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by conventional ¢8 TCR. The binding mode of 2C transgenic TCR
was investigated vsing an IgG1-H2K® dimer, and evidence for
TCR e dimerization was obtained by data deconvolution. To
confirm the cooperative engagement of glycolipid Ag, we also
used IgG1-CD1d1 and 1gG1-HZK® 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 our findings with those previously reported is unclear.

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

How iNKT cells respond to self-Ag and yet remain quiescent in
physiological situations remains unclear. In this stody, we dem-
onstrate that INKT cell receptors exhibit cooperative engagement
of glycolipid Ag. Cooperativity in biological systems is a common
mechanism for achieving sensitivity to relatively modest changes
in the strength of the signal (33, 63). In other words, a relatively
small change in ligand concentration will result in full binding/
activation of an enzyme/teceptor. It is possible that iNKT cells nse
cooperativity 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 vivo-isolated iINKT cells is dependent on high levels of
CD1d1 expression by target cells (2), and conversely, INKT cell hy-
bridomas recognizing physiologic levels of CD1d1 on target thy-
mocytes or dendritic cells have high levels of Val4Jal8 TCR ex-
pression (6). Thus, the finding of cooperativity in iNKT cell Ag
engagement, but not among CTL recognizing peptidic Ags may be
one mechanism by which iNKT cells recognize self-Ag(s).

Our data indicate that the structure and/or organization of the
iNKT cell receptor may be distinct from 8 TCR of CTL. FG loop
within the Cb domain is a large, evolutionarily conserved siruc-
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 gross 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
grossly impaired. However, a careful analysis in a single specific-
ity TCR transgenic system revealed that thymocytes lacking the
FG loop had impaired negative selection (80), but TCR af3 pairing
and expression were unhindered. In contrast, however, Val4Jald
TCR a-chain was found not 1o 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 H57-597,
which exhibits strong FRET in conjunction with the CD1d1-aGal-
Cer tetramer specifically binds the FG loop (77, 79). However,
FRET was not obscrved in conjunction with H2K® tetramers or
dimers. FRET is observed between CD8a of 2C-transgenic CTL
and H2K®, suggesting the engagement of CD8a by monomeric H2K®
(82). Taken together, the data strongly suggest that the structure
and/or the organization of the Val4Jal8 TCR complex are distinct
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from «ff 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
demonstrate novel propetties 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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Abstract

The third complementarity-determining region {(CDR3}) of TCR interacts directly with antigenic
peptides bound to grooves of MHC molecules. Thus, it Is the most critical TCR structure in
launching acquired immunity and in determining fates of developing thymocytes. Since length is
one of the components defining the CDR3 heterogeneity, the CDR3 length repertoires have been
studied in various T cell subsets from humans in physiclogical and pathological conditions.
However, how the CDR3 length repertoire develops has been addressed only by a few reports,
including one showing that CDR3 of CD4 thymocytes becomes shorter during thymic development.
Here, we explored multiple regulations on the development of the TCRB CDR3 length repertoires in
the thymus and the peripheral blood. CDR3 length spectratyping was employed to examine
thymocyte and peripheral T cell populations for their CDR3 length repertoires. We have found that
repertolre distribution patterns depend on use of the BV gene. The BV-dependent pattems were
shaped during thymic selections and maintained in the peripheral blood. Differences in the mean
CDR3 length among different BV subsets were seen throughout lymphocyte development. We also
observed that CDR3 was shortened [n both CD4 and CD8 thymocytes. Of note, the degrees of the
shortening depended on the CD4/CD8 lineage and on use of the BV gene. When expansions of
peripheral T cell clones are negligible, no obvious difference was seen between mature thymocytes
and peripheral lymphocytes. Thus, the TCRB CDR3 length repertoires are finely tuned In the
thymus before the lymphocytes emigrate into the peripheral blood.

Introduction

Using surface receptors for antigens, aff T cells recognize
antigenic peptides bound to MHC class | or If molecules.
Studies using X-ray crystallography have demonstrated that
three-dimensional structures composed by the first, second
and third complementarity-determining regions (CDR1, 2 and
3) of TCR a and B chains interact directly with peptides
presented by the MHC molecules (1,2). Avidity of the
interaction is defined by topological structure and location of
charged amino acid residues of the interface peptides (3). In
the TCR chain, CDR3 nucleic acid sequence is most diverse
because it is generated by recombination of multiple V, D (in
the case of TCRB) and J gene segments, and by random
addition of interlocating N region nucleotides (4,5). Since this
region interacts most closely with the antigenic peptide, the
diversity of the COR3 amino acid sequences accounts for a
wide array of antigen specificities within the functional T cell
repertoire.

The molecular interaction of interface peptides is similarly
important in association between antigenic peptides and MHC
molecules. This interaction limits heterogeneity of peptides
that can bind to the products of a given MHC allele (8). The
length of the artigenic peptides is also restricted by inter-
action with MHC and with TCR (6). In contrast, the TCR CDR3
segments are more diverse in length. This might be explained
by weaker association of antigenic peptides with TCR than
with MHC (3,7). However, it remains to be seen how the CDR3
length repertoire is regulated during thymic development and
in peripheral blood.

The off T cell repertoire develops through a number of
selection steps in the thymus. TCRB gene rearrangement
becomes complete first at the stage of CD3-CD4+CD8-
immature single-positive (CD4 ISP} thymocytes (8,9}, If their
TCRB genes rearrange in-frame and their products pair
successfully with pre-Too chains, these cells survive and
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Fig. 1. BV-dependent differences in TCRB CLS histogram. (A) The
histograms of the BV1, 3 and 7 subsets of peripheral CD4 T cells
- from three donors (D1, D4 and D5S). (B) The CP frequencies and the
variances in the individual BV subsats. They were calculated using
TCRB CLS histograms of peripheral CD4 T cells from six child
donors. The classification of the BV families was based on the
definition by the WHO/nternational Union of Immunological
Societies, Nomenclature Subcommiftee on TCR Designation (30).
The open cclumns and shaded columns represent the mean values
of the CP frequencies and those of the variances respectively. The
hars show their SD.

profiferate to become CD4+CD8* double-positive thymocytes
(8,10). They express TCRp chains together with products of
the in-frame rearranged TCRA gene. The double-positive
thymocytes then undergo positive and negative selection,
which make mature CD4 and CD8 T cell repertoires desirable
to eliminate foreign pathogens. Although these processes are
directed by the avidity of TCR with its ligand (11), their effects
on the CDR3 length repertoire have hardly been explored.
The heterogeneity of the TCR CDR3 length in T cells at any
developmental stages can be tested with TCR CDR3 length
spectratyping (CLS). This method visualizes the distribution of
TCR CDR3 length as histograrns (12). It has been shown that
typical histograms that are derived from mature peripheral T
lymphocyte pools display a Gaussian-like distribution with
3-base spacing. If a histogram is biased by an unexpectedly

high frequency at a specific length, it indicates that the studied
pepulation contains an expanded T cell ¢clone whose CDR3
has the corresponding length, Based on this, the TCR CLS
technique has been employed to study clona! perturbation of T
cell repertoires from healthy donors and patients with various
inflammatory diseases (13-19). The results have given us
some insights into the physiotogy and pathology of T cell
homeostasis.

The above facts all indicate the importance of discerning
how heterogeneity of the CDR3 length repertoire is physiolo-
gically regulated, especially in the thymus. No gross differ-
ence in COR3 length distribution between fetal and adult T cell
pools has been reported (20). Yassai et al. (21) reported that
thymocytes with shorter TCRB CDR3 are selected during
transition from CD4+CD8+* thymocytes to CD4 SP thymocytes.
Their subsequent report used murine systems to show that the
shortening is mediated by TCR—peptide-MHC interaction in
the thymus (22). Of note, they suggested that human reper-
toires might be under distinct regulation. Other investigators
have described that different TCRB CDR3 lengths were
preferred by different BV and BJ combinations in mice (23},
and BJ genes in humans (24). However, no studies have
addressed which stages in lymphocyte development are
responsible for these differences.

How are the CDR3 length repertoires of various T cell
subsets formed, modulated and maintained in the thymus and
in the peripheral blood? How does the shortening occur in the
human thymus? The present study was conducted to address
these issues, By examining thymocytes and peripheral T cells
for TCR CLS patterns, we have found that formation of human
TCR CDR3 length repertoires is under multiplex regulations in
the thymus.

Methods

Samples

Thymic fragments and periphera! blood were collected from
child denors during heart surgery for correction of congenital
cardiac anomalies. They were from 1 10 13 years old (mean 5.6
years old). They suffered from no immunological or hemato-
logical disorders. Consent forms were cbtained before the
operation. CD4 ISP thymocytes, mature CD4 and CD8 SP
thymocytes, and peripherat CD4 and CD8 T iymphocytes were
sorted from the thymic tissues or peripheral lymphocytes as
described previously (25). Purities of the separated cells were
>94%.

PCR

RNA were extracted from the sorted thymocytes and
lymphocytes, and converted to ¢DNA {25). To amplify TCR
transcripts with individual TCRBV family genes, the cDNA
were subjected to PCR using a fluorescent TCRBC-specific
anti-sense primer (Cgb) and a pane! of sense oligonucleotide
primers specific to TCRBV gene families (26). The amptifica-
tion reaction consisted of 35 cycles of 1 min at 94°C, 1 min at
60°C and 1 min at 72°C, with final extension at 72°C for 7 min.

To amplify TCR transcripts with individual members of the
BV7 family (BV7S1, BV7S2 and BV7S53 genes), a sense primer
specific to the three BV7 family genes (Vg7os: GGA GCT CAT
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GTT TGT CTA CA) and a BC-specific antisense primer {Cga
(26)] were used for primary PCR. The reaction consisted of 25
cycles of 1 min at 84°C, 1 min at 53°C and 1 min at 72°C
followed by final extension at 72°C for 7 min. Part of the
products were further amplified with a nested sense primer
specific to BV7S1, BV752 or BV7S3 genes (Vp751s: TAC AGC
TAT GAG AAA CTC TC; V7S2s: TAC AGT CTT GAA GAA
CGG GT; or Vg783s: TCT ACA ACT TTA AAG AAC AGA C)
and the fluorescent Cgb primer. The reaction consisted of 25
cycles of 1 min at 84°C, 1 min at 53°C and 1 min at 72°C
followed by final extension at 72°C for 7 min.

TCR CLS

The PCR products were fractionated on denaturing 7%
polyacrylamide gel in a Hitachi SQ-5500 sequencer (Hitachi
Electronics Engineering, Tokyo, Japan). The data were ana-
lyzed with the associated software to display histograms.
Relative percentage of the TCRB transcripts of a given length
to total TCRB transcripts in the BV subsets, which is called the
frequency in this report, was calculated by dividing the
fluorescence intensity of the corresponding peaks by the
sum of the intensity of all peaks.

Statistical analyses

CDR3 length, defined as previously described (20), ranged
from 6 to 60 bases. Nineteen frequency values within this
range were treated as variables for cluster analyses, which
were performed with Statistica 4.1J (Tulsa, OK}. The variances

20
were calculated as follows: 3 Fan X {L3, — mean CDR3
n=2
length)?, where F3, stands for the frequency value that
corresponds to a given CDR3 length of Ly, The Kruskal-
Wallis test was used to compare the central peak (CP)
frequencies, variances and mean CDR3 lengths of the
histograms of different BV subsets. The Mann-Whitney test
was used to compare these parameters of the histograms of
the CD4 ISP thymocytes with those of the other populations.

Results

BV-dependent TCRB CDR3 length repertoires of peripheral
CD4 T cells

In order to characterize unbiased TCRB CDRS3 length reper-
toires of the mature T lymphocytes, peripheral CD4 T
lymphocytes from six child donors were examined. This
population was studied because biases of the T cell reper-
toires by clonally expanded T cells are more frequent in elder
individuals and inthe CD8 T cell pool (13,15,27,28). Although
the histogram of each BV subset displayed a Gaussian-lke
distribution without outstanding biases, different BV subsets
had slightly different patterns. Histograms of BY1, 3 and 7
gene families of three donors are shown to represent such
differences (Fig. 1A). The shapes of different BV subsets were
distinguished by the height of the CP that always had the
highest frequency and by the width of the span. The
histograms of BV1 had a high CP and narrow span, those of
BV3 had a low CP and wide span, and BV7 had modestly high
CP and a narrow span.
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The characteristics were quantitatively assessed with the
CP frequencies and the variances; the variances indicate
span of the histograms. These two values were calculated for
all BV subsets studied (Fig. 1B). Various combinations of CP
frequencies and variances were observed. Reflecting the
histogram pattern of the BV3 subset, its CP frequencies were
low and the variances were remarkably large. This was also
the case with the BV11 subset. The BV1 subset, as well as the
BV6S1 subset, had high CP frequencies and small variances.
The two parameters also describe the characteristics of the
BV7 subset: moderate CP frequency and small variance.

Although some BV subsets had higher CP frequencies than
BV1, or smaller variances than BV1 and 7, the BVi, 3and 7
subsets were further studied to investigate how these differ-
ences develop during T lymphocyte development. The other
BV subsets occasionally had minor and random biases, which
should be due to small expansions of T cell clones. The
characteristics of the three BV subsets and similarity within the
same subsets could be ifluminated by line graphs of the COR3
length repertoires from six donors (Fig. 2A). Statistical com-
parison of the CP frequencies and the variances among the
three subsets from six donors demonstrated that the CP
frequencies of the BV1 subset were highest, white those of the
BV3 subset were lowest, and that the variances in the BV3
subset were largest {Fig. 3A and B).

Pannetier et af. (23) reported that the mean TCRB CDR3
length of murine tymphocytes depends on use of BV genes.
This was the case with human peripheral lymphocytes; the
mean length of the TCRBV7Y transcripts was longest, while that
of the TCRBV3 transcripts was shortest (Fig. 3C).

Overall differences in the CLS patterns were elucidated by
cluster analysis, which treated 19 frequency values at 660
bases as variables. A total of 18 histograms from six donors
were segregated into three groups, each of which contained
histograms of BV1, 3 or 7 subsets (Fig. 4A).

According to the published database, the BV7 family
consists of BV7S1, 752 and 783 genes, while BV1 and 3
families have a single gene member (23). The histograms of
the BV7 subset were derived from the PCR products that were
generated with a primer specific to all BV7 family genes. In
order to examine the TCR transcripts with individual BV7
genes, these transcripts were independently amplified with
specific primers. The CLS distributions of the transcripts with
the three BVY7 genes were homologous and no statistical
differences in CP frequency, variance or mean TCR length
were observed {data not shown). Thus, the BV7 family subset
was analyzed as a whole in the present studies.

Development of the BVY-dependent repertoires in the thymus

TCR8V1, 3 and 7 transcripts that were derived from CD4 18P
thymocytes, and CD4 and CD8 SP thymocytes from the same
set of donors were analyzed to study how the BV-dependent
characteristics develop. As was discussed in our previous
report {25), the CD4 ISP thyrnocytes have undergone TCRB
gene rearrangement, but have not started positive or negative
selection. Thus, unlike CD4 CD8 double-positive cells, a part
of which are already under pressure of thymic selection, they
are the best for investigation of primordial TCR repertoires.
The histograms of the CD4 and CD8 SP thymocytaes shared
the same characteristics as those of the peripheral CD4 cells
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Fig. 2. TCRB CLS histograms of the BV1, 3 and 7 subsets of the peripheral lymphocytes and thymocytes. Distributions of the frequencies are
presented in a line graph format. The data of the six doners {D1-D6) are shown as overlaid line graphs in each panel to illuminate BV-specific
characteristics. {A) The histograms of the three BV subsets in their peripheral CD4 T cells. (B) The histograms of the CD4 18P, CD4 SP and
CD8 SP thymocytes, and peripheral CD8 T cells. Except for the CD4 ISP thymocytes, the histograms of each BV subset were similar. The BV
and 3 subsets of the peripheral CD8 T cells from D4 were considerably biased, probably because of clonal expansions.

(Fig. 2B). In both SP poputations, the CP frequencies of the
BV1 subset were highest and those of the BV3 subset were
lowest. The variances in the BV3 subset were largest. These
differences were statistically significant (Fig. 3A and B).
Peripheral CD8 T cells from the same donors were analyzed
in the same way. Their histograms were often biased since
CD8 T cells are prone to large clonal expansions.
Nevertheless, the BV-dependent characteristics were held
well by the peripheral CD8 T cells (Figs 2B, and 3A and B).
In contrast, differences among the three subsets were not
significant in the histcgrams of the CD4 ISP thymocytes
(Fig. 2B}. These histograms shared the same features, which

were characterized by low CP and wide span regardless of BY
gene use. In all of the three BV subsets, the CP frequencies
and variances of the CD4 ISP thymocytes were different from
those of the SP thymocytes and peripheral T cells in a
statistically significant manner (Fig. 3A and B). The CP
frequencies of CD4 ISP were significantly lower than those of
CD4 SPinthe BV1, 3, and 7 subsets (P < 0.01, P<0.05and P
< 0.05 respectively), than those of CD8 8P (P < 0.01 for each
subset), than those of peripheral CD4 (P< 0.01, P<0.05 and P
< 0.01 respectively) and than those of peripheral CD8 (P <
0.01, P < Q.05 and F < 0.01 respectively). The variances of
CD4 ISP were significantly larger than those of CD4 SP in the
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Fig. 3. Parameters to compare the TCR CLS histograms of CD4 ISP,
CD4 SP and CD8 SP thymocytes, and peripheral CD4 and CD8 T
cells. CP frequencies (A}, variances (B) and mean CDR3 lengths (C)
in the BV1, 3 and 7 subsets from the six donors are shown, Those of
the peripheral COB T cells from D4 are excluded because of
obvious biases. The Kruskal-Wallis test was used to compare the
three parameters among the BV subsets. In the peripheral CD4, the
three subsets were statistically different with respect to the CP
frequency (P < 0.005), the variance (P < 0.05) and the mean COR3
length (P < 0.001). In the CD4 ISP thymocytes, the three BV subsets
were not significantly different with respect to the CP frequency and
the variance, but significantly different with respect to the CDR3
length (P < 0.002). In the CD4 SP and CD8 SP thymocytes, the three
BV subsets were different with respect to the CP frequency
(P < 0.05 for both), the variances (P < 0.02 for both) and the mean
CLAR3 length (P < 0.001 and P < 0.005 respectively). The thiee BV
subsets from peripheral CD8 were different with respect to the CP
frequency {P < (.05}, the variance {P < 0.05) and the mean CDR3
length (P < 0.005). The Mann-Whitney test was used to compare the
three parameters of the CD4 ISP thymocytes and the other
populations. The CP frequencies of CD4 ISP were always lower than
those of CD4 SP in the BV1, 3 and 7 subsets, than those of CD8 SP,
than those of peripheral CD4, and than those of peripheral CD8. The
variances of CD4 ISP were larger than those of CD4 SP inthe BV1 3
and 7 subsets, than those of CD8 SP, than those of peripheral CD4,
and than these of peripheral CD8. The mean CDR3 lengths of CD4
ISP were longer than those of CD4 SP, CD8 SP, peripheral CD4,
and peripheral CD8 in all three subsets. *P < 0.05 and
P < 0.01 respectively in the Mann-Whitney test to compare each T
cell population with the corresponding CD4 ISP population.

BY1, 3 and 7 subsets (P < 0.01 for each subset), than those of
CD8 SP (P < 0.01, P< 0.05, and P < 0.01 respectively), than
those of peripheral CD4 (P < 0.01 for each subset) and than
those of peripheral CD8 (P < 0.01 for each subsaet).

As for the mean CDR3 length, the same differences among
the three BV subsets were cbserved in the CD4 and CD8 SP
thymocytes, and in the peripheral CD8 T cells (Fig. 3C). Unlike
the distribution patterns, the differences in length were already
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seen in the CD4 ISP thymacytes (Fig. 3C). These results imply
that positive and negative selections exert distinct effects on
CLS distribution pattern and on CDR3 length.

Cluster analyses segregated the histograms of the CD4 and
CD8 SP thymocytes into three groups, each of which
contained primarily those of the same BV subset (Fig. 4C
and D). The histograms of the peripheral CD8 T cells also fell
into the three groups except for the histograms with biases
(Fig. 4B). Notably, the same analysis of the histograms of the
ISP thymocytes failed to discriminate BV gene use (Fig. 4E).
This should be due to similarity of the distribution patterns and
suggests that the difference in length alone is not encugh for
segregation.

BV- and co-receptor-dependent shortening of TCRB CDR3
length in the human thymus

It has been reported that TCR CDR3 shortens during transition

from the ISP thymocytes to the SP thymocytes (21). This was

observed in our studies of the mean CDR3 length; the CD4 ISP
thymocytes had longer CDR3 than the other populations
{Fig. 3C). To investigate this further, we analyzed plots of
differences in frequency (AF) and skew values (ZAF), both of
which have been defined by Yassai ef al. (21,.22). AF can be
calculated by subtracting the CLS frequency of a given
population from that of the other at the same length. A cluster
of positive AF values on the right of an inflection point with a
corresponding cluster of negative AF values on the cther side
indicates that the given population has shorter CDR3. TAF is
the sum of AF values to the right of the inflection points. The AF
plots and ZAF were calculated by subtraction of the frequen-
cies of the CD4 and CD8 SP thymocytes from those of the CD4
ISP thymocytes in the three BY subsets (Fig. 5A). Their
patterns and positive IZAF values showed that both SP
thymocyte populations had shorter CDR3 than the CD4 ISP
thymocytes irrespective of BV subset.

Interaction of TCR with endogenous antigens dictates CD4/
CD8 lineage commitment during positive and negative selec-
tions in the thymus. This led us to assume that the shortening
coutd be a function of the lineage if it is a consequence of TCR
triggering. We then calculated AF between cells with different
lineages; between the CD4 and CD8 SP thymocytes and
between the peripheral CD4 and CD8 T cells (Fig. 5B). The AF
plots and ZAF showed that the TCR CDR3 length of CD4
lineage cells was shorter in the BV3 subset, whereas it was
longer in the BV7 subset. No significant differences in CDR3
length were seen in the BV1 subset. Thus, differential
shortening between CD4 and CD8 lineage cells was cbserved
and it depended on BV gene use,

Additionally, the CD4 SP thymocytes and the peripheral
CD4 T lymphocytes, as well as the CD8 SP thymocytes and the
peripheral CD8 T lymphocytes, were compared. The results
showed that CDR3 of CD4 or CD8 lineage cells do not shorten
in the peripheral blood {data not shown).

Discusslon

The present study has elucidated how TCR CDR3 length
repertoires of CD4 and CO8 T cells in different BV subsets
develop in the human thymus and peripheral biood. The CDR3
length repertoires had BV-dependent distribution patterns.
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Fig. 4. Cluster analyses of the histograms of individual T ¢&ll populations from the six donors. Based on 18 histograms of peripheral CD4 (A}
and CDB (B) T cells, CD4 SP (C) and CD8 $P (D) thymocytes, and CD4 ISP thymocytes (E), the distance of every combination of two
histograms was calculated with Ward's method and the Euclidean distance. Al calculated distances divided by the maximal distance are
shown in a dendrogram. Listed on the left are the BV subsets and the identification of donars that the individual histograms originated from.
The BV1 and 3 subsets of the peripheral CD8 T cells from D4 had biased CLS histograms.

They were shaped during thymic selections and maintained in
the peripheral blood. In contrast, the BV-dependent differ-
ences in the TCR CDR3 length were cbserved throughout
lymphacyte development. The CDR3 became shorter during
thymic selections, but did not change the 8V-dependent
differences seen before the selections. Finally, the degrees
of the shortening differed between CD4 and CD8 lineage cells,
and also were dependent on BV gene use. The repertoires
of peripheral iymphocytes reflected directly those of mature
SP thymocytes except for biases induced by clonal
expansions.

Although it was known that different CDR3 lengths were
preferred by different BV subsets, the BV-dependent distri-
bution patterns are disclosed here for the first time. Uniike the
difference in length, the different patterns become evident
during positive and negative selections, accompanied by an
increase of the CP frequency and narrowing of the distribution
span. This argues that they are shaped under the pressure of
positive and negative selections in the thymus. Most studies
that employed the TCR CLS technique disregarded the
differences, probably because the technigue was used for
identification of gross changes.

We have found that the distribution patterns of three gene
members of the BV7 family shared the same characteristics.
This ensures that the CLS histograms generated with the
primer specific to BV7 family genes were not artifacts. In this
regard, we have found that different gene members of the BVE
family could have similar distribution patterns (Fig. 1B). Also,
both BV3 and 11 subsets shared histograms with low CP
frequencies and large variances. Arden et al. (29) pointed out
that these two genes are closely refated both steucturally and
in their CDR3 sequences. According to their TCRBY gene
classification, BV1, 3 and 7 fall into different groups. These
facts argue thal the BV-dependent differences could be
attributable to the structure of TCRp chains.

Using murine thymus, Pannetier et al. (23) observed that
different BV subsets prefer different TCR CDR3 lengths. We
found that the BV-dependent difference in mean TCR length
already occurred in the CD4 ISP thymocytes. This implies that
the difference is regulated by TCR rearrangement. Also, since
the CD4 ISP thymocytes with complete TCRB gene rearrange-
ment are under pressure of subsequent P selection for
association with pre-Te chaing, the B selection could contrib-
ute to the difference formation. Moreover, the CLS histograms
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Flg. 5. Comparison of TCR CDR3 length in different CD4/CD8 lineage cells. Plotted are AFthat were calculated by subtracting the frequencies
in the CD4 and CDB $P thymocytes from those in the ISP thymocytes (A: CD4 ISP — CD4 SP and CD4 (SP - CD8 SP respectively), and by
subtracting the frequencies in the CD8& SP thymocytes from those in the CD4 SP thymocytes and those in the peripheral CD8 T cells from
those in the peripheral CD4 T cells (B: CD4 SP — CD8 3P and peripheral CD4 - peripheral CD8 respectively). In crder 10 quantify the
shartening, the means = SD of ZAF derived from the six donors were calculated {shown in the panels). In (B), where the data from D4 have
been excluded, TAF values of the BV3 subsets were all negative in both subtractions, while EAF values of the BV7 subsets were all positive.
TAF values were not calculated for the BY1 subset because no inflection points were found in the AF plots. NC, not calculated.

of the BV1, 3 and 7 subsets of the CD4 ISP thymocytes were
similar, but not necessarily identical {Fig. 2B), suggesting that
the rearrangerment and/or B selection may have a subsidiary
effect in shaping the CLS distribution patterns.

To address further if the rearrangement per se regulates the
BV-dependent difference in CDR3 length, we tried to amplify
non-productively recombined TCRBV1, 3 and 7 genes from
peripheral T lymphocytes that do not express TCRVE1, 3or 7.
However, even from >107, a sufficient amount of the rear-
ranged genes could not be amplified for the TCR CLS
analyses. This was consistent with the fact that the TCRB
CLS patterns of the CD4 ISP thymocytes always had 3-base
pair spacing, indicating that all transcripts were in-frame. The
3-base spacing was also observed by Yassai et al. (21) who
examined TCRB genomic DNA derived from the same
population. It is known that 85% of CD4 ISP thymocytes retain

the TCRB germline cenfiguration, while only 5% express
rearranged TCRB gene products (9). Thus, thymocytes with
out-of-frame TCRB rearrangements must be diluted out
quickly by those expressing complete TCRpB/pre-Tee and
become undetectable with conventional technologies.

In separate experiments, we have assessed the mean TCR
CDR3 lengths of the other BV subsets and found that the BV
subsets with similar CLS patterns do not necessarily have
similar CDR3 length (data not shown). The differences in
shortening between CD4 and CD8 lineage cells were not a
function of the distribution patterns (data not shown)}. Thus,
distribution pattern and length appeared to be regulated
independently.

Yassai et al. (21,22) reported TCR shortening in the human
and murine thymi. By examining murine thymocytes for the
BV1-BJ2 recombinants, they have shown that the shortening
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occurs to a larger extent in the CD4 lineage cells than in the
CD8 lineage cells. They failed to see differential shortening in
humans and suggested a distinct regulation for human
thymocytes, However, we observed a clear difference
between the CD4 and CD8 T cells. We found that the
differential shortening was a function of BV gene use. These
"data imply that the shortening in humans is regulated by
antigen recognition by TCR.

The TCR shortening could be affected by allelic variations of
MHC gene products, and differential shortening between CD4
and CD8 lineage cells could be due to differential orthogonal
geometry of TCR and antigenic peptide in the grooves of MEC
class | and Il molecules (22). However, the differences in mean
CDR3 length were preserved throughout the thymic selec-
tions. The CD4 and CD8 lineage cells share the same CLS
distribution patterns. Thus, although limitations in sample
collection did not allow us to investigate the effects of HLA
variations, the geometry should not be the only factor
regulating CDR3 length repertoire.

Development of the TCRB CDR3 length repertoire is
regulated delicately in the thymus. Peripheral selections
have little effect unless T cell clones expand massively in
response to immunotogical insults. Etucidation of these thymic
regutations may shed more light on molecular interaction of
TCR with self-peptide-MHC in the thymus.
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Gene Transfer of a Cell Cycle Modulator Exerts
Anti-Inflammatory Effects in the Treatment of Arthritis’

Yoshinori Nonomura, Hitoshi Kohsaka,> Kenji Nagasaka, and Nobuyuki Miyasaka

Forced expression of a cyclin-dependent kinase inhibitor gene, p2L<%! in the synovial tissues was effective in treating animal
models of rheumatoid arthritis. Synovial hyperplasia in the treated joints was suppressed, reflecting the inhibitory effect of p21¢i!
on cell cycle progression. Additionally, lymphocyte infiltration, expression of inflammatory cytokines, and destruction of the bone
and cartilage were inhibited. To determine why the cell cycle regulator gene exerted such anti-inflammatory effects, we investi-
gated gene expression by rheumatoid synovial fibroblasts with or without the p21#/ gene transferred. We have found that p21 %/
gene transfer down-regulates expression of various inflammatory mediators and tissue-degrading proteinases that are critically
invelved in the pathology of rheumatoid arthritis, These molecules included 11-6, -8, type 1 IL-IR (IL-1R1), monocyte chemoat-
tractant protein-1, macrophage inflammatory protein-3a, cathepsins B and K, and matrix metalloproteinases-1 and -3. Down-
regulation of IL-1R1 by p21%7 resalted in attenuated responsiveness to 1L-1. Inhibition of the inflammatory gene expression by
p21<%" was seen even when IL-1 is absent. This IL-iR1-independent suppression was accompanied by reduced activity of c-Jun
N-terminal kinase, which was associated with p21%/, and inactivation of NF-xB and AP-1, These multiple regulatory effects
should work in concert with the primary effect of inhibiting cell cycle in ameliorating the arthritis, and suggest a heretofore

unexplored relationship between cyclin-dependent kinase inhibiter gene and inflammatory molecules.

nology, 2003, 171: 4913-4919.

ynovia) tissue from healthy individuals consists of a single

layer of synovial cells without infiltration of inflammatory

cells. In rheumatoid synovial tissue, lymphocytes and
macrophages are recruited and activated, and these activated mac-
rophages release high concentrations of inflammatory cytokines. In
response to these cytokines, synovial fibroblasts proliferate vigor-
ously and form villous hyperplastic synovial tissues. These fibro-
blasts secrete inflammatory mediators, which further attract in-
flammatory cells and stimulate growth of the synovial fibroblasts
as well as that of vascular endothelial cells (1). These activated
macrophages and fibroblasts produce tissue-degrading proteinases
(2). Thus, the invasive hyperplastic synovial tissue, termed pannus,
is directly responsible for structural and functional damage of the
affected joints.

Therapeutic intervention against rheumatoid arthritis (RAY
could be aimed at any onec of these steps. Recently developed
biological reagents that block activitics of TNF-o have proved to
be beneficial in clinical settings. However, they and other conven-
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tional drugs do not nceessarily control synovial inflammation and
hyperplasia in all patients, We hypothesized that the proliferation
of the synovial fibroblasts is a common outcome of the multiple
inflammatory processes in RA. If synovial fibroblasts become re-
fractory to the proliferative stimuli, the tissue-degrading pannus
should not develop. This idea led us to explore new therapeutic
approaches that directly control synovial cell proliferation {3-5).
The molecules we have focused on are cyclin-dependent kinase
inhibitors (CDKIs). These intracellular proteins inhibit kinase ac-
tivity of cyclin/cyclin-dependent kinase (CDK) complexes that are
required for cell eycle progression (6).

Our previous studies have shown that CDKls pl6™**" and
p219%7 are not expressed in vivo in the rheumatoid synovial tis-
sues, but readily induced in vitro in cultured rheumatoid synovial
fibroblasts (RSF), Induction of p16"%%" is characteristic of RSF
(3). In vitro inducibility of p16™%“* and p21“* suggested to us
that their induction in vivo in the rheumatoid joints could be an
ideal approach to suppression of the proliferative synovitis. This
was substantiated by intraarticular transfer of the pl6’**® or
p2197! gene to rodent models of RA (4, 5). These gene therapies
suppressed synovial hyperplasia and also inhibited lymphocyte in-
filtration and destruction of the bone and cartilage of the treated
joints. Expression of inflammatory cytokines such as IL-1, -6 and
TNF-a was suppressed even in the small amount of hyperplastic
synovial tissues that remained after the gene transfer (4). These
data argued that induction of CDKI ameliorated the arthritis not
only by inhibition of cell cycle but by other unknown functions
that suppressed the inflammatory network in the arthritic joint.

Unlike the other CDKIs, p21“%! binds to various molecules
related to gene expression and exerts differential effects on differ-
ent cells (7). However, little is known about the effects of p21°%/
on gene expression in the inflamed tissucs. We show here that
up-regulated expression of the p21°®¢ gene in RSF suppresses
expression of various inflammatory molecules that play critical
roles in the pathology of RA. Manipulation of these multiple
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molecular events should contribute to the therapeutic effects of
p21¢%7 gene therapy.

Materials and Methods
Cell culture and recombinant adenoviruses

Synovial tissucs were obtained from patients who had responded poorly to
anti-rheumatic drugs and underwent joint replacement or synovectomy for
active theumatoid synovitis at Tokyo Medical and Dental University Hos-
pital {Tokyo, Japan), Tokyo Metropolitan Bokuto, or Fuchu Hospital (To-
kvo, Japan). The patients fulfilled the American College of Rheumatology
criteria for classification of RA (8). All patients gave their consent for all
procedires in the present studies, which were also approved by the cthics
committee of Tokyo Medical and Dental University. From villous and
congestive synovial tissues, RSF were isolated and cultured as described
elsewhere (3). They were used at passages 3-11. RSF were infected with
AxCAp21 adenovirus, containing a human p21<% gene (5, 9), or AxIwl
adenovirus (Riken Gene Bank, Saitama, Japan), which facks insert genes,
at 50 multiplicity of infection. Some RSF were stimulated by 5 ng/ml
TNF-a (Genzyme, Cambridge, MA), 5 ng/ml 1L-18 (PeproTech, Rocky
Hill, NI}, and 25 uM indomethacin (Sigma-Aldrich, St. Louis, MQ). In
preliminary experiments, 5 ng/ml was determined to be the optimal con-
centration for each cytokine to stimulate RSF. RNeasy kit (Qiagen, Va-
lencia, CA) with DNase | treatment was used to isolate total RNA. For
ELISA, the virus-infected RSF were cultured for three days, transferred to
microwells at 1.0 X 10 cells‘ml, and incubated for 12 h. After replacement
of the culture medium, RSF were further cultured for 24 h with 10% scrum
along, 5 ng/mt IL-1B together with 25 uM indomethacin, 5 ng/mf TNF-a,
a combination of IL-18, indomethacin, and TNF-a, or 5 pg/md LPS of
Escherichia coli O55:BS (Sigma-Aldrich). One hundred ng/m! IL-1R an-
tagonist (IL-1ra} (R&D Systems, Mckinley, MN), which was sufficient for
the inhibition of 10 pp/m! IL-18, was added to some wells. The culture
supernatants were collected after 24 h. For Western blotting, RSF were
yzed for protein extraction at three days after the adenoviral infection (3).
To assess transcription factor and ¢-Jun N-terminal kinase (JNK) activities
in RSF that were incubated for 30 min in the medium containing 10% FBS
with or without supplementation of 5 pg/ml LPS. nuclear extracts and ccll
lysates were prepared using Nuclear Extract Kit (Active Motif, Carlsbad,
CA)Y or SAPK/INK assay kit {Cell Signaling, Beverly, MA}. The effects of
the p21<%! gene were studied at three days after the adenoviral infection.

Northern blot analyses

Northern blotting was conducted as described elsewhere (10). Human
monocyte chemoattractant protein (MCP)-1 ¢DNA (No. 65933, American
Type Culture Collection, Manassas, VA), human GAPDH c¢cDNA (Life
Technologies, Rockville, MD), and PCR products of type I IL-IR (IL-
1R1), cathepsins B and K, and matrix metalloproteinases (MMP)-1 and -3
were used as probes. Fragments of IL-1R1, cathepsins B and K, and
MMPs-1 and -3 ¢cDNA were generated with RT-PCR using cDNA derived
from RSF. PCR was conducted with Tag polymerase (Life Technologies)
and sets of specific primers: human [L-1R1-specific primers (11}, human
MMP-1-specific primers (12), human MMP-3.specific primers {12}, hu-
man cathepsin B-specific primers (5'-TAG GAT CTG GCT TCC AAC
AT-3' (scnse) and 5'-CCA CGG CAG ATT AGA TCT TT-3' (antiscnse))
and human cathepsin K-specific primers (3-AAC GAA GCC AGA CAA
CAG ATT TCC-3’ (sense), 5'-GAT TTG GCT GGC TGG AGT CAC A-3'
(antisense)). Annealing temperatures were 58°C for IL-1R1, and cathepsins
B and K ¢DNA, and 60°C for MMP-I and -3 ¢cDNA, The products were
purified and labeled with {a->*PJdATP (Amersham Biosciences, Bucking-
hamshire, UK) and hybridized with the Northern blot membranes. Digital
image files were generated with Phosphorimaging Screens and the BAS-
2500 Phospholmager, and analyzed with MacBAS 2.5.2 Software (Fuji
Film, Kanagawa, Japan).

Western blot analvses and immunoprecipitation

Rabbit anti-hurnan IL-1R] Abs, rabbit anti-human Toll-like receptor
(TLR)4 Abs, and rabbit anti-human p21977 Abs (sc-688, sc-10741 and
sc-387, respectively, Santa Cruz Biotechnology, Santa Cruz, CA) were
used as primary Abs for Western blot analyses. HRP-conjugated anti-rabbit
IgG polyclonal Abs (NA-934, Amersham Biosciences) were used as the
secondary Abs. Bound Abs were visualized with ECL or ECL-plus (Am-
ersham Bioscicnees). Signal intensities were quantified with NIH Image
ver, 1,62 (National [nstitutes of Health, Bethesda, MD}. INKs 1-3 were
immunoprecipitated using mouse anti-human JNK2 Ab (sc-7345, Santa
Cruz Biotechnology) (13).

MULTIPLE EFFECTS OF p21<%! GENE THERAPY

ELISA

ELISA kits for 1L-183, IL-6, IL-8, MCP-1, TNF-a (BioSource Intema-
tional, Camarillo, CA), IL-1a. macrophage inflammatory protein {MIP)-3«
(R&D Systems), MMP-1 (Amersham Biosciences) and MMP-3 (Fuji
Chemical, Toyama, Japan) were used 10 quantify the protein levels in the
culture supernatants.

Muliiwell colorimetric transcription factor assavs and JNK
kinase assay

Using Trans AM AP-1/¢-Jun, NF-«Bp50, and p65 Transcription Factor
Assay Kits (Active Motif), the nuclear extracts of RSF were examined for
DNA binding activities of AP-1 and NF-«B (14). SAPK/INK Assay Kit
(Cell Signaling) was used to examine whole cell lysates for their INK
kinase activities to phosphorylate c-Jun substrates. The amount of the ¢-Jun
substrate was standardized by immunoblotting with anti ¢-Jun Ab (sc-44,
Santa Cruz Biotechnology).

Statistics

Signal intensity ratios of Northern and Western blot analyses, and protein
concentralions were compared with a paired Student's ¢ test using Stat-
View-5.0J software (SAS Institute, Cary, NC).

Results
p2I°®Y suppresses IL-1R1 and IL-6 expression by RSF

RSF samples derived from rheumatoid joints were cultured in
vitro. Expression of p21“%’ was not detected in any of the sam-
ples. They were infected with the AxCAp21 adenoviruses or
the Axlwl adenoviruses. At three days postinfection, when the
AXCAp21i-infeerted RSF express p21<%7 at the highest level, the
cells were harvested for RNA and protein extraction.

In preliminary experiments using a few RSF samples and com-
mercial DNA airay systems, MCP-1, IL-1R1, and cathepsins B
and K genes, which are related to RA pathology, showed a ten-
dency to be down-regulated by the p21? gene transfer. Indeed,
Northem blot analysis revealed that the IL-1R1 mRNA expression
was significantly reduced in RSF overexpressing p21<"/, com-
pared with those infected with the control adenovinuses (Fig, 14).
Reflecting this, Western blot analyses of the total cell iysates
showed that the IL-1R1 protein expression was reduced in the RSF
expressing p21<%7 (Fig. 18).

The DNA array analyses suggested no differential expression of
IL-6 in the unstimulated RSF. However, when RSF were stimu-
lated by TNF-a and 1L.-183 before the DNA array analysis, IL-6, as
well as IL-8, MCP-1, MIP-3a, MMP-1, MMP-3, and cathepsin K
genes showed a tendency to be down regulated by p215#/. This
was consistent with the fact that TNF-o and IL-1, both of which
are critically involved in activating RSF in the rheumatoid joints,
stimulate RSF to promote secretion of various cytokines including
IL-6 (15). The unstimulated RSF did not release 1L-1a, 11.-18, or
TNF-a above the Towest limit of detection in the ELISA (3.9 pg/
ml). These facts implied that the suppression of IL-6 in the stim-
ulated RSF could be attributable to the down-regulation of IL-1R1.
To address this issue, RSF were stimulated independently with
IL-18, TNF-«, or a combination of the two. The culture superna-
tants were examined for the IL-6 concentration with ELISA. Each
stimulation promoted IL-6 production. The effects of IL-18 were
suppressed significantly by p21“%’ while the effects of TNF-a
were not attenuated (Fig. 1C). Effects of the adenoviral infection
alone on the IL-6 secretion were minimal (Fig. 1D). Thus, the
down-regulation of IL-1R1 was biologically relevant to the sup-
pression of IL-6.

To determine whether other pathways that regulate I1L-6 pro-
duction are affected, RSF were stimulated with LPS. Western blot
analysis confirmed that Toll-like receptor (TLR)4, which is a re-
ceptor for LPS, was not down-regulated by p21#7 (Fig. 1E). Nev-
ertheless, the p21€7! expression suppressed the IL-6 production
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FIGURE 1. Suppression of inflammatory cytokine and cytokine receptor ex-
pression by p2177. 4, RNA from the p21°7* adenovirus-infected (p21) and con-
trol adenovirus<infected RSF {control) were examined for [L-1R1 and GAPDH
mRNA expression by Northern blot analysis. Representative blots of one of three
samples are shown in the upper panel. Signal intensities of IL-1R1 were normal-
ized with those of GAPDH (relative mRNA levels), and are shown in the lower
parel. The columns and bars represent the mean and SID of three samples. Mean
reduction by p219%7 was 48.2%. Statistical evaluation was conducted by paired
Student’s 1 test, *, p << 0.05. B, The cells from the same donor were examined for
IL-IR1 and CDK4 protein expression by Western blot analysis. Representative
blots of one of three samples are shown in the upper panel. Signal intensities of
It-1R1 protein were normalized with those of constitutively expressed CDK4
(relative protein levels), and ate shown in the lower panel. Mean re-
duction of expression by p21<®! was 67.6%. »*, p < 0.01. C, RSF
infected with the p21%' adenoviruses (open columns), and infected
with the control adenoviruses (solid columns) were cultured without
stimulation (=) or stimulated with IL-13 (IL-1}, TNF-e (TNF), or com-
bination of 1L-18 and TNF-a (IL-1+TNF) for 24 h. RSF were stimu-
lated with LPS for 24 h in a separate set of experiments, where some
RSF were treated with 1L-tra after the infection with the control ad-
enoviruses (hatched column) or with the p21 adenoviruses (dotted col-
umn), IL-6 in the culture supernatants was measured by ELISA. Rep-
resentative data of three independent experiments are shown. Columns
and bars show the mean and SD of triplicate cultures. Mean reduction
of expression by p21¢%#/ in IL-1, IL-1+TNF, LPS, and LPS+IL-Ita
were 77.4, 64.3, 69.4, and 64,3%, respectively. *, p < 0.05 and =*x,
p < 0.005. D, RSF infected with the p21<%! adenoviruses {open col-
umns), and infected with the control adenoviruses (solid columns) and
noninfected RSF (gray column) were cultured without stimulation (-}
or stimulated with IL-18 (IL-1) or TNF-a (TNF) for 24 h. IL-6 in the
culture supernatants was measured by ELISA. Representative data
of two experiments are shown. Columns and bars show the mean and
SD of triplicate cultures. No statistical differences were found
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that was induced by LPS (Fig. 1C). Again, the culture supernatants
of the LPS-stimulated RSF did not contain detectable amounts of
IL-1 (<3.9 pg/ml) or TNF-a (<<1.7 pg/ml). To eliminate the effect
of a trace amount of IL-1 that might possibly have been secreted
with the LPS stimulation, 100 ng/ml IL-1ra, a competitive inhib-
itor of IL-1« and IL-18, was added to the culture. This treatment
did not alter the results whereas the same concentration of IL-1ra
suppressed the IL-6 production by RSF that were stimulated with
10 pg/ml 1L-18 {(data not shown).

P2 suppresses inflammatory chemokine expression by RSF

The p21<% .induced reduction of the MCP-1 mRNA expression
by unstimulated RSF was elucidated by Northern blot analyses
(Fig. 24). This was reflected in the reduced MCP-1 concentration
in the culture supemnatants of the p21“#/-expressing RSF. As was
the case in the IL-6 expression, addition of IL-1ra did not alter the
results (Fig. 28).

ELISA of MCP-1 in the culture supernatants of RSF stimulated
with IL-13 and TNF-« validated the stimulatory effects of these
cytokines, and also suppression by p21 <%/ (Fig. 2C). The effect of
IL-1B was significantly suppressed by the p21P/expression,
while that of TNF-« was unchanged (Fig. 2C). These results con-
firmed the biological significance of the IL-1R1 dewn-regulation,
Furthermore, LPS stimulated RSF to increase MCP-1 production.
This was suppressed by p21%#/, Addition of 1L-1ra did not atten-
uate the LPS-induced production of MCP-1. Thus, the suppression
in this setting was also independent of 1L-1 (Fig. 2C).

In accordance with the results of the preliminary DNA array
analysis, MIP-3a or IL-8 protein levels were suppressed by
p219%/ in the culture supernatants of RSF only when they were
stimulated with IL-18 and TNF-¢. The effect of IL-13 was sig-
nificantly reduced by the p21“#7 expression, while that of TNF-a
was unchanged. LPS also stimulated MIP-3« preduction. This IL-
1-independent effect was partially inhibited by p21°**, Similarly,
the production of IL-8 was increased both by IL-18 and TNF-a.
The effect of [L-13 but not that of TNF-a was inhibited by
p21¢%#7 LPS exerted a stimulatory effect on IL-& production
comparable to that of TNF-a, which was inhibited significantly
by pzlc'.‘ipl.

p2i" suppresses expression of tissue-degrading proteinases

Northern blot analyses confirmed that p21°%/ suppresses expres-
sion of cathepsins B and K in the unstimulated RSF, and that of
MMP-1 and -3 in the stimulated RSF (Fig. 3, 4-D).

These chanpes were reproduced when the concentrations of
MMP-1 and -3 in the culture supernatants were determined (Fig. 3,
E and F). Neither MMP was detected in the supematants of the
unstimulated RSF. MMP-1 production was increased by IL-18 and
TNF-a. The combination of these two cytokines had a synergistic
effect. The effects of IL-1 were significantly suppressed by
p21°%7_ Aswas the casc in the cytokine production, LPS increased
production of MMP-1. This effect was partially suppressed by
p215%!, The production MMP-3 was increased by IL-1p and LPS.
TNF-a alone had no apparent effect but showed a synergistic effect
with IL-18. Again, the effect of IL-18 was suppressed by p21°7/,
and the effect of LPS was abrogated completely by p21<%7.

between 1L-6 production by control-vitus infected RSF and that by non-
infected RSF. E, Expression of TLR4 and CDK4 proteins was analyzed by
Western blot analysis. Representative blots of one of three samples are
shown, The relative protein levels of TLR4 to CDK4 are shown as columns
and bars. TLR4 protein leve] was not suppressed by p21%7,
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FIGURE 2. Suppression of inflammatory chemokine expression by
p21<%. 4, The AxCAp2] adenovirus-infected (p21) and contral adenovi-
rus-infected (control) RSF from three RA patients were examined for
MCP-1 mRNA expression by Northern blot analysis. RSF were not stim-
ulated with cytokines, Represcntative results of one of three samples are
shown in the upper panel. Signal intensities of MCP-1 messages normal-
ized with those of GAPDH messages (relative mRNA levels) are shown as
columns and bars, representing the mean and SD. Mean reduction of ex-
pression by p21®! was 57.0%. *, p < 0.05. B, RSF with or without
p21°" expression (p2! and contro]) were cultured without cytokire stim-
ulation. The culture medium was supplemented with FBS alone (solid col-
umns} or with FBS plus [L-1ra (hatched columns), MCP-1 in the culture
supernatants was measured by ELISA. Representative data of two exper-
iments are shown. Columns and bars show the mean and 8D of triplicate
cultures. Mean reduction of expression by p21<%/ was 83.8% (no IL-1ra)
and 87.1% (IL-1ra). **, p < 0.01 and **+, p < 0.005. C-E, RSF infected
with the p21°%/ adenoviruses (open columns) or control adenoviruses (sol-
id columns) were cultured without stimulation (—) or stimulated with
IL-18 (IL-1), TNF-a {TNF), a combination of IL-18 and TNF-a (IL-
1+TNF), or LPS for 24 h, Some RSF infected with the control adenovi-
ruses (hatched column), and with the p21 adenoviruses (dotted column)
were treated with IL-1ra before LPS stimulation. MCP-1 (C), MIP-3a (D),
and IL-8 (E) in the culture supernatants were measured by ELISA. Rep-
resentative data of two or three experiments are shown. Columas and bars
show the mean and SD of triplicate cultures. n. d., not detectable. Mean
reduction in expression of MCP-1 by p21<%” in IL-1, IL-1 + TNF, LPS. and
LPS + IL-1ra was 58.3, 57.5%, 84.7, and 83.9%, respectively, Mean re-
duction in expression of [L-8 by p217%#f in [L-1, IL-1+TNF, and LPS was
48.4, 38.2, and 54.0% and that of MIP-3¢ was 66.6, 68.7, and 38.7%. *,
P < 0.05 and =+x, p < 0. 005.

P21 inhibits DNA binding activity of AP-1 and NF-kB

p21°%’ down-regulated expression of MCP-1 and cathepsins B
and K in the unstimulated RSF. Although it did not suppress ex-
pression of TLR4, it suppressed the LPS-dependent up-regulation
of many inflammatory mediators. This has led us to assume that
p21€%! should dircctly inhibit nonreceptor, intracellular mole-

MULTIPLE EFFECTS OF p21“%! GENE THERAPY
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FIGURE 3. Suppression of tissue-degrading proteinase expression by
p217. 4 and B, RSF infected with the AxCAp21 adenoviruses (p21) or
control adenoviruses (control) were cultured without cytokine stimulation,
and examined for cathepsins B (4) and K (8) mRNA exprcssion by North-
emt blot analysis. Representative blots are shown in the upper panels,
Northern blots of cathepsin B showed dual bands representing two tran-
scripts 4.0 and 2.2 kb long (48). The relative levels of mRNA to those of
GAPDH mRNA are shown as columns and bars, representing the mean and
SD of three samples derived from different patients. Mean reduction in
expression of cathepsins B and K by p219%/ was 47.8 and 75.0%, respec-
tively. %, p < G.05 and *#», p < 0.005. C and D, RSF stimulated with
IL-18 and TNF-a were examined for MMP-1 (C) and -3 (D) mRNA ex-
pression by Northemn blot analysis. Representative blots of one of three
samples are shown in the upper panels. The relative levels of mRNA of
MMP-1 and -3 are shown as columns and bars, representing the mean and
8D of three samples. Mean reduction in ¢xpression of MMP-1 and -3 by
p21°%! was 78.6 and 82.6%, respectively. =, p < 0.01 and +», p <
0.005. E and F, RSF infected with the p21°%! adenoviruses {open col-
umns}), and with the contral adenoviruses (solid columns) were cultured
without stimulation (~} or stimulated with IL-18 (IL-1), TNF-a (TNF), a
combination of JL-18 and TNF-e ({L-1+TNF), or LPS for 24 h, MMP:|
and -3 in the culture supcmatants were measured by ELISA. Represcnta-
tive data of two experiments are shown. Columns and bars show the mean
and SD of triplicate cultures. Unstimulated RSF produced no detectable
MMP-1 or -3, Mean reduction in expression of MMP-1 by p21%/ in [L-1,
IL-1+TNF, and LPS was 70.9, 85.3, and 29.5%, respectively, and that of
MMP-3 was 92.6, 71.5, and 88.3%, respectively. *, p << 0.05; *+, p < 0.01;
ek, p < (0,005,

cules. Since promoter activity of the inflammatory mediator gencs
that were suppressed by p21¢®/ is controlted mostly by NF-«xB
and AP-1 transcription factors, we investigated the DNA binding
activities of these factors in the unstimulated and LPS-stimulated
RSF. Multiweli colorimetric assays to quantify DNA binding ac-
tivity of the transcription factors showed that activity of AP-1 was
down-regulated by p21°%/ in the unstimulated RSF. Stimulation
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FIGURE 4, Suppression of AP-1 and NF-«B transcription factors by
p219#_ RSF infected with the p21°%! adenoviruses (p21) or control ad-
enoviruses (control) were cultured with or without LPS stimulation. The
DNA binding activitics of AP-1 and NF-xB in the adenoviruses-infected
RSF relative to those of the uninfected RSF without stimulation are shown
{A). Columns and bars show the mean and SD of triplicate cultures. p21¢P!
suppressed DNA binding activity of AP-1, but did not suppress that of
NF-xBp30 or pé5 significantly in the unstimulated RSF. Mean reduction in
expression of the AP-1 activity was 47.3%. In the LPS-stimulated RSF,
p21<%7! suppressed DWNA binding activities of AP-1, NF-«Bp50, and p65.
Mean recuction in expression of AP-1, NF-xBp50, and NF-xB p65 by
p21%! was 47.4, 526, and 41.3%, respectively. ¥, p < 0.05. p21% in the
P219%-expressing RSF stimulated with LPS (p21) was coimmunoprecipi-
tated with anti-JNK Ab (a-JNK), but not with control IgG (1gG). No pre-
cipitation was found when RSF were infected with the control viruses
(control) (B). Phosphorylation of ¢-Jun (p-c-Jun) was suppressed in RSF
infected with the p21¢/ viruses (p21) but not in RSF infected with the
control viruses {control). Reduction in expression of relative p-c-Jun levels
to whole ¢-Jun (pan-c-Jun) was 57% (C). The results are representatives of
two independent experiments.

with LPS up-regulated activities of NF-«B p50, p65, and AP-1, all
of which were down-regulated by p21°%’ (Fig. 4.10).

It was shown that p21°%/ associates with JNK in other type of
cells, which results in reduction of the JNK enzymatic activity that
activates AP-1 (16). Using anti-JNK Ab, we immunoprecipitated
INK in cell lysates of p21 <*/-expressing RSF that were stimulated
with LPS. Immunoblotting of the precipitants with anti-
p21%4 Abs revealed that p215%7 indeed associated with INK (Fig.
4B). Phosphorylation of ¢-Jun substrates showed that kinase ac-
tivity of INK was suppressed in the p21“*’-expressing RSF (Fig.
4C). Thus, the IL-1R1-independent suppression should be at least
partly due to down-regulation of these pathways.

Discussien
Since the primary function of CDKls is the inhibition of kinase
activity of CDKs, the anticipated effect of the p21“%”/ expression
in RSF was suppression of cell cycle progression. Indeed, RSF
infected with the AXCAp21 viruses did not respond in vitro to
proliferative stimuli by proinflammatory cytokines or by growth
factors (4). In vivo transfer of the p21“*/ gene into the arthritic
joints of RA model rats suppressed synovial hyperplasia and cell
cycle progression of the synovial fibroblasts (5).

However, the present study has revealed that p21<%7 exerts
multiple auxiliary effects: down-regulation of cytokine, -chemo-
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kine, cytokine receptor, and proteinase expression critically in-
volved in the pathology of RA. We found previously that expres-
sion of proinflammatory cytokines such as IL-1, IL-6, and TNF-a
was unexpectedly inhibited in vivo in the synovial tissues treated
with p21<#7 gene transfer (4). The present report provides molee-
wlar evidence showing that p21<” expression has a wide array of
anti-inflammatory and bone-protective effects. Down-regulation of
IL-1R1, and also 1L-1R-independent inactivation of intracellular
signaling pathways appeared to account for these effects (Fig. 5).
Finally, these effects suggest that the p21<# gene transfer might
ameliorate types of inflammatory arthritides other than RA.

The down-regulation of IL-6 observed in vivo was actually seen
in vitro in p21¢"-expressing RSF while the expression of 1L-1 or
TNF-a were not significantly modulated. It is possible that the
decreased expression of [L-1 and TNF-a in the synovial tissues
was due to their down-regulation in the synovial macrophages. The
macrophages are the primary source of these cytokines and, to-
gether with synovial fibroblasts, were targeted by the intraarticular
adenoviral gene transfer (15, 17). Alternatively, the down-regula-
tion of IL-1 and TNF-a might result from en bloc suppression of
the inflammatory eytokine/chemokine netwark, multiple members
of which were suppressed by p21<%7,

IL-6, in the rheumatoid synovial tissues, derives from the acti-
vated synovial macrophages and fibroblasts, and stimulates local
osteoclasts to resorb the bone matrices in the affected joints. It also
stimulates T and B lymphocytes. This has made this cytokine the
target of a new biological reagent that is currently in clinical trials
(18, 19). IL-8 produced by the activated synovial cells contributes
to recruitment of neutrophils and T lymphocytes and to neovas-
cularization in the rheurnatoid tissues (20). The other chemokines,
MCP-1 and MIP-3a, both evoke migration and activation of Iym-
phocytes and macrophages in the rheumatoid synovial tissues (21,
22). Blockage of MCP-1 receptor was effective in treating an an-
imal model of RA (23). Thus, the cytokines and chemokines
down-regulated by p21<7 all play crucial roles in the rheumatoid
inflammation.

Tissue degrading enzymes, such as MMPs and cathepsins, are
abundantly expressed in theumatoid synovial tissues. MMP-1 and
-3 degrade collagen and proteoglycans that compose the matrices
of bone and cartilage. In addition, it has been proposed that
MMP-3 cleaves many proMMPs in the initiation of the proteinase
cascade in rheumatoid joints (2). Treatment to inhibit MMP-1 pro-
duction prevented bone destruction in adjuvant arthritis of rats
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FIGURE 5. Multiple effects of p21<%7 on RSF. p21*/ inhibited kinase
activity of ¢yclin/CDK complexes, and down-regulated [L-1R1 expression
and DNA binding activities of NF-xB and AP-1. These effects were me-
diated at least by binding of p21°/ to cyclinfCDK complexes and JNK,
and resulied in inhibirion of proliferation and in suppression of IL-6, -3,
MCP-1, MIP-3a, cathepsins B and K, and MMP-1 and -3 expression,
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(24). Cathepsin B might contribute to rheumatoid joint damage by
degrading collagen (25, 26, 27). Cathepsin K is not only expressed
by osteoclasts, but alse by synovial fibroblasts, contributing to
bone destruction in the rheumatoid joints (28, 29}, Down-regula-
tion of these proteinases in the p21<#7.cxpressing RSF was con-
sistent with the remarkable inhibition of bone and cartilage degen-
eration observed in the p21°7/ gene therapy.

Expression of IL-1R1 was suppressed by p21“%/_ IL-1 is one of
the critical cytokines in the rtheumatoid inflammation. It enhances
migration of inflammatory cells into the synovial tissues and stim-
ulates production of cytokines, chemokines and MMPs (15). Its
blockade by an antagonist ameliorates RA (30-32). We saw that
IL-1-triggered promotion of IL-6, IL-8, MCP-1, MIP-3e, and
MMP-1 and -3 release from RSF was significantly suppressed by
p21<%7_ These results argue that down-regulation of IL-1R1 must
be functionally relevant to the therapeutic effects.

MCP-1 and cathepsin B and K expression was suppressed even
when RSF were not stimulated. Conventional ELISA detected no
IL-1 in the culture supernatant of the unstimulated RSF. The
blockade of IL-1 with IL-1ra did not affect the results. Thus, the
suppression observed in the unstimulated RSF was not mediated
by the down-regulation of IL-1R1. LPS also up-regulated MCP-1
expression, and induced expression of IL-6, IL-8, MIP-3a, and
MMP-1 and -3, This was not accompanied by reduced expression
of TLR4. which is a signaling receptor for LPS. The LPS-stimu-
lated RSF under these conditions did not release a detectable level
of IL-1 into the culture supernatants, and IL-T blockade by IL-1ra
did not alter the results. Thus, inhibition of the inflammatory mol-
ecule expression could be at least partly due to modulation of
intracellular pathways that are independent of IL-1RI. IL-1 and
TNF-a have distinct pathways in the afferent arm of the signal
transduction whereas IL-1 and LPS share a part of the signal trans-
duction molecules (33). Presumably, this difference should account
for the distinct effect of p21“%! on TNF-a and LPS stimulation.

The 1L-1R-independent suppression was accompanied by re-
duced activity of NF-«xB and AP-1. In the rheumatoid synovial
tissues these factors activate transeription of various inflammatory
cytokines, chemokines, and proteinases including those analyzed
in the present studies (17, 24, 34-42). In agreement with our ob-
servation, constitutive expression of MCP-1 by mesangial cells
required activation of AP-1 {43). Notably, the promoter of the
IL-IR! penc has two AP-1-like binding sites (44). This suggests
that the repressed activity of AP-1 might contribute to the down-
regulation of IL-1R1.

Depending on the cell type, p21°%/ binds to a variety of intra-
cellular proteins other than CDKs. These include signal transduc-
tion molccules and transcription factors (7). We have shown that
p21<#* indeed binds to JNK and suppresses its kinase activity in
RSF. It is known that INK could activate NF-«B by degrading
1x-B (45, 46). Thus, interaction of p21°%7 with mitogen-activated
protein kinase might account for the reduced activity of AP-1 and
NF-kB.

Chang et al. (47) used the DNA array technique to study effects
of p21°%” on gene expression in HT 1080 human sarcoma cell line;
they observed that genes related to senescence or age-related dis-
eases were induced. We have shown here that p21“”/ expression
modulates the expression of penes related to inflammation. Al-
though, Chang ¢t al. found up-regulation of the cathepsin B gene
in HT1080 cells, the same gene was down-regulated in RSF. It is
probable that the effects of p21” depend on the cell types.

In conclusions, p21<" gene transfer to the RSF regulated ex-
pression of vanious genes. Its effects include down-repulation of
cytokine, chemokine, cytokine receptor and proteinase expression.
Down-regulation of IL-1R1, as well as inactivation of intracellular

MULTIPLE EFFECTS OF p21°%7 GENE THERAPY

signaling pathways appeared to account for these effects. These
collateral effects observed in the p21<** pene transfer suggest new
links between CDKls and immunological effector molecules.
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Abstract

Glucocorticoid-induced tumor necrosis factor receptor family-related gene (GITR) is a member
of the tumor necrosis factor receptor (TNFR) family thar is expressed at low levels on unstim-
ulated T cells, B cells, and macrophages. Upon activation, CD4* and CD8* T cells up-regulate
GITR expression, whereas immunoregulatory T cells constitudvely express high levels of GITR.
Here, we show that GITR may regulate alloreactive responses during graft-versus-host disease
(GVHD) after allogeneic bone marrow transplantation (BMT). Using a BMT model with major
histocompatibility complex class [ and class I disparity, we demonstrate that GITR stimulation
in vitro and in vivo enhances alloreactive CD8*CD25™ T cell proliferation, whereas it decreases
alloreactive CD4*CD25 proliferation. Allo-stimulated CD4*CD25~ cells show increased
apoptosis upon GITR stimulation that is dependent on the Fas—FasL pathway. Recipients of an
allograft containing CD8*CD25~ donor T cells had increased GVHD morbidity and mortality
in the presence of GITR-activating antibody (Ab}. Conversely, recipients of an allograft with
CD4*CD25~ T cells showed a significant decrease in GVHD when treated with a GITR-

activating Ab. Our findings indicate that GITR has opposite effects on the regulation of allore-
active CD4* and CD8* T cells.

Key words:  transplantation immunology * in vivo animal models ¢ immune regulation *
lymphocyte activation « T lymphocyte subsets

Introduction

Glucocorticoid-induced tumor necrosis factor receptor
family-related gene (GITR), also known as TNFRSF18, is
a type | transmembrane protein with high homology to
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other members of the TNFR family, including 4-1BB,
CD27, and OX40 (1, 2). As with other members of the
TINFR family, signaling through GITR may induce cell
survival or cell death. Sdmulatdon of human and mouse T
cells through GITR induces NFkB activation via the
TRAF2-NIK signaling pathway (3, 4). The intracellular
domain of GITR binds Siva, a ¢ytoplasmic molecule that
contains a death domain, and may signal for induction of

Abbreviations used in this paper: AICD, activation-induced cell death;
BMT, BM transplantation; CFSE, carboxyfluorescein succinimidyl ester;
GITR,, glucocotticoid-induced tumor necrosis factor receptor family-
related gene; GITRL, GITR ligand; sGITR, soluble GITR; TCD, T
cell-deleted.
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