag resuits in preferential expansion of high-affinity iNKT' cells. iNKT cell prolifer-
ation and cytokine secretion, which correlate with iNKT cell receptor down-regulation, are induced within narrow biochemical
thresholds. Multimers of CD1d1-aGalCer- and aGalCer analogoe-loaded complexes demonsirate cooperative engagement of the
ValdJal8 iNKT cell receptor whose structirre and/or organization appear distinct from conventional a8 TCR. Ouvr findings demon-
strate that iNK'T' cell functions are controlled by affinity thresholds for glycolipid Ags and reveal a novel property of their Ag receptor

apparatus that may have an important role in iNKT cell activation. The Journal of Immunology, 2003, 171: 4539-4551.

cell-to-cell commaonication through receptor triggering and

the dynamic formation of an immunological synapse. Central
to this process is the interaction between the Ag and its cognate re-
ceptor, which relays the specificity of recognition. Although much has
Leen learned regarding the interactions between peptide Ags and their
cognate TCR, comparatively little i known about the reeognition of
CI-restricted glycolipid Ags by specific T cells.

Val4Jal8 natural T (iNKT)® cells are a unique subset of
CDld!-restricted T lymphocytes whose invariant a-chain prefer-
entially pairs with Vb82 B-chain and less commonly with Vb7.
Remarkably, in vive iINKT cell activation through the TCR resuits
in rapid (i.e., within 60-90 min) and robust I1.-4 response and a
spectrum of Thi and Th2 cytokires (reviewed in Ref. 1). In strik-
ing contrast, conventional T lymphocytes require up to a day to
produce significant amounts of cytokines in response to Ag.

The natural Ag recognized by iNKT cells remains unknown. A
variety of CDI1d-positive cells activate freshly isolated thymic
iNKT cells and derived hybridomas without the addition of any

I Y undamental to the initiation of a cellular immune response is
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exogenous Ag (2-6), which suggests the recognition of self-Ags.
Moreover, presentation of self-Ags requires CDld trafficking
through the late endosomes/lysosomes (3, 4, 7-9). The recognition
of a-galactosylceramide («GalCer) and a-glucosylceramide by
iNKT cells (10-14) soggests a glycosphingelipid nature of the
clusive Ags. Although aGalCer is a nonphysiological Ag, our re-
cent studies indicate that it may be a very close mimic of at least
one natural iNKT cell ligand (£5). Consistent with this conclusion
is the fact that aGalCer and’or its close analogue OCH, with a
shortened Jong-chain sphingosine base and acyl chain, exhibit im-
munopharmacological effects in vivo. Thus, aGalCer acts like an
adjuvant enbancing immunity to malaria and other infectious
pathogens (16). Furthermore, eGalCer and/or OCH can prevent
autoimmune diseases in mouse models of type | diabetes and mul-
tipte sclerosis (17-21). Interestingly, the ability of QCH to induce
TL.-4 atone and no [FN-y appears to undeilie its pharmacelogical
action (19). Thus, delineating the bhicchemical parameters of
Valdlal8 TCR/Ag interactions is of paramount pharmacological
significance.

Interactions of soluble Ag receptors of conventional T cells with
cognate Ags are of low affinity (0.1-50 uM) and relatively fast
dissociation hal-life (r,,, = 1030 s) (22-25). Val4Ja18 TCR of
an INKT cell hybridoma has been demonstrated to interact with
aGalCer-loaded CD1d1 with relatively high affinity (0.2 M) and
very long half-life (¢,,, = 1755) (26). The high-avidity interaction
of Val4lal8 TCR with CD1id1-aGalCer dimer appears to be in-
fluenced by TCR B-chain repertoire (27). Recent studies have im-
plicated both optimal dwell time (28) and affinity (29) of TCR-Ag
interaction as critical determinants of T cell sensitivity and acti-
vation. Furthermore, interaclions of conventional TCR with Ag are
thought to be stabilized by CID4 and CD8 coreceptors (30-32).
Long dwell time of ValaJal3 TCR/ICDI1d1-aGalCer interaction
(26) appears counterintuitive to the optimal dwetl-time require-
ments for T cell activation. Because iNKT cells might not use
coteceptors during Ag engagement, this interaction might require

0022-1767/03/802.00
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intrinsicaliy high affinity and long dwell time for activation of this
T cell subset

Ap recognition by conventional T cells entails self-nonself dis-
crimination. Thus, T cells are tuned to extraordinarily sensitive
recognition of foreign Ags (on the order of 20~100 molecules per
cell) and base activation decisions on affinity and dwell time (23,
24, 28, 29). Considering that a large body of evidence indicates
that iNKT cells recognize self-Ag, a paradox ensues. How is if that
iNKT cells are not continually activated by very small amounts of
self-Ag presented on APCs in vivo? Self-Ag recognition must be
finely {uned to prevent iNKT cell activation during physiological
conditions, but to rapidly respond to disturbances in cellular phys-
iology. In other words, iNKT cells need to be very sensitive (o
modest changes in sel{-Ag concentralion. In biological systems,
this kind of fine-tening is often achieved by cooperative ligand
engagement Cooperativity itselfl is defined as a positive or nega-
tive change in multimeric receptor affinity for ligand following
primary and subsequent subunit binding events. Thus, positive co-
operativity permits disproportionately sensitive ligand engagement
by multimeric receptors, resulting in an almost digital off-on re-
sponse (33). A form of cooperativity in conventional T cell Ag
recognition is afforded by coreceptor-mediated stabilization of
TCR-Ag interaction in the immunological synapse. How iNKT
cells substitute for coreceptor usage and yet remain unresponsive
to low levels of self-Ag remains unknown, Initial report of CD1d1-
aGalCer tetramers demonstrated that an iNKT cell hybridoma en-
gages Ag with a Hill coefficient of 4.5, which was interpreted to
signify the tetravalency of CD1d!-aGalCer tetramers. Hill coeffi-
cient depends on valency but is always lower than the number of
binding sites of the multimer (i.c., lower than four for any tel-
rameric molecule) {34). Because the Hill equation used to calculale
the Hill coefficient was not provided in the first (35), how the value
of 4.5 was obtained remains elusive.

Severz] questions regarding CD1d1-lipid/TCR interactions re-
main: Are there affinity and concentration thresholds for the in-
duction of distinct iNKT cell responses? Does the TCR $-chain
repertaire impact iNKT cell Ag reactivity in vivo? Does cooper-
ativity play arofe in iNKT cell receptor-Ag interactions? In studies
relevant to these questions, we demonstrate that the avidity thresh-
olds for iNKT cell receptor determine sensitivity for glyeolipid Ag
recognition. Despite the invariant nature of the TCR a-chain. TCR
p-chain usage by iNKT cells critically impacts the specificity and
the avidity for glycolipid Ags. Furthermore, when responding to a
suboptimal affinity ligand, high relative avidity iNKT cells are se-
lected. Interestingly, iNKT cell receptor appears to have structure
and/or organization distinct from other o TCR and engages Ag
cooperatively. Taken together, these features of iNKT cell receptor
permit sensilive sell-Ag recognition and delermine their functional
outcomes.

Materials and Methods
Mice

Experiments with B6-Ja/8% (36) (a gift from M. Tauiguchi (University of
Chiba, Chiba, Japan)). B6.129-CD1elI%® (37), and CS7BL/S (The Jackson
Laboratory. Bar Harbor, ME) were in compliance with the regulations of
the Institutional Animal Care and Use Commitice of Vanderhilt University.

Cell lines and hybridomas

CTL clones and hybridomas (generously provided by A. Bendelac (Prince-
ton University, Princeton, NJ) and K. Havakawa (Fox Chase Cancer Cen-
ter, Philadelphia, PA)) have been described (38-41).

COOPERATIVE GLYCOLIPID Ag RECOGNITION BY Val4Jal8 TCR

NKT cell enrichinent

C37BL/6 thymocytes and splenocytes reacted with anti-CD161-PE were
scparated with anti-PE magretic microbeads using an automated sorter
(Miltenyi Biotec, Auburn, CA). Samples were typically >95% CD161%.

Antigens

Glycolipids (12, 19) and peptides (38, 39) have been described. Kirin
Brewery (Gumma, Japan) generously provided cGalCer. SV40 T Ag-de-
nved epitope IV (VVYDFLKL), H28 (ILENFPRL), and H&0 (LT-
NYRNL) peptides were synthesized by F-moc chemistry at the Macro-
molecular Core Facility (Pennsylvania State University).

Generation of multimers

Preparation of CD1d1-glycolipid (15) and H2K"-peptide tetramers (27, 28)
has been described. Dimers of CD1d1 {custom order; BD PharMingen, San
Diego, CA) and H2K" (DimerX; BD PharMingen) are dimeric owing to
their fusion to [g(G1 H chains. To chviate the potential for artifacts induced
by detection mediated via a fluorochrome-conjugated secondary Ab, the
dimers were Alexa Fluor 647- or PE-conjugated via Fab specific (or the Fe
portion of Ig(3] (anti-mouse IgG1 Alexa Fluor 647 and PE Zenon kits:
Molecular Probes, Eugene, OR). Every batch of tetramer generated was
tested for complete loading of aGalCer and its analogues by glycolipid
titration loading and testing by reaction with the best characterized iINKT
hybridoma N38-2C12.

Flow cytometry

All Abs were from BD Pharhingen unless otherwise stated. Tetramer-
stained ValdJal8 iINKT hybridomnas (N37-1115a, Vb3.2Tb2.6; N33-2C12,
Vb8.2Jb2.5; N38-3C3, Vb8.2Jb2.2; and DN32.D3, Vh3.2Tb2.4) were also
labeled with anti-TCR CB-PE (157-597), NKT cell-enriched thymocytes
and splenocytes with anti-NK1.1-PE (PK136), and anti-TCR C3-FITC.
CTL clones (SV40 epitope IV-specific 2168T as well as minor histocom-
patibility (mH) Ag-specific SPH60, BHG0, and SPH28) reacted with tet-
ramers were also stained with anti-CD8«-FITC. Samples were analyzed
wsing FACSCalibur and CellQuest, version 3.0 (BD Bioscicnces, Franklin
Iakes, NI) as well as FlowJo 4.2 {Tree Star, San Carlos, CA).

Determination of relative avidity (K.}

Equilibrium (>>2 h) binding experiments were performed using increasing
telramer concentrations in 100 ul of PBS containing 29 FCS (Invitrogea,
Carlsbad, CA) and 0.05% NaN; at 4°C, 1o prevent capping and internal-
ization of the TCR. &,, was calculated from specific mean Auorescence
intensity (MET; difference between total MXET at a defined tetramer concen-
tration and background MI derived from ligand-(ree tetramer binding o
the same cells) using nonlinear regression analysis fitted to classical
Michaelis-Menten kineties (Prisin 3.02; GraphFad Software, San Diego,
CA). MFT (% maximum) shown in the relevant figures is based on V,
calculated from nonlinear regression analysis of the data for adequate
graphical representation, This pemits easy and reliable comparison of data
generated in different experiments. Nonlinear Michaelis-Menten regression
analysis was preferred. because Scatchard transformation, which uses lin-
ear regression, amplifics any variation of the data from the linear curve.
That notwithstanding, the results from the Michaelis-Menten kinetics were
confirmed by using classicat Scatchard transformations to derive the &, (42).

Determination of off-rates

T cells were labeled with S0 pg'mi H2K-peptide or 10 ug/ml CDId-
glycolipid tetramers, respectively, incubated at 4°C for 3 h, and washed
extensively, Cells were also stained with 10 ug/ml anti-TCR CB-FITC to
monitor TCR levels. Following initial tetramer binding, 10° cells were
chased in 3 ml of buffer with rocking at 4 or 37°C {or the indicated time
periods and analyzed by flow cytometry.

Measurement of in vive and in vitro cytokine response

Mice were injected iv. with the indicated corcentiations of glycolipids
diluted in PBS from a 220 ug/ml stock solution in vehicle (0.5% viv
polysorbate and 0.9% wiv NaCl), Controls were injected with correspond-
ing dose of vehicle. Alter 90 min, 11.-2, IL~4, I1.-13, CSF-2, IFN-v, and
TNF-or in control and immune sera were measured by ELISA using Abs
and methods that we have described previously (43).

TCR down-regulation and in vitro expansion
Bulk C57BL.#6 splenocytes were incubated for the indicated amounts of

time with increasing concentrations of glycolipid Ags. Following stimuta-
tion, iNKT cell receptor leve! was determined by flow-cylometric analysis
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following staining with CD [d!-nGalCer tetramer, anti-TCRS Ab. within
electronically gated B220 and CI>8-negative lymphocytes. In other exper-
iments, Ags were first equilibrium-loaded overnight onto B6.129-Tera®®
splenocytes, and then mixed with CSTBL/6 splenocytes magnetically de-
pleted of MHC class [1-positive cetls. To directly evalvate iINKT cell di-
vision during culture, splenocytes were labeled with 2 M CFSE (Molec-
ular Probes) in PBS for 8 min at room temperature, followed by quenching
with cold FCS and washing with ice-cold RIPMI 1640 supplemented with
10% FCS belore culture. Evaluation of INKT cel] profiferation was per-
formed by multiplying the percentage of INKT cells determined by flow
cytometry with the total cell number.

Cell-free Ag dissociation assay

Soluble mouse CDId! was Ni-aftinity purified, as described (44), and
bound to ELISA plates al a concentration of 10 pg/ml. Following binding
a1 4°C for 18 h and blocking of unbound siles with 2% FCS, plate-bound
soluble mouse CD1d] was loaded with 0.1 1M lipids for 12 b at 37°C.
After removing excess lipids, the Ag wus allowed to dissociate for the
indicated times at 37°C. The wells were washed again, and ~5 X 10
hybridoma cells were added to each well. Controls included wells bound
with 2 ug/ml anti-CD3e (positive) or with 5 jug/ml BSA (negative) loaded
with 1 pgiml «GalCer. IL-2 secreted upon activation was mouitored by
ELISA. Data are presented as the percentage of maximum activation.

Determination of Till coefficient

Hill coelicient was determined from epitope titration experiments. Briefly,
CD1d! and H2K"-H28 tetramers or dimers were loaded with increasing
amounts of glycolipid ligand or peptide epitopes, respectively. Note that
H2K® tetramers were initially folded with H28-derived epitope, a peplide
with low affinity for H2K®, allowing rapid and efficient ligand exchange (Y.
Yoshinura and 8. Joyce, unpublished data). Glycolipid and peptide loading
occwrred at 37°C and room temperature, respectively, for 16-18 b

Hill curve was derived from data transformation; fractional saturation
(Y's) of the receptor was determined as the ratio of specific MFI to max-
imum MIT (V) at a defined ligand concentration and plotted against the
coucentration of added tigand (glycolipid or peptide). Linear graph of log-
arithmic roots of the values forthe x- and y-axes were used to detennine the
slope of the Hill curve revealing the Hill cocflicient (34).

Results

The CD1dl-aGalCer/Valdlal8 TCR interaction has high
relative avidity

There are a number of different methods available to assess the
kinetics and extent of ligand-receptor interactions., Biophysical
methods using purified recombinant molecules have been ex-
tremely uselod in the study of a variety of immunological receptors
(45-47). That potwithstanding, methods that examine molecules
on living cells are particularly powerful (24, 26, 28, 48, 49). To
gain insight into the parameters that govern the binding interac-
tions of the CD1d1 ligand to the specialized TCR of iINKT cells
required for their activation, we first determined the K, (measured
affinity of tetrameric Ags for the cognate TCR}) between tetrameric
CD1dl-glycolinid Ag and its receptor on live cells. For compari-
son, the K, of peptide Ags for the TCR expressed by recently
activated CD8* T lymphocyte (CFL) clones specific for two
H2K"-restricted mH (H60 and H28 (270 Ags and a viral (SV-40
T Ag-derived epitope IV (39)) Ag was measured. The comparison
with class [-restricted Ags was used, because INKT cells reflect
memory/activated T lymphocyte phenotype similar to CTL. clones,

CDldl-aGalCer tetramer binds Val4lal8" but not Val4-neg-
ative NKT hybridomas (Fig. 14). Similarly, H2K -peptide tetram-
ers specifically bind their cognate, but not irrelevant, CT1. clones
(data not shown and Refs. 38 and 39). Nonspecific binding was
<5% in all cases (Fig. 14 and data not shown). From the binding
isotherms, the K, of Ag-TCR interaction was calculated (see Ma-
lerials and Metheds).

Val4Jal8 TCR binds CD1d1-aGalCer with a K, ranging from
710 17 nM (Fig. 158 and Table [). TCR of conventional T cells bind
H2K"-peptide tetramers with a wide range of K, ranging from
~20 to 220 nM (Fig. 1C and Table I). Note that, in this study. the
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saturation binding isotherms at equifibrium were desived at 4°C.
Whereas the K, values obtained at 4°C may not be the same as
those at 37°C, the relationship of the K. between different Ag-
TCR interaclions remains uraltered (39). Consistent with Lhat re-
ported (50), we also found that the K, determined for two iNKT
hybridomas at 4°C (N37-1HS3a, 10.5 oM; N38-2C12, 18.8 nM)
maintained their avidity relationship at 37°C (N37-1H5a, 39.3 nM:
N38-2C12, 65.2 nM).

To obtain a more physiclogical estimate of the K, between
CD1d1-oGalCer and Vai4Jal8 TCR, the above binding analysis
was extended to NKT cell-enriched thymocytes and splenocytes.
The K, of CD1di-aGalCer for Val4Jal8 TCR of live NKT cells
{Fig. 1D and Table I} is similar to that observed with iNKT hy-
bridomas (8 and Table I}). Taken together, the X, of the CDId1-
aGalCer-Val4Jal8 TCR engagement is similar to or higher than
that of immunodominant peptide Ag-TCR interaction.

Glyveolipid Ag-Val4lal8 TCR interaction is fong-lived

Functional T cell responses following Ag recognition have been
correlated with the dwell time, measured as the ¢, of ligand en-
gagement by its receptor (28, 49, 51, 52). We found that the 1,,, of
glycolipid Ag/Valdlal8 TCR is long, lasting between 10 and 40
min (Fig. 1E, top two panels; Table I). which is longer than the 1,,,
observed for peptide Ag/TCR interactions investigated (Fig. 1X,
bottom panel, Table I). Henee, the off-rate of CD1d1-aGalCer/
TCR interaction on the surface of intact NKT cells appears quan-
titatively distinct from that of conventional T lymphocytes.

Our data are consistent with previously published reports (28,
53) for studies of peptide-Ag-specific T cells, Due to the manner
in which our experiments were performed and analyzed, the data
may appear inconsistent with recent dwell-lime measurements be-
tween CD1d{-aGalCer and iNKT cell receptars (26). Specifically,
we did not use anti-CD1d1 or anti-MHC Abs in our experiments,
and CD1dl-lipid or MHC-peptide levels delected postchase were
not normalized to prechase reacted anti-TCRB levels. Abs to MHC
molecules added during the chase period prevent the dissociating
monomers from reassociating with their receptor (49). In our ex-
periments, £, of H60 tetramer for cognate TCR determined in the
absence {9 & 0.0 min; see Table I} or presence of an H2K"-
reactive Ab, EHI[44 (2-10 min; # = 5), was similar. Likewise, £, ,,
of CDIdI-aGalCer tetramers for cognate iNKT cell receptor de-
termined in the absence (9.8 £ 0.9 min; # = 5) or presence of 100
pgiml CD1d1-reactive Ab 1B1 (17.6 = 7.4 min; n = 2) was sim-
ilar. It should also be noted that, vnlike MHC class II, which is not
expressed by mouse T cells, MHC class T and CDIdY are ex-
pressed by T lymphocytes. The use of anti-class [ or anti-CDId|
has the potential to cross-link the dissociating tetramer to the T
cells, thereby skewing the data toward increased dwell time.
Hence, the comparative off-rate measurements were performed in
the absence of Abs,

We also found that the TCR levels on iNKT cells and CTL at
time zero and at 120 min of chase were similar when they were
stained with anti-TCRP Ab postchase (data rot shown), In con-
trast, prestaining with #nti-TCRS resulted in a significant loss of
TCRE staining during chase, most likely due to the ¢,,, of anti-
TCRB Ab and cell surface TCR interaction. Thus, we chose not to
normalize the remaining CD1d1-aGalCer tetramer bound post-
chase 10 prechase reacted anti-TCRp staining, as described in pub-
lished reports (28, 53). Nevertheless, our results are consistent with
the conclusion that iINKT cell receptor interaction with CD1d1-
presenting glycolipid Ag exhibits longer dwell time than that of
CTL receptor interaction with peptidic Ags (26).
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TCR B-chain repertotre of iNRT cells impacts Ag specificity and
the K, of their interaction

Altered glycolipid ligands derived from aGalCer elicit distinct
functional responses from INKT cells in vivo and in vitro (19).
Recently, the TCR f-chain repertoire of INKT cells was impli-
cated in high-atfinity dimeric CI21dI-aGalCer binding; the

VBR2™ INKT cells have higher affinity for Ag than those that
express Vb7 (27). Differences in TCR B-chain repertoire and/or
the affinity for altered glycolipid ligands could explain the differ-
ential Ag specificity and functional outcomes. Tetramers of
CDdi-aGalCer and its analogues OCH, 3,4D, and NH were gen-
erated concurrently under saturating conditions. Tetramers of

Table [ Kinetic paramelers of Ag-TCR inleructions
Hill Coefficient (h)® = SEM ()
K, (M) = SEM 17 (min at 37CP =
T Cell Reactivity® (m° SEM (m) Tetramer Dimer
iNKT hybridomas/CDd1-aGalCer
N37-1H5a CD1dl + self lipid 7.5+ 03(3) 191 + 1.3(5) 2.8 1 04(3)
N38-2C12 CD1dl + self lipid R3x 204 42.1 = 4.3(5) 28 =03(3) 1.8 x02(2)
DN32.D3 CD1d1 + self lipid 168 2 09(3) 373 x16(2) 26(H
N38-3(3 CD1d1 + self lipid 7.6 £ 34(3) 16.4 = 1.0(2) 24(D
CA7BRL6 iINKT cells CD1d -aGalCer
Thymic CD1d1 + self lipid 0.7 230{H 9B = 09(% 250203
Splenie D141 + self lipid 38 07(NH 1140603 2120203
Conventional CD8™ T tymphocytes/H2K"-peptide
2168T H2K® + epilV 239 27(3) ND 1.1 %0.1{4)
SPHO 2K" + He0 204 x 2.9(3) 9.4 = 0.03(2) 1O *0.1(3) 1.0 = 0.2(2)
BH6&0 H2K® + Hel 334+ 1.7(3) 39 = 0.00(2) 0.9+ 0.04(3)
SPH28 H2KP + H28 2167 % 92 (D 21=09(2) ND

©The reactivities of all of the T lymphacytes have been described (see Reswits for references).
® Caleulations of the kinetic parameters are described in Afwerials and Metkods (also sex Results Tor details).

“n, Number of experimental values.

— 443 —



The Journal of Immunology

4543

A C
N37-£512 HAT-145a T
APE ALY % 1 “
FIGURE 2. CDI1d1-OCH is recognized with
lower K, but similar dwell time compared with )
CD1d1-aGalCer by a Vb8.1,8.2-skewed INKT cell 7."?:‘“"' KT cody
repertoire. A, Equimolar quantities (30 oM} of
CDl14d1-glyeolipid tetramers were reacted with a
Vald-negative (N37-1A12) or two INKT (N37-1H5a
and N38-3C3) hybridomas, and NKT cell-enriched
thymocytes. B, Expression of TCRZ, Vb&.1.8.2, or ﬁ@sﬁimtamnw
Vb7 on CD1d1-«GalCer and -QOCH tetramer-posi- 2 ot D
tive. electronically gated HSA'™CDR'™ thy mocytes. £COWIOCH & COWGCY HI7- 152 IB2GHT .
C, Expression of TCRS, Vb8.1,82, or Vb7 on e "'."m‘:-o
CD1d1-0GalCer and -OCIT tetramer-positive, mag- "‘6_,”»0 ;"" 'q,.,o""
netically sorted NK1.1% thymocytes. D and £, Satu- @ £ v
ration binding isotherms were generated using INKT 5 3o
hybridomas and NKT ccli-enriched thymocytes and Thuatis 29KT cotis Spteric INKT enby
splenocytes reacted with the indicated concentrations P e
of CD1d1-aGalCer or -OCH tetramers. Similar bind- i -
ing isotherms were generated using Vb8.18.2% and EW _ M /.": e
Vh7" splenic iINKT cells. From the binding iso- ‘ ! — ’.’.{D"{Ss’"":‘?’!é’ ________ N
therms, K, was caleulated as described in Fig. 1. F, ! ) ET ey o " o 554 tramar )
-y =0 ~ indi ETE Lot G- T WL ST
Lia o!' (.‘Dldl-a(ml(,er and LDlldl-OCH blnfimg t_o 18100 setvamer
thymic INKT cells was determined as deseribed in £ - E
Fig, 1. Binding reactions in A-£ were perforined at . »m"ﬁé . Spa;‘:?:wm iy
4°C i the presence of soditm azide to prevent cap- ' s % °"‘“‘:" ______ . . %y ) WG 1,210 15 min
ping and imematization. o H L . e ~ 'Eé GOCH LAt 15 ma
4 e el
f:" = %,’{;"‘:J” é,«(:'"a” ®aCater %
CAPS AT ... % g SN
§ WTETSITRTEY R B o [ S By £ A T
O LTy tetranar {pid) Time [minutes]

CD1d1-aGalCer, -OCH, and -3,4D have exquisite specificity for
INKT cells (Fig. 24). However, CID1d1-3,4D (an analogue lacking
the two hydroxyl groups at C atoms 3 and 4 of the long-chain base)
and especially CID1d1-NH (C atom 2’ amine-modified aGalCer) bind
poertly or not at all, respectively, to INKT hybridomas (Fig. 24).
To determine the TCR B-chain repertoire of iNKT cells recog-
nizing OCH, bulk (Fig. 28) and sorted NK1.}™ (£ thymocytes
were reacted with CD1d1-aGalCer or CDd1-OCH tetramers and
TCRB-, ¥b8.1.82- or Vb7-specific Abs. Surprisingly, CD1di-
OCH tetramer detected ~30% fewer total INKT cells compared
with CD1td1-aGalCer tetramer (Fig. 2, B and C). Interestingly, a

Table 1. Kinetic parameters of glycolipid Ag analoguefTCR interactions

large majonity of CD1d1-OCH ftetramer-positive cells expressed
Vb8.1,8.2; they reflected 85-90% of CDidl-eGalCer tetramer-
reactive cells (Fig. 2, B and C). Furthermore, Vb8.1,8.2-negative
and Vh7* INKT cells inefficiently reacted with CD1d§-OCH tet-
ramer (23-30% of CD1d!-aGalCer tetramer-positive cells). How-
ever, TCR g-chain usage for CD1d1-3,4D-reactive cells could not
be determined. because the MFT of this interaction was very low,
and hence, it was difficult to resolve posilive [rom negative stain-
ing. These results for the first time directly demonstrate that TCR
B-chain repertoire of iNKT cells in vivo impacts their Ag binding,
This difference could be a result of differing avidities of the altered

K, (M) 2 SEM {n®

1 (min at 37°C)" = 8EM (1) Hill Coofficient (k) = SEM (1)

T Cell aGalCer” OCH 34D aCalCer® COCH «CalCer® QCH

iINKT bybridomas

N37-1115a 7.5 03(3) 299 £ 03(2) ND 107 2 3.0(8 ND 281 04(3) 224042

N3§-2C12 gix2.00H 22,1 * 1.7(2) ND 42,1 Z43(5) ND 28x03(3) 2.3 = 04(2)
C57BL6 INKT cells

Thymic

TCRB™ 07 =306 312 = 0.4(2) 39.5 = 3.1(2) 98209(3 13.0x19(2) 25x02() ND

Vb8.1,82% 105 = 0.1(2) 357219

Vb7* 16.0 = 0.8(2} 46.6 * 1.8(2)

Splenic 8807 274+ 10.9(2) ND ND NI 27x02(3 ND
Splenic C57BL/6 iNKT cells expanded with glycolipid Ag stimulation (96 h)

aGalCer 9.1 = 0.4(2) H2x29()

OCH 9.1 x06(2) 39772

3.4 6.4 = 0.5(2) 251 =192y

*m, Number of experimental values.

¥ Calewlations of the kinetic parameters are described in Materials and Methods (alse ses Resuits Tor details).

" wGalCer data is the same as presented 1n Table 1.
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lipids for their TCR. Therefore, CDI1d1-wGalCer, -OCH. and
-3.4D tetramers were used to determine their K, for the TCR.
CD1d1-OCH binds iNKT TCR with about 3- to 4-fold lower K,
compared with CDI1dl-aGalCer, whereas CD1d1-3,4D had a
6-fold lower K, (Fig. 2D and‘or Table II).

Considering that the TCR B-chain repertoire of cells recogniz-
ing OCH was Vb8.1.8.2 skewed we hypothesized that TCR
B-chain of the INKT cell receplor impacts K, for Ag. We found
that Vb7 iNKT cells have 50% lower K, for both CD1di-aGal-
Cer and -OCH compared with Vb8.1,8.2* iNKT cells (Fig. 2E and
Table 1. Note that X, determination was performed with Vb7~
cells that detectably bound CD1dI-OCH tetramer, which repre-
sented only ~50% of total CDI1d1-a(GalCer letramer-reactive
Vb7™ INKT cells. Therefore, the results potentially represent a
higher K, than that of the entirc Vb7" INKT population. Because
the dwell time of TCR and Ag interaction correlates with the ca-
pacity for T cell activation. the ¢, of CDI1dl-aGalCer, and
CD1¢1-OCH [rom iNKT cell receptor was determined as de-
scribed above. The results indicate that both glycolipid Ags have
similar dwell times for their cognate receptors (Fig. 2F and Table
). Taken together, the data suggest that the TCR S-chain reper-
toire and the X, of Ag-receptor interaction, but not the dwell time,
might govern distinct functional cutcomes from iNKT cells.

INKT cells recognize OCH and aGalCer in vivo with sinilar
sensitiviry

A number of in vitro studies have indicated that iNKT cells rec-
ognize CD1d1-aGatCer with nanomolar sensitivity (10-12, 14,
35). Ags with different binding affinity for their TCR activate T
cells with distinct activation thresholds (34-58). To determine the
sensitivity of effector responses by iNKT cells in vivo, C57BL/6
mice were injected i.v. with aGalCer and OCI], and serum cyto-
kine response was measured after 90 min. CD1d1-restricted NKT
cell (B6.129-CDII??)- and iNKT cell (B6-Jai8%?)-deficient
mice do not respond to these glycolipids (Fig. 34), nor do
(5713176 mice injected with the vehicle used to dissolve the gly-
colipid Ags {data not shown).

Mice administered 0.5 ug of OCH elicited substantial amounts
of IL-2 and IL-4; TNF-e, 1L.-13, and CSF-2 (GM-CSE) were also
dctectabte within 90 min (Fig. 34). Administeation of 1.0 ug of
aGalCer or OCH elicited a robust cytokine response including
TNF-q, IL-13, and CSF-2 (Fig. 3A). Note that the observed IFN-y
response is at the very low end of maximum at this eady time
point. Furthermore, the previously reported differential IFN-y re-
sponse to OCH and aGalCer are strikingly apparent only at or after
6 h (19), because that is the time point at which I[N-y peaks (59).
Thus, at earty time. aGalCer and OCH are recognized with similar
sensitivity in vivo.

Kinetics of CD1d1 loading with aGalCer and QCII explain
similar early iNKT cell response in vivo

Activation of T cells is an effect of Ag-TCR engagement and con-
sequent intracetlular signaling. T cell activation correlates with the
extent of receplor down-regutation due to signal-dependent altered
intracellular TCR trafficking (60— 62). Surprisingly, iNKT cells re-
spond to oGalCer and OCH with similar early sensitivity (Fig.
3A). despite different equilibrium binding properties of TCR and
specific Ag (Fig. 2, D-F, and Table I). To determine the cellular
basis of aeGalCer and OCH sensitivity, the kinetics and extent of
TCR down-regulation [ollowing addition of increasing concentra-
tions of aGalCer and OCH to splenocytes in vitro were evaluated.
Both «GaiCer and OCH down-regulated similar levels of surface
TCR within 4-12 b of Ag stimulation (Fig. 3B, top three panels).
However, aGalCer was -~ 10-fold more potent at inducing surface

COOPERATIVE GLYCOLIPID Ag RECOGNITION BY Val4Jal8 TCR

TCR down-regulation after 24 h of stimulation. Thus, the kinetics
of TCR down-regulation reflected the early induced iNKT cell
Iesponse in vivo.

Two plausible mechanisms can explain the difference observed
in early and late iNKT cell responses to aGalCer and OCH. aGal-
Cer, because of its higher K, for Val4Jal8 TCR compared with
OCH, is a more potent iNKT cell ligand resulting in more sus-
tained TCR down-regulation and activation. Alternatively, OCH,
because of its shortened sphingosine and acyl chains, binds CDId1
faster than aGalCer, and hence compensates for its low K, and
eficits an early iINKT cell response. To distinguish between the two
possibilities, B6.129-Fcra™ splenocytes, which lack T and iNKT
cells, were incubated with increasing quantities of aGalCer and
OCH for 24 h. They were then used to stimulate C37BL/6 spleno-
cytes depleted of MHC class 11-positive cells, after which iNKT
cell receptor down-regutation was evaluated. OCH was 10- to 20-
fold less efficient in TCR down-regulation compared with aGalCer
at all time points tested (Fig. 3C). This result is consistent with Lhe
hypothesis that e(GalCer and OCH have different kinetics of
CD1id1 loading, and that the similar early INKT cell response to
the two Apgs in vivo reflects rapid on-rate of OCH compared with
aGalCer.

To delermine the concentration threshold required for the elic-
itation of distinct cytokines from iNKT cells by eGalCer and its
analogue OCH, C37BL/6 splenocytes were stimulated with in-
creasing concentrations of these glycolipids. The results revealed
that IL-2 and IFN-+y response after 48 h (Fig. 3D) required at least
50% INKT cell receptor down-regulation measured at 24 h (B,
bottom panel) and medium Ag concentration thresheld of aGalCer
and OCH (D). In contradt, secretion of CSF-2 and 1L.-4 was more
sensitive to low concentrations of glycolipid Ags and, bence, re-
sponded to low levels of TCR down-modulation (Fig. 3, B and D).
In support of our previous report (19), QCH preferentially induced
an IL-4 response, whereas 50-fold higher concentration of OCH
was required to produce an IFN-y response similar to that induced
by aGalCer (Fig. 3D}. Thus, the secretion of cytokines by iNKT
cells follows a hierarchical Ag response pattern, with higher avid-
ity and higher concentrations required for secretion of IFN-y and
1L-2 compared with both [fow avidity and low concentration for
C8F-2 and IL-4.

To fully understand the propetties of CD1d1-OCH interaction,
we used a cell-free Ag presentation assay to determine its disso-
clation kinetics. Plate-bound soluble CDIdl was loaded with
equimolar quantities of aGalCer or OCLHL After removing unbound
lipid, the complexes were allowed to dissociate for varying lime
periods at 37°C. The ¢, of Ag-CD1d1 complex was monitored by
its ability to activate iNKT cell hvbridomas. OCH interaction with
CD1d1 was meore labile, because it dissociated faster than eGalCer
from CD1 (Fig. 3E). Thus, similar early sensitivity of iNKT cells
to aGalCer and OCH in vivo reflects the differences in the kinetics
of their interaction with CDI1d1 and also the differences in their
equilibrivin parameters of TCR engagement.

Activaiion of INKT cells by 34D in vitro causes selective
expansion of kigh-avidity clones

The altered lipid ligand, 3,4D, engages the iNKT cell receptor,
albeit with low K, compared with aGalCer and OCH (Fig. 28 and
Table 11}, and elicits 2 weak cytokine response in vivo (19). To
elucidate the biochemical basis of this weak respense, the prolif-
erative capacity of iNKT cells to Ag engagement was determined
in vitro by CFST: dye dilution assay. After stimulation of spleno-
cvtes with Ags for 96 h, iNKT cells were costained with CD1d1-
oaGalCer tetramer and TCRB-specific Ab. At high concentration
{375 n\D, aGalCer, OCH, and 3.4D induced extensive iNKT cell

— 445 —



The Joumal of Immunology

FIGURE 3. Kinetics of CD1dl loading with aGalCer and OCH
explain similar early iNKT cell response in vivo to the two gly-
colipids. A, C57BL/6 mice or control B6.129-CD141% and B6-
Jul8%° mice were injected i.v. with the indicated concentrations of
aGalCer, OCHL, or vehicle. After 90 min, serum cytokines were
monitored. Background cytokine level (<.3%} elicited by vehicie-
treated mice was subtracted from the Ag-treated response. The data
represent cytokine responses (:SE) elicited by four individual
mice in two jdentical experiments. B, Vai4Jal8 TCR down-regu-
lalion was monilored at the indicated time points {ollowing addi-
tion of aGalCer or OCH to C57BL/6 splenocytes. INKT cell re-
ceptor level was determined by flow-cytometric analysis following
reaction with CD1d1-aGalCer tetramer and anti-TCR{3 Ab, within
elecuonically gated B220 and CD8-negative lymphocytes. C,
Val4Jal8 TCR down-regulation was monitored following reaction
of CS7BL/6 splenocytes magnetically depleted of MHC class 1I-
positive cells with B6.129-Tera®® splenocytes equilibrivm loaded
with Ag overnight. [, Cytokines elicited by C37BL/6 splenocytes
were monitored 48 h following addition of indicated quantities of
aGalCer or OCTE in vitro by sandwich ELISA. E, The dissociation
of aGalCer and OCH from plate-bound soluble CD{dl was mon-
itored after removing excess glycolipids, and chasing the Ag for 4,
12, 24, and 36 h at 37°C, using an iINKT c¢ll hybridoma, N38-
2C12, as a probe. Activation-induced I1.-2 was determined and
plotied &5 percentage of maximum, a value obtained at start of
chase.
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proliferation (Fig. 44). In contrast, at a lower concentration {2.9
nM) of these same Ags, aGalCer induced a strong proliferative
response; OCH induced a partial proliferative response. whereas
3.4D and NH elicited a very weak or no response, respectively
(Fig. 4A). Furthermore, quantitation of the proliferative response
revealed that aGalCer inditced maximum proliferation at 5.75 nM,
and OCH at 57.5 nM, whereas maxXimum expansion was not
reached even with 575 nM of 3,4D (Fig. 48). We also noled that
stimulation with supracptimal Ag concentrations does not result in
increased proliferation, but actually reduces tota] iNKT cell ex-
pansion (Fig, 45).

Together, the data reveal that, despite differences in K, and the
TCR B-chain reperloire, the altered lipid ligands induce prolifer-
ative response (Figs. 2, B-F, and 4, A and B). Therefore, the
B-chain repertoire and the K, of Ag-expanded iNKT cells were
determined. TCR S-chain repertoire of iNKT cells following
aGalCer, OCH, and 3,40 stimulation remains largely unaltered at

Ap concentrations inducing a maximum preliferative response, al-
though a slight decrease in the percentage of Vb8-negative iNKT
cefls was noted (~35% of expanded INKT (Fig. 4C) compared
with ~45% for najve iNKT cells (Fig. 2B)}. Additionally, very
little if any difference was observed in the Vb repertoire of iNKT
cells expanded with different suboptimal doses of aGalCer and
OCH (data not shown). Interestingly. iNKT cell activation by
3.4D, but not aGalCer or OCH, resalted in the expansion of iNKT
cells responding to Ag with higher K, for aGalCer and OCH (Fig,
4D and Table I, Thus. high-avidity iNKT celfs preferentially ex-
pand to suboptimal TCR engagement.

Cooperative glycolipid Ag recognition by iNKT cells

Self-Ag recognition must be finely tuned to prevent iNKT cell
activation during physiological conditions, but respond rapidly to
disturbances in celluiar physiclogy. In other words, iNKT cells
need to be very sensitive to modest changes in Ag concentration.
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tive expansion of bigh-avidity clones, A,
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In biological systems, this Kind of fine-tuning is often achieved by
using cooperative ligand-receptor interactions (33. 63). To deler-
mine whether cooperativity patticipates in sensitive glycolipid Ag
recognition, this mode of interaction was detenmined by calculat-
ing the Hill coefficient (see Materials and Methods), The Hill co-
effictent of the interaction between the tetrameric Ag and the iNKT
cell receplor was =2 (Fig. 54 and Table 1). In stark contrast, all
MHC class [-restricted TCR had a calculated Hill coefficient of ~1
(Fig. 38 and Table 1), indicating a lack of cooperativity. Peptide
binding to each H2ZK® monomer of the tetrameric molecule is an
independent event. Saturation binding of the tetramer to the TCR
with increasing concentralion of added peplide indicates occu-
pancy of all four sites (Fig. 58). Furthermore, an analysis of the
stoichiometry of class I II chain, #,-microglobulin, and peptide
following ligand exchange by Edman sequence determination (64)
revealed a 1:1:1 ratio of the three components (data not shown).
Thus. a Hill coeflicient of 1 is nol due to incomplete loading of the
class [ tetramer.

OClH is a structurally different Ag. particularly in the hydropho-
bic component thought to interact with CD1d1. Also, QCH inter-
action with CD1d1 has distinct kinetic parameters compared with
aGalCer (Figs. 2F and 3E). Thus, to exclude the possibility that
the biochemical or structural properties of aGalCer loading onto
CD1dl account for the observed cooperative response, Hill coef-
ficient was measured for the hinding of CID1d]-OCH to the
ValdJal8 TCR. As expected. we found that the Hill coefficient for
CD1d1-OCH and CDI1d1-aGalCer for the same Val4Jal8 TCR
are very similar (Fig. 5C and Tahle 11}. Thus, Hill coefficient mea-
surement does not reflect the [cading properties of glycolipid Ags,
but rather, it is the property of the Ag receptors with which it
interacts.

CO1d1-lipid tetramer {nM}

To independently demonstrate cooperative Ag engagement by
iNKT cells with multimeric Ags other than soluble, biotinylated
monomers of CD1d [ and H2K" prepared in-house, we determined the
Hill coefficients with commercially obtained dimeric 1gGI-CD1d1
and IgG1-H2K® fusion molecules loaded with aGalCer and H&0 pep-
tide, respectively, for iNICT cells and HeO-specific SPH60 CTL clone.
INKT cells demonstrated cooperative engagement of both dimeric
and tetramenc Ag by the Val4Jal8 TCR (Fig. 3D and Table I). As
expected, neither dimeric nor tetrameric 12K® coaperatively engaged
their cognate TCR (Fig. 5D and Table I). Thus, we conclude that, in
contrast to conventional T' lymphocytes, glycolipid Ag recognition by
iNKT cells involves cooperalivity.

INKT cell recepior appears to have distinct structure andfor
organizalion

A plausible model for cooperative letrameric Ag engagement by
Val4Jal8 TCR is receptor partitioning and ofigomerization within
lipid rafts (50). To test this model, Hill coefficients for Ag-receptor
interactions were determined for two representative iNKT hybrid-
omas {N38-2C12 and N37-1H3a), NKT cell-enriched thymocytes,
and two CTL clones (SPH60 and BH60), following disruption of
their lipid rafts. Lipid rafts were disrupted by cholesterol depletion
with methyl-B-cyclodextrin (65) or alternatively by filipin-medi-
ated intercalation of this membrane microdomain (66). Disruption
of lipid rafts did not alter the Iill coefficient for any of the inter-
actions tested (data nol shown), suggesting that these membrane
microdomains are not eritical for cooperative Ag enpgagement by
iNKT cell receptor.

To further examine the structural properties of iNKT cell Ag
receptor, we used fluorescence resonance energy transfer (FRET)

— 447 —



The fournal of Immunology

4547

A B
3 100 mrmie NKT cotisg® ®  INa71HSa Fad T 100‘;.%&0
5 2 75!021581’
£ ,= ;
H )
£ 50 | ? E 50 P
g £ 7
\ = 25; i 25
FIGURE 5. Cooperative engagement of mul- & } £ o
imeri the ValdJalg TCR. A con- 0 +—e— oA —
timeric CD1d1 by the Valdla 00161 1 10 00101 1 10 100 102 160 102 104
stanl concentration of multimer (CD1dl tet- GalC Peptide (M)
ramer (A and ) H2K® tetramer (8); CD1di _ aballer (uM) —3 P K
and FI2K" dimers and tetramers (D)) was loaded g Hhymic Spienic N3T-1H5a 5 [SPhee BHEO
with the indicated concentrations of Ag (aGal- 3 o go
Cer or OCH (4 and ©); peptide (BY) and reacted z _ z
. s . 2 heZ.64 =255 he239 o hv0.89 heD.06
with freshly isolated NKT cell-enriched thymo- 2. Rieg.97 RtaD.98 Rie0 43 s R0 38 Ra0.58
¢ytes {A), NKT hybridomas (A and C), or C'TL 307 100 108 1040 107 907 104109 100 102 104105100 2108 407 308 107 104107 10° ToF 10403 708 707 10x
clones (B). Binding was monitored as described logy, [xGaCer] 168, [peptide]
inFig. [. From the binding curve, Hill plots and C
Hil} coeflicients (k), represented beneath the z 00, cacer ?  ocH J*
Ag-binding curves, were derived (see Materials 2 75 i 3
and Methods). Tetramers of CD1d1 and H2K® % i i 3 "|acalCyr OCH
were generated by fluorochrome-conjugated s 50 J ; -'é J
streptavidin-niediated tetramerization of biotin- = 25 4 25 am
ylated monomers, Binding of dimers of CD>1d1 ¥ 0 J g R20.97 Roi08
and. H2K®, owing to lllleir {usion to IgGl H 0.61 01 1 10 0.d1 o1 .1 10 1'00 o 1:)@ |0111 Ip;:l.lz ;‘?; 107 104
chains, were detected wxlth Alexa Flowr 647_- or aGalCer {uM) OCH {uM) oy, Iglycolip
PE-conjugated Fab specific for the Fe portion. D
The high regression coeflicient (>0.90) for all Dimers Totramers 3
Hill plots indicates that the caleulated £ values 1004 FUN Pl
are significant. All binding reactions were per- — ;:1 | i 'i COfd1-wGalCer 0 ;
formed at 4°C in the presence of sodium azide E ,_,} H : - Bat o4 neds?
. : S E ! [} ! =3 g 50 R140 95
fo prevent capping and inlemalization. EN Frann e -
§ ooror 1 10100 01 1 W00 X
: 100, . - z
Z 0 ;o ] 2
T o ; g HakeHg0 @O / /"
= H 4 3
[ ooyt nat 93 he0.85
. Rizh g F=0.90)

L

ol.. VR e N,
10t 100 {02 100 (0P 102 1pd
Ligand {pM)

measurements between CD1d1 and H2K® multimers and Abs spe-
cific for components of the TCR complex. In the course of our
studies, we observed that costaining of INKT cells ex vivo by
allophycocyanin- or PE-conjugated CD1dl tetramers and PE- or
allophycocyanin-TCRB (clore H37-397) or anti-CD3 e (clone 145-
2C11) Abs resulted in large and yepeatable increase in FL.3 channel
fluorescence in a properly compensated flow-cytometric experi-
ment (Fig. 6, A (iNKT cell hybridoma N38-2C12) and B {thymic
iNKT cells}). Such large FRET shift was not observed with high-
intensity staining Abs specific for cell surface molecules not within
the TCR complex (e.g., anti-CD44, clone IM7; Fig. 6). As PE and
allophycocyanin have overlapping fluorescence emission and ab-
sorplion spectra, respectively, it was likely that this result was a
consequence of nonradiative FRET. This hypothesis was tested by
running samples on the flow cytometer with the red diode laser
(emission, 633 nm} and its FL4 filter switched off, Indeed, we still
observed FL3 fluorescence only when costaining with CD1d1 mul-
timers and TCR complex-specific Abs. The large FRET observed
upon tetramer-anti-TCRpB/anti-CID3e binding to iNKT cells pre-
sented an opportunity to test the hypothesis that the structural ori-
entation andfor organization of ValdJal8 TCR are distinet from
af TCR of conventional CTL. When H60-specific CIL were
costained in a manner identical with that of iNKT cells, and anal-
ysis was restricted to equivalent MFI of anti-TCRS or anti-CD3€
and H2K® multmer, very little FRET was detected (Fig. 6A). Sim-
ilarly, we observed FRET using PE-conjugated CDtd1 tetramers
and allophycocyanin-conjugated anti-TCRJ or anti-CD3e Abs
{data not shown). FRET between CIDD1d1-aalCer tetramers and

102 100 102 100 102 300 107 100

leg, [Ligand]

TCRB on iNKT cells directly correlated with the staining intensity,
even at relatively low concentrations (~2.5 nM; Fig. 6C). In con-
trast, no FRET between H2K® tetramers and TCREB or CD3e was
observed, even with saturating concentrations of H2K® tetramers
(~250 nM; Fig. 6C). FRET is exquisitely sensitive to small
changes in donor and acceptor fluorochrome distances (FRET.
~r%). Thus, these results strongly suggest that iNKT cell receptor
has a distinct structure and/or organization. resulting in shorter
distance between donor and acceptor flucrochromes used.

Discussion

In summary, our findings demonstrate that iNKT cell receptors
recognize glycolipid Ags with avidities similar to, if not higher
than, those of immunodominant, high-affinity a8 TCR of conven-
tional T cells. In contrast to CTL, which recognize Ag over a large
avidity range (20-2206 nM), INKT cells efficiently recognize Ag
within a narrow window of avidity (10—40 nM). Interestingly,
although the TCR-Ag dwell time for aGalCer and OCH are very
similar, TCR down-regulation as well as the proliferative and ¢y-
tokine response of INKT cells to these Ags directly comrelated with
avidity for Ag. Strikingly, both aGalCer- and OCH-bound CD1d1
tetramers and dimers display cooperative engagement of the INKT
cell receptor, a property that CTL clones tested in this study lack.
Additional data revealed FRET between specific combinations of
Aluorochromes conjugated to CID1d1 tetramers or dimers (data not
shown) and TCR f-chain or CD3e-specific Abs. These findings

-~ 448 —



4548
A
MFI=163 1 MFi= 164 £ WEFIN 1G4 4
it i il
i L ;}‘-a
' I
s ; 0
IIR) V]
W CO3e =
; ; Wi 5E =
i
i
EJ L
" ARG, TAFTEZ02 )} e
H H #
: " b
gL-‘;l fi
/Y A
.)'f b - r“ "‘, g
. — CD3z P CD44 ds
2 NERSBY 5 MFEGH O}
£ : =
-1 R N
= ]
o A
[53 ‘E
A ) _J
8
WFI=312 } r.'=h=:‘!.21 MRz 1709 a
i j" : i
K B :
S AN i
e {0y S 23
_ ~WTorh =P Chac |~ CDid . 95
A h MFte52.8 Aeifmon I H a5 &
€ | i ¥
f! i ¢
i 1
A \
w4 } "'M-:s;»-m
-+ Thymlc INKT
~ N38-2012

4 SPHS0

FRET MFi
[
[+)

i &
0.4 1 101001000

Tetramer (nbi)

FIGURE 6. iNKI cell receptor has distinet structure andior organiza-
tion. CTL clone SPHGD (A), INKT hybridoma N38-2C12 (4), and thymic
iNKT cells (8) were reacted with allophycocyanin-conjugated H2K™-H60
and CD1d1-aGalCer tetramers, respectively, They were also reacted with
PE-conjugated Abs agaiost TCRB (H57-597; specific for TCR3 chain FG
loop). CIX3e. or CD44. FRET was measured as the fluorescence in the FI13
channe!, with the red diode laser off, CD1d1- and [[12K"tetramer concen-
trations were adjusted to obtain equal MFL of tetramer staining. Consider-
ing that the 488-nm emission of the argon-ion laser cannot excite allophy-
cocyanin, fluorescence detected in the FL3 channel is due to FRET-
mediated allophycocyarin excitation. FRET-induced fluorescence inteasity
is indicated as a function of CD1d1-aGalCer etamer concentration (£).
All binding reactions were performeed at 4°C in the presence of sodium
azide to prevent capping and inteenalization.

sugzest that the INKT cell receptor structure and/or organization
may be distinct from conventional a3 TCR.

Conventional T cells recognize peptide Ags with a2 wide range
of avidities and dwell times (2325, 28, 29). In contrast, strong

COOPERATIVE GLYCOLIPID Ag RECOGNITION BY ValdJal8 TCR

recognition of aGalCer and OCH, poor recognition of 3,4D, and
no recognition of NH (19), by the Val4Jal8 TCR with distinct K,
points toward a narrow kinetic window for INKT cell activation.
We demonstrate that both optimal Ag concentration and relative
avidity arc essential to clicit a strong preliferative response by
iNKT cells. Tnterestingly, as observed with conventional T cell
effector functions (56), iNKT cells exhibit hierarchical functional
consequences to Ag quality and concentration. In support of cur
previous study (19), we also find a dissociation from a clear avid-
ity-concenlration dependence in IL-4 secretion following OCH
compared with aGalCer stimulation, Both low Ag concentration
and low K, are sufficient for selective [L-4 secretion and iNKT
cell proliferation. In contrast, higher K, and Ag concentration are
required for IFN-y response. Consistent with this conclusion is the
finding that dendritic cells presenting a high concentration of the
high K,. Ag aGalCerinduce sustained IFN-vy response from iNKT
cells (67). In this regard, iNKT cell response closely follows the
principle of Ag concentration threshold set for IFN-y and IL4
responses elicited by conventional T cells (68).

Due to their potent immunoregulalory properties, therapeutic
modulation of iNKT cell number and functional responses has
been proposed for prevention of autoimmunity as well as for the
enhancement of immune responses lo tumors and vaccines. In the
nonobese diabetic mouse model of autoimmune type I diabetes,
iNKT number and function are low (43, 69, 70). Increasing the
INKT cell number (71-73) or the aGalCer treatment-induced Th2
bias (17, 18, 74) effectively reduces the incidence of type | diabetes
in nonobese diabetic mice. Our data demonstraie that distinet gly-
colipid administration regimens mayv be required to induce toler-
izing aclivity compared with IFN-y-dependent antitumor and ad-
juvant propesties of INKT cells.

The natural self-Ag recognized by INKT cells and its structural
relationship to aGalCer remair unknown. However, we recently
discovered that a cell line deficient in S-plucosylceramide (BGl-
cCer) is defective in the presentation of a sell-Ag to INKT cell
hybridomas (13). Together with the evidence that the defect was
not due to altered folding. intracel{ular traffic of CDDIdI, or rec-
ognition of BGlcCer itself, these results suggest that BGleCer is
either a precursor or an essential factor in the synthesis andior
loading of a natural Ag. Thus, it is possible that the elusive self-Ag
may be aGleCer or a similar compound. Further support for the
hypothesis that a sell-Ag similar to eGalCer is recognized is the
finding that transgenic overexpression of CD1d| results in prefer-
ential deletion of Vb8.1,8.2™ iNKT cells (75). This result is fully
consistent with our fnding that ¥b8.1,8.2" INKT cclis have a
higher K,, for «GalCer and OCH than Vb8.1,8.2-nepative iNKT
cells. Furthennore, the high K, binding of CD1d1.«aGalCer with
Vb8,1,8.2" ValiJal8 TCR is consistent with the high X, binding
of dimeric Ag to similar TCR (27). Importantly, for the first time,
we demonstrate that the repertoire and Ag K, of INKT cell re-
ceptors are regulated during proliferation and result in selection of
high-avidity iNKT cells under conditions of suboptimal stimula-
tion, These data, taken together, suggest that the narrow kinetic
window of recognition of aGalCer and its analogues is reflective
of the paramelers of natural self-Ag recognition.

The 2C teansgenic TCR exhibits differing peptide Ag binding
modes on naive and effector cells, suggesting cooperativity (30},
The existence of two TCR «ff molecules within a single CD3
complex was evoked to expfain this result (50). However, recent
data suggest that the sloichiometry of TCR af assembly with CD3
complex is ;1 (76). Whether this stoichiometiy changes during
CTL activation remains to be established. Using tetramers of
CD1d1 and H2KP, we demonstrate cooperative Ag engagement of
glycolipid Ags by INKT cell receptors but not that of peptidic Ags
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by conventionat «3 TCR, The binding mode of 2C transgenic TCR
was investigated using an lgG1-F2K® dimer, and evidence for
TCR «f3 dimerization was oblained by data deconvolution. To
confirm the cooperative engagement of glycolipid Ag, we also
used [gG1-CDIdL and IgG1-H2K" dimer similar to that used to
investigate the 2C TCR (50). The results supported cooperative Ag
engagement by iNKT cell, but not CTL receptors. Thus, the rela-
tionship of vor findings with those previously reported is unclear.

Because H2K" and CD1d] tetramers were built upon the same
batches of streptavidin-PE/allophycocyanin, cooperalivity in one
and not the other piecludes conformational change in streptavidin
or the fluorochrome. Furthermore, because of the wide separation
between monomeric subunits of tetrameric CD1dl, it is extremely
unlikely that a conformational change within CD1dl itself is re-
sponsible for the observed Hill coefficient. This is further empha-
sized by the fact that CD1d1 dimers made in a roanner distinct
from tetramers also show cooperative binding. Cooperafivity is
independent of the parameters of glycolipid binding to CD1d1,
because QCI, which interacts with CD1d1 with differing proper-
ties than «GalCer, had essentially the same Hill coeflicicnt as
aGalCer. Thus, the change in Hill coefficient does not reflect a
change in the structure of CD1dl tetramer, but rather a different
organization and/or orientation of the TCR engaging such Ags.

How iNKT cells respond to self-Ag and yet remain quiescent in
physiological situations remains unclear. In this study, we dem-
onstrate that iNKT cell receptors exhibit cooperative engagement
of glycolipid Ag. Cooperativity in biological systems is a common
mechanism for achieving sensilivily to relatively modest changes
in the strength of the signal (33, 63). In other words, a relatively
smal! change in lgand concentration will result in full hinding/
activation of an enzyme/receptor. Itis possible that iNKT cells use
cooperalivity to induce sensitive response to a small change in the
concentration of self-Ag. In support of this hypothesis, self-Ag rec-
ognition of ex vive-isofated iNKT cells is dependent on high levels of
CD1d1 expression by target cells (2), and conversely, iINKT cell hy-
bridomas recognizing physiclogic levels of CDD1d1 on target thy-
mocyvtes or dendritic cells have high levels of ValdJal8 TCR ex-
pression (6). Thus, the finding of cooperativity in iNKT cell Ag
engagement, but not ameng CT'L recognizing peptidic Ags may be
cne mechanism by which iNKT ceils recognize self-Ag(s).

Our data indicate that the structure and/or organization of the
iNKT cell receptor may be distinet from a8 TCR of CTL. FG loop
within the Ch domain is a large, evolutionarily conserved struc-
ture, which forms a wall at the region where Cb and Vb domains
of the TCR B-chain join to form a cavity (77). Ab mapping studies
revealed that the FG loop is in close proximity to one of the CD3e
subunits (78). Transgenic mice expressing the TCR B-chain mu-
tant lacking the FG loop have no pross deficiencies in the devel-
opment and function of conventional CD4 and CD8 T cells (79),
implying that a8 TCR pairing and surface expression are not
arossly impaired. However, a careful analysis in a single specific-
ity TCR transgenic system revealed that thymocytes lacking the
TG loop had impaired negative selection (80), but TCR «f pairing
and expression were unhindered. In contrast, however, Val4Jaig
TCR «-chain was found not to pair at all with a Vb8.2-FG loop
mutant, and hence, the mutant mice were impaired in INKT cell
development (81). Interestingly. the anti-TCRB Ab 1157-597,
which exhibits strong FRET in conjunction with the CD1dl-aGal-
Cer tetramer specifically binds the FG foop (77, 79). However,
FRET was not observed in conjunction with H2KP fetramers or
dimers. FRET is observed between CD8a of 2C-transgenic CTL.
and H2K", suggesting the engagement of CD8a by moncmeric H2K®
(82). Taken together, the data strongly suggest that the structure
andior the organization of the Val4Jal8 TCR complex are distinct
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from «f3 TCR of conventional T cells, which might potentially ac-
count for the cooperative engagement of glycolipid Ags.

In conclusion, our findings demonstrate that INKT cell functions
are controlled by narrow avidity thresholds for glycolipid Ags and
demenstrale novel properties of their Ag receptor that may have an
important role in INKT cell activation. These findings have im-
portant implications for the therapeutic use of INKT cells.
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SUMMARY

We have reported previously that pOic, a novel 95-kDa cytosolic protein, was the target of autoanti-
bodies in sera of patients with autoimmune hepatic diseases. We studied 30 sera that were shown pre-
viously to immunoprecipitate a 95 kDa protein from [*S]-methionine-Jabelled Hel.a lysates and had a
specific precipitin band in immunodiffusion. Thirteen sera were available to test the ability of p95c anti-
bodies to inhibit nuclear envelope assembly in an ir virre assay in which confocal fluorescence micros-
copy was also used to identify the stages at which nuclear assembly was inhibited. The percentage
inhibition of nuclear envelope assembly of the 13 sera ranged from 7% to 99% and nuclear envelope
assembly and the swelling of nucleus was inhibited at scveral stages. The percentage inhibition of
nuclear assembly was correlated with the titre of anti-p95c as determined by immunodiffusion. To con-
firm the identity of this autcantigen, we used a full-length ¢cDNA of the p%7/valosin-containing protein
(VCP) to produce a radiotabelled recombinant protein that was then used in an immunoprecipitation
(IP) assay. Our study demonstrated that 12 of the 13 (93%) human sera with antibodies to p%5¢ immu-
noprecipitated recombinant p97/VCP. Because p95¢ and p97 have similar molecular masses and cell
localization, and because the majority of sera bind recombinant p9?/VCP and anti-p95c antibodies

inhibit nuclear assembly, this is compelling evidence that p®5¢ and p97/VCP are identical.

Keywords

p97VCP  primary biliary cirrhosis

INTRODUCTION

Patients with autoimmune liver diseases such as primary biliary
cirrhosis (PBC), autoimmune hepatitis {AIH), autoimmune cho-
langiopathy (AIC) and primary sclerosing cholangitis (PSC) pro-
duce autoantibodies that differ from those found in patients with
systemic rheumatic diseases such as rheumatoid arthritis (RA),
systemic lupus erythematosus (SLE), systermic sclerosis (SS¢} and
Sjogren’s syndrome (SjS) [1-3]. In particular, anti-mitochondrial
antibodies {AMA) have been reported in 85-90% of patients
with PBC and these are among the most prevalent autoantibodies
found in any auteimmunec discase {4-6). Autoantibodies that bind
to components of the nuclear envelope, such as anti-gp210 and
anti-p62 complex, are also important markers for the diagnosis of
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PBC patients with and without AMA, and for monitoring the
progression of disease [7-9]. Other studies have shown that
anticentromere antibodies, especially anticentromere B antibody,
anti-SP100 and antibodies to high mobility group (HMG) pro-
teins I and 2 may also be useful for the diagnosis of PBC [10-14].
Anti-liver kidney microsome (LKM) antibody and peripheral
antineutrophil cytoplasmic antibodies (p-ANCA) are valuable for
the diagnosis of type 2 ATH [15,16] and PSC [17).

In 1998, we reported a novel antibody directed against a con-
formational epitope on a 95-kDa protein in patients with
autoimmune hepatic diseases [18]. This antibody was found in
12% of PBC and 9-7% of AIH patients, but was not detected in
other autoimmune conditions without hepatic invelvement.
Interestingly, unlike LKM and AMA and many other autoanti-
gens, this antigen was not detected by immuncblot. Double
immunodiffusion that used antigens extracted from rat liver
homogenates showed a specific precipitin line that was different
from other known immune precipilin systems [18]. Based on
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immunoprecipitation of extracts of metabolically labelled HeLa
cells, the molecular mass of this autoantigen was estimated to be
95 kDa.

Recently, p97/VCP (valosin-containing protein) was charac-
terized and found to play an important role in nuclear envelope
asserably and the formation of the endoplasmic reticulum and
"Golgi apparatus during the fina! stage of mitosis [19,20]. Of inter-
est, antibodies to p97/VCP inhibited nuclear reassembly in vitre
[21]. Based on studics and paradigms of other autoantibodies that
bind to and inhibit functional domains or active sites of the cog-
nate antigens [2), we reasoned that if autoantibodies to p93 and
P97V CP were identical that they too would reduce its biological
activity and inhibit nuclcar assembly. In this study, we have sought
to determine whether the cognate antigen of anti-p95c and p97/
VCP are identical by investigating the ability of the autoantibody
to inhibit nuclear envelope assembly and Lo immunoprecipitate
recombinant p97/VCP.

MATERIALS AND METHODS

FPatienty and sera

Thirty sera with antibodies to p93c were identified by immunod-
iffusion in a serum bank established in the Health Sciences
Research Institute. The diagnosis of the patients was estab-
lished according to published clinical parameters and histologi-
cal features of liver biopsies [22,23). Sufficient amounts of sera
from 13 patients were available for the inhibition of nuclear
envelope assembly assay and to identify anti-p95¢ to anti-p97/
VCP by immunoprecipitation {described below). A prototype
serum (I) with antibodies to p95¢c and normal human serum
were used as controls to study the steps of nuclear assembly
inhibition during the cell eycle by confocal immunofluorescence
microscopy.

Indirect immunofluorescence

Antinuclear antibody (ANA) and AMA were detected by indi-
rect immunotluorescence, as described in detail elsewhere [24).
Briefly, HEp-2 slides and cryostat sectioned rat kidney and stom-
ach (Fluoro AID 1 test, MBL Ine., Japan) were used for ANA and
AMA, respectively. The sera were incubated on the substrates
and after excess antibody was washed away and they were then
incubated with polyvalent anti-human immunoglobulin conju-
gated to fluorescein isothiocyanate, The slides were read on a flu-
orescence microscope (Nippon Optico, Japan).

Double immunodiffusion

The Quchterlony double immunodiffusion (ID) method was used
to demonstrate the identity of precipitin reactions between solu-
ble antigen and serum antibodies. The antigen source was pre-
pared from rat liver mitochondrial, microsomal and supernatant
fractions as described previously [18]. The mitochondrial fraction
was sonicated (Tosho Electric Company, Japan) for 45 s at full
power to release antigens and the protein concentration of the
soluble antigens determined as described previously [18]. Sixty
mg/ml of the microsomal fraction was then used as the antigen
source for the detection of anti-LKM 1 and anti-p95¢ antibodics.
Conventional antimitochondrial antibodies (i.e. antibodies to
pyruvate dehydrogenase complex) and antibodies to nuclear anti-
gens, such as anti-U1RNP, §jdgren’s syndrome antigen A (SS-A)Y

Ro and anti-Sm, were not detected under these experimental
conditions [25].

In vitro transcription/translation and immunoprecipitation

The ¢cDNA representing the full-length valosin-containing pro-
tein (p97/VCP: Accession number CAA78412; a gift from Dr
Graham Warren, Yale University, New Haven, CT, USA) was
used as a template for i vitro transcription and translation
(TnT, Promega, Madison, WI, USA) in the presence of [%S]-
methionine as described previously [26,27). TnT reactions were
conducted at 30°C for 1-5-2 h and the presence ol translation
products was confirmed by subjecting 2-5 ul samples to sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) and analysis by autoradiography. The in vitro translated
products were then used as the antigen source. IP reactions were
prepared by combining 100 g 10% protein A-Sepharose beads
(Sigma, catalogue no. P-3391), 10 pl human serum, 500 gl NET2
buffer (50 mm Tris-HCI, pH 7-4, 150 mMm NaCl, SmM EDTA,
0-5% Nonidet P-40, 0-5% deoxycholic acid, 0-1% SDS, 0-02%
sodium azide) and 5-10 4l of labelled recombinant protein
obtained from the TnT reaction described above. After 1 h of
incubation at 4-8°C, the Sepharose beads were washed five times
in NET2, and the proteins eluted in 10 y} of sample buffer, The
proteins were analysed by 10% or 12:5% SDS-PAGE as
described previously [26].

Nuclear assembly assays

Demembranated sperm chromatin was prepared as described [28]
and stored at —80°C at a concentration of 40 000 units/ul. Xeno-
pus sp.eggs were collected, the jelly layer removed and then lysed
to prepare an interphase extract [29]. The nuclear envelope
assembly assays were then performed essentially as described by
Smythe and Newport [30]. Briefly, the Xenopus egg extracts, cyto-
sol and membrane fractions were supplemented with an ATP
regenerating  system {10 mm  phosphocteatine, 2mM  ATP
(pH 7-0), 5 pg/iml creatine kinase), and then mixed with demem-
branated sperm chromatin. The standard reaction mixture con-
sisted of 10 000 units of chromatin and 10 ¢l crude extract or 10 ul
cytosol + 1 il membrane, After incubation at room temperature
(23°C) for 1:5h, a 2yl aliquot of the reaction mixture was .
removed and diluted with 2 gl of Hocechst in dihexylocarboceya-
nine iodine {(DHCC) buffer (15 mM PIPES-KOH, pH 74,02 M
sucrose, 7mM MgCly, 80 mM KCl, 15 mMm NaCl, 5 mM EDTA)
containing 20 mg/ml bis-benzimide DNA dye (Hoechst 33342;
Calbiochem-Novabichem), a lipid dye, 3,3-DHCC (Aldrich,
Japan}, and 3-7% formaldehyde on a glass slide. The sample was
mounted with a cover-slip and examined under a 100x objective
lens on a phase contrast and Axioplan fluorescence microscope
(Car! Zeiss) fitted with exciter bartier reflector combinations
appropriate for the fluorescent dyes described above.

For confocal microscopy, DNA was visualized by staining the
preparations with propidium iodide and DHCC. Images were
recorded with & Radiance 2000 confocal finorescence system
{Bio-Rad, Tokyo) mounted on a Nikon E600 fluorescence micro-
scope (Nikon, Tokyo). The rate of inhibition of nuclear assembly
was calculated hy applying the formula: corrected inhibition rate
of nuclear assembly (%) = (inhibition rate of nuclear assembly
obtained from adding patient’s serum (%) — inhibition rate of
nuclear assembly obtained from adding normal healthy serum
(%)nuclear assembly obtained from adding normal healthy
serum (%)
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RESULTS

The diagnosis of the 30 patients that IP the p95¢ protein
included 23 with PBC and seven with AIH (Table 1), Twenty-
four of the 30 (80%) patients were female. Twelve patients pre-
sented with other concurrent diseases: eight with §jS, two with
Hashimoto’s thyroiditis, one with RA and cone with dilated car-
diomyopathy. Within the group of cight §j8 paticnts, four had an
overlap syndrome manifested as SLE/S)S, §S¢/SjS, mixed con-
nective tissue disease (MCTDYSjS or RA/SS. Among the 13
PBC patients that had a liver biopsy, two cases were classified as
Scheuer stage 4, but the remaining cases were classified as either
stage 1 or 2.

Antimitochondrial antibodics (AMA) were detected in 21
(70%) of the sera with titres ranging from 1/20 to 1/640. A positive
ANA was observed in 18 patients with titres that ranged from 1/
40 to 1720 480. Eight patients had antibodies to 58-A, 5 had anti-
UIRNP and one with a PBC/SjS/SS¢ overlap syndrome had
antitopoisomerase 1.

K. Miyachi et al.

Inhibition of in vitro nuclear envelope assembly

The 13 sera (PBC 10, ATH 3) with p95¢c antibodies demon-
strated 7-99% inhibition of the eavelope assembly in the in
vitro assay (Table 1), When the data are plotted as percentage of
inhibition rates (Fig. 1), the degree of inhibition was correlated
with the titre of anti-p%5c. In separate experiments, crude Xeno-
pus egg extracts were pre-incubated with buffer alone, control
normal serum and a prototype serum (IK). The degree and
stage at which nuclear assembly was inhibited was examined by
adding Xenopus sperm chromatin to the reaction. Pre-tncuba-
tion with buffer or normal serum yielded continuous nuclear
rim-staining with the phospholipid stain DHCC, indicating the
presence of assembled chromatin (Fig.2). On the other hand,
pre-incubation with the prototype serum yielded discontinuous
lipid-staining of the nuclear rims with some areas well covered
by membrane while others were not (Fig.2). When the surface
of the chromatin was viewed under higher magnification, the
nuclear envelope was not fully enclosed and the lipid-staining
was reticulated,

Table 1. Clinical and serological features of 30 patients with antibodies to p95¢

Liver Primary Secondary AMA Anti-p95c
No. Sex biopsy diagnosis* diagnosis titre¥* ANA titre** ANA specificity 1D** Anti-vCP 1P INA %
1 M + PBC:S1-2 5i8 160 160 UIRNP/SS-A 128 ++ 82
2 F nd. ATH $js - 80 UI1RNP/SS-A 1 +++ &7
3 F nd. ATH SLE/S)S - 640 UIRNP/SS-A 8 ++ 29
4 F HES PBC - 40 - - 32 +t++ 13
5 F n.a. rBC - - - - 1024 ++++ 88
& M + PBC:51 - 40 80 - 256 ++++ 39
7 M n.d. PBC - 40 - - o4 ++t+t 64
8 r nd. PRC - - 40 - 16 T+ 13
9 F + ALH - - = - 16 + 7
10 F + PBC:S2 - 40 - - 64 I+ 9w
1 F + PBCS1 Hashimoto 320 80 - 4 + 15
12 F + rBcis1 58 80 20 SS-A 32 +4+ 23
13 F n.d. PBC - 640 - - 512 ++++ 8
14 M + PBC:S1 - 80 - - 16 n.d. n.d.
15 F + PBC:S1 - 160 - - 256 nd. nd.
16 F + PBC:S2 - 160 320 - 2 n.d. n.d.
17 F + PBC:S2 - 320 - - 16 n.d. n.d.
18 F + PBC:54 - 640 20 - 16 n.d. n.d.
19 M + PBC:54 - 640 - - 8 n.d. nd.
20 F n.. PRC ~- 160 80 - 32 nd. n.d.
21 F n.d. PBC - 6410 - - 128 nd. nd.
22 F n.d. PRC - 320 - - 32 nd. nd,
23 F + PBC:SI] Haslimoto 320 80 - 128 - nd, n.d.
24 F + PBCS1 SjS/88¢ 20 320 $§-AfTopol 32 nd. nd.
25 F n.d. PBC SjS/MCTD - 20430 U1IRNP/SS-A 16 nd. nd.
26 M n.d. PBC DCM 320 - - 32 nd. n.d.
27 F + ATH - - 160 - 256 n.d. n.d.
23 F + AlH 5i8 320 320 UIRNP/SS-A 8 nd. n.d.
29 F n.d. AlH RA - 160 - 64 nd. n.d.
30 F n.d. AN SiSIRA - 160 S5-A 64 n.d. n.d.

“$ indicates Scheuer’s staging of liver pathology [22,23]. ¥*AMA, ANA and p95c titres are the reciprocal of number shown; + indicates the
semiquantitative reaction with recombinant VCP as determined by the autoradiopram of immunoprecipitated [*$]-labelled protein. AIM, autoimmune
hepatitis; AMA, antimitochondrial antibodies; ANA, antinuclear antibodies; DCM, dilated cardiomyopathy; 1D, immunodiffusion; INA, inhibition of
nuclear assembly; IP, immunoprecipitation: MCTD, mixed connective tissue disease; n.a., result not available; n.d,, not done; PBC, primary biliary cirrhosis;
RA, rheumatoid arthritis; $8, Sjégren's syndrome; SLE, systemic lupus erythematesus; $8-A, Sjogren’s syndrome antigen A; Topol, topoisomerase 1;

UIRNP, U1 ribonucleoprotein; VCP, valosin-containing protein.
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Immunoprecipitation of recombinant p97/'VCP

The same 13 sera were then uscd in an IP assay that emploved
radiolabelled recombinant p97/VCP produced in the rabbit retic-
ulocyte lysate system {Table 1). Twelve (93%) of the sera immu-
noprecipitated the ~87 kDDa recombinant protein, but normal
human sera and PBC sera with antimitochondriat antibodies, but
no antibodies to p95c, did not (Fig. 3}, One serum (no, 10: Table 1,
Fig. 3) showed an equivocal IP result.

DISCUSSION

This study provides compelling evidence that the previously
described p%5c autoantigen and p97/VCP are the same proteins.
This conclusion is based on a number of remarkable similarities
between p95¢ and p97/VCP. First, the molecular masses and cel-
lular localization in the cytesol are nearly identical. Secondly, all
sera with anti-p95c antibodies have been shown to inhibit nuclear
envelope assembly. Thirdly, all but one of the available 13 sera
that had anti-p95 antibodies and inhibited nuclear assembly
immunoprecipitated the recombinant p97/VCP protein.

We have shown previously that anti-p95¢ antibodies that were
found in the sera of patients with PBC and AlH were demon-
strated easily by immunodiffusion and immunoprecipitation but
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Fig. 1. Relationship between percentage inhibition of nuclear assembly
and titres of anti-p93c antibodies in the sera of PBC patients Sera with
low titre (<1 :128) anti-p95c antibodies exhibit less inhibition of nuclear
assembly whereas sera with high titres (>1/128) show the moest marked
inhibition of nuclear assembly.

control NHS

DNA

could not be detected by conventional immuneblotting tech-
niques [18]. This is in contrast to most autoantibodies found in
other autoimmune discases that usually show reactivity to the
cognate antigens by immunoblotting {3,31]. Based on these obser-
vations, we suggested that the epitope of the p95c autoantigen
was conformationat [18].

In the present study, all but one of the sera with anti-p93 anti-
bodies bound to the recombinant p97/VCP protein in an TP assay.
In this assay, certain conformational epitopes are probably
present, although it is likely that post-translational modifications,
which are features of the native protein, are not represented fully
in the recombinant protein produced in the rabbit reticulocyte
lysate system. The requirement for certain post-translational
modifications may explain why the one serum did not immuno-
precipitate the recombinant VCP. To gain further insight, studies
are under way to map the linear and conformational epitopes on
poVCE.

When we considered possible autoantigenic targets of the
anti-p95¢ sera, two novel antigens in the cytosol with molecular
masses cach of 97 kDa came to our attention, The first was -
karyopherin (importin-f), which plays a key role in nuclear
import [16]. The other was p97/VCP, which plays an important
role in various membrane fusions such as Golgi and nuclear enve-
lope assembly, and ubiguitin-dependent protein degradation
[32,33]. This protein is a member of a family of AAA-ATPases,
some of which (i.e. F-ATPase) are located in the inner mito-
chondrial membrane [17] and others (i.e. F,-ATPase) localized
to the matrix space [34,35]. The pY7/VCP complex and N-
ethylmaleidemide sensitive fusion protein (NSF) share certain
similarities in that they both form ring-shaped homo-hexamers
(in contrast to hetero-hexamers of F-ATPase) and are involved
in biogenesis and functional activities of the Golgi and nuctear
membranes [33,36]. The function of 97 can be inhibited by -
SNAP, a component of the NSF pathway, and the function of NSF
can be inhibited by p47, also a compounent of the p97 pathway
[32]. The mechanism of nuclear inhibition is thought to involve
competition between a-SNAP and p47 to bind syntaxin 5, a com-
mon compenent of the functional p97 and NSF pathways [32].

In our study the inhibition of nuclear assembly was generally
corrclated with the titre of anti-p95c antibody as determined by
1D, but there was a less clear-cut correlation between the nuclear
inhibitien assay and the semiquantitative assessment of the TnT
IP results (Table 1). Therefore, it has yet to be shown conclusively
that anti-p95c antibodies are indeed the factors that inhibit the

Fig. 2. Cenfocal immunofluorescent microscopy of the nuclear reassembly assay. Nuclear envelope assembly was inhibited by the index
serum (IK) but not by phosphate buffered saline or normal healthy serum. Nuclear assembly was judged to have occurred when the length

of the long axis divided by the short axis was less than 2.
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Fig, 3. Immunoprecipitation of p97/VCP recombinant protein with
human anti-p95 sera, The p¥7/VCP protein was expressed s a 8]
labelled in vitro transcription and translation {TnT) product and then
immunoprecipitated with the human sera. Thirteen sera with anti-p95¢c
antibodies (lanes 1-13) and the index anti-p95c¢ scra (1) immunoprecipi-
tated the ~47 kDa recombinant protein whereas normal human serum (N}
and a control serum from a patient with antimitochondrial antibodies (C)
did not, The reactivity of the serum in lane 10 i5 weak compared to other
sera but was equivocally positive on the original imaging film. Molecular
weight markers are indicated on the left.

nuclear asscmbly. A number of observations support our conchu-
sion. First, like our observations, Hetzer and his colleagues dem-
onstrated that anti-p97/VCP antibody inhibits nuclear envelope
assembly in a Xenopus egg extract in the in virro system [21]. Sec-
ondly, we have shown previously that AMA and anti-gp210 anti-
bodies, which are found in sera from patients with PBC [5], and
anti-UIRNP/Sm, anti-$S-A/Ro, anti-S$8-B/La, which are found in
sera from patients with SLE or §jS [2,3], did not inhibit nuclear
assembly in the in vitro assay (data not shown). However, it
remains to be determined if autohnmune sera with antibodies
dirceted against nuclear envelope proteins such as lamin B recep-
tor (LBR), LAP2 (lamina associated polypeptide 2}, lamin A/C
and lamin B might inhibit nuclear assembly. According to a recent
report, some human sera might contain antibodies to other anti-
gens, such as glyceraldehydes-3-phosphate, that also participate in
nuclear assembly [28].

Hetzer et al. has reported that several steps are involved in the
process of nuclear assembly and, specifically, p97-p47 is required
for nuclear envelope expansion in the final steps of nuclear enve-
fope fusion [21]. In our study, confocal immunoflucrescence
microscopy showed that inhibition of puclear assembly occurred
at more than onc stage because some areas of chromatin were
well covered by the nuclear envelope while others were not, Thus,
anti-p95¢ antibodics may be directed against domains of p97 that
are critical in different steps of nuclear envelope assembly. The

antigenic domain(s) bound by anti-p95c is not known; studies are
under way to define the primary conformational and lincar
epitopes. The assumption that human anti-p95¢ antibodies bind to
the active site of p95/VCP and inhibit its function is based on stud-
tes of other human autoantibodies that have been shown to bind
functional sites of proteins and inhibit their biological activities
[37,38].

In summary, we provide evidence that the previously
described p95c autoantigen and p%7/VCP are identical proteins.
To maintain understanding between disciplines we propose that
anti-pY5c antibodies be referred to as anti-p97/VCP in the future.
Anti-p97/VCP was found in approximately 12-5% of patients with
PBC and in 97% with ATH [18]. In contrast to the prevalence of
AMA [5], the prevalence of anti-p95c antibody in PBC is
relatively low. Therefore, the diagnostic importance of anti-p95¢
antibody occurs frequently in AMA-negative PBC and in ANA-
negative AIH. In our study, many of the PBC or AlH patients
with this antibody had overlap conditions, particularly SjS. Pro-
spective studics of §j3 patients would be important to determine
if anti-p97/VCP antibodies antedate the appearance of autoim-
mune liver disease. '
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