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A common concern with many autoimmune diseases of unknown etiology is the extent to which tissue
T-lymphocyte infiltrates, versus a nonspecific infiltrate, reflect a response to the causative agent. Lyme arthritis
can histologically resemble rheumatoid synovitis, particularly the prominent infiltration by T lymphocytes.
This has raised speculation about whether Lyme synovitis represents an ongoing response to the causative
spirochete, Borrelia burgdorferi, or rather a self-perpetuating autoimmune reaction. In an effort to answer this
question, the present study examined the repertoire of infiltrating T cells in synovial fluid from nine Lyme
arthritis patients, before and after stimulation with B. burgdorferi. Using a highly sensitive and consistent
quantitative PCR technique, a comparison of the T-cell antigen receptor (TCR) (3-chain variable (V) reper-
toires of the peripheral blood and synovial fluid showed a statistically significant increase in expression of V32
and V6 in the latter. This is remarkably similar to our previous findings in studies of rheumatoid arthritis
and to other reports on psoriatic skin lesions. However, stimulation of synovial fluid T cells with B. burgdorferi
provoked active proliferation but not a statistically significant increase in expression of any TCR V{3, including
VB2 and V36. Collectively, the findings suggest that the skewing of the TCR repertoire of fresh synovial fluid
in Lyme arthritis may represent more a synovium-tropic or nonspecific inflammatory response, similar to that

occurring in rheumatoid arthritis or psoriasis, rather than a specific Borrelia reaction.

Since its first description in 1977, Lyme disease has become
the most common vector-borne disease in the United States (9,
45). The causative agent, the spirochete Borrelia burgdorferi, is
transmitted to humans by Ixodes ticks (8, 40). Infection can
result in a distinct rash, erythema migrans, and cardiac, neu-
rologic, and rheumatic manifestations (39, 41, 42, 45). If ap-
propriate antibiotic treatment is delayed or inadequate,
chronic inflammation can ensue (9, 13, 41, 45). In such indi-
viduals, it has been possible to occasionally detect the persis-
tence of B. burgdorferi, either by culture (5, 40), the use of
special stains (6, 36, 43), or, more recently, PCR (29).

The significance of the immune response in the pathogenesis
of Lyme disease is unclear (35). The early cardiac and synovial
lesions of Lyme borreliosis in mice may result from an infil-
tration, primarily by macrophages (3). This is supported by the
development of certain features of Lyme disease in scid mice
(33). However, chronic phases of the disease are frequently
accompanied by lymphocytic infiltration of particular tissues
(16, 26, 43). Several lines of evidence point to a role for lym-
phocytes in Lyme arthritis. HLA-DR4 patients that develop
antibodies to outer surface protein A (OspA) tend to have a
more severe form of arthritis that is resistant to antibiotics
(19). Additional findings indicate that T lymphocytes specifi-
cally contribute to chronic Lyme arthritis. These findings in-
clude the presence of activated T cells in the inflamed syno-
vium (43), a strong proliferative response of Lyme arthritis
synovial T cells to B. burgdorferi (34), a possible genetic pre-
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disposition associated with HLA class II genes (44, 46), and the
use of therapies for chronic Lyme arthritis that at least partially
inhibit T-cell function (9, 45). In this regard, Lyme disease may
represent a paradigm of an infection-induced autoimmune syn-
drome.

Striking biases in the repertoire of the T-cell antigen recep-
tor (TCR) have been noted in a number of autoimmune con-
ditions. This is most remarkably demonstrated with experimen-
tal autoimmune encephalomyelitis in certain strains of mice
and rats, in which the induction of disease is dependent on
myelin basic protein-specific T cells that utilize a restricted
pool of TCR a-chain variable (Va), Ja, and V3 gene segments
(54). Similar, if somewhat less dramatic, findings have been
reported for a variety of human autoimmune diseases, includ-
ing rheumatoid arthritis (12, 15, 18, 30, 37, 51), psoriasis (27,
49), multiple sclerosis (52), inflammatory bowel disease (4),
sarcoidosis (17), Sjogren’s syndrome (47), and Kawasaki’s dis-
ease (1, 2). Since many of these studies selectively examined
biased VB expression, the possibility of a role for superantigens
was invoked. However, the lesson from experimental autoim-
mune encephalomyelitis illustrates that in some situations,
profound V3 bias toward traditional antigen-major histocom-
patability complex formation can occur.

Lyme arthritis represents a unique circumstance among hu-
man diseases dominated by T-cell infiltration, in that the in-
citing agent is known. In this capacity, Lyme arthritis can serve
as a model when attempting to correlate a TCR bias with a
response to B. burgdorferi. We have examined TCR V@ expres-
sion in nine cases of Lyme arthritis by using a highly sensitive
and consistent quantitative PCR assay. Compared to periph-
eral blood lymphocytes (PBL) from the same patient, freshly
isolated synovial fluid T cells showed a significant bias toward
VB2 and VB6, the same bias that we observed earlier in rheu-
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TABLE 1. Demographics of Lyme arthritis patients”

. Duration of

Patient no. Age Sex? arthritis HLA-DR (DRBI)
1 9 F 4yr 8 (0801), 11(1104)
2 15 M 3 days 7 (0701), 13 (1301)
3 67 M 1 wk 1 (0101), 4 (0401)
4 16 F 2 mo 3(0301), 11 (1104)
5 15 M 1yr 4 (0401), 13 (1301)
6 14 M 8 mo 11 (1103), 13 (1303)
7 60 F 7 yr 1 (0103), 3 (0301)
8 63 M 10 days 11 (1104), 12 (1202)
9 16 F 6 mo 3 (0301), 13 (1302)

“ Patients were seen at the University of Medicine and Dentistry of New
Jersey’s Robert Wood Johnson Medical School, Yale University, or The Uni-
versity of Vermont. Each patient had lived in an area in which Lyme disease is
endemic, had a typical exposure history, and manifested a positive serum Lyme
antibody by enzyme-linked immunosorbent assay. Antibody levels were fre-
quently higher in synovial fluid than in serum. HLA-DR typing was done by PCR
with allele-specific oligonucleotides as described in Materials and Methods.

> F, female; M, male.

matoid arthritis (12). However, stimulation of synovial fluid
lymphocytes with a sonicate of B. burgdorferi did not evoke an
increase in any given TCR VB, including VB2 or VB6. The
findings support the view that the inciting agent in Lyme ar-
thritis does not directly provoke the TCR bias observed in
fresh synovial fluid.

MATERIALS AND METHODS

Patient population. Nine Lyme arthritis patients with a clearly established
diagnosis were selected. The patients were followed at either Yale University, the
University of Medicine and Dentistry of New Jersey’s Robert Wood Johnson
School of Medicine, or The University of Vermont. Each patient lived in an area
in which Lyme disease is endemic, had a typical exposure history, and manifested
a positive Lyme antibody titer by enzyme-linked immunosorbent assay that was
frequently higher in synovial fluid than in serum. In addition, all patients had
serum antibodies to B. burgdorferi, as determined by Western blotting. Two
patients had exhibited erythema migrans, as determined by history or physician
observation. The duration of arthritis varied from 3 days to 7 years. Synovial fluid
was obtained from patients who required therapeutic arthrocentesis or synovec-
tomy. Matched peripheral blood specimens were obtained whenever possible. All
patients had received antibiotics prior to specimen collection. Repeat arthrocen-
tesis or synovectomy was not indicated for these patients, and thus serial samples
were not available.

HLA class II oligotyping by PCR. Allele-specific oligonucleotides, selected to
distinguish various DRB allele specificities (28), were synthesized on a DNA
synthesizer (Applied Biosystems, Foster City, Calif.). The 3" ends of these prod-
ucts were then poly(T) tailed by the procedure of Saiki et al. (32) with slight
modifications, blotted onto nylon membranes, and UV cross-linked to the mem-
branes. Approximately 0.25 g of patient DNA was amplified with DRB-specific
primers (17a) and digoxigenin-labeled dUTP (Boehringer Mannheim, Indianap-
olis, Ind.). The amplified PCR product was hybridized to the prepared oligoblots,
and positive reactions were visualized as a colored precipitate.

Isolation and surface phenotyping of mononuclear cells. Mononuclear cells
were isolated from heparinized PBL and synovial fluid by density gradient cen-
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FIG. 1. Synovial fluid T lymphocytes from Lyme arthritis patients bear a
memory phenotype. Synovial fluid and PBL were stained for expression of CD4
and CD45RO and analyzed by flow cytometry. Numbers represent the percent-
ages of cells in the quadrants. Similar results were seen for three other Lyme
arthritis synovial fluid samples.
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TABLE 2. Phenotype and response to B. burgdorferi of synovial
fluid lymphocytes from Lyme arthritis patients”

% of cells . . b
Pationt positive for: Proliferation (cpm) with”:
no. . Medium plus
Ch4 CD8 Medium only B. burgdorferi sonicate
1 26.5 33.7 7,132 40,055
2 41.0 32.0 6,442 11,127
3 19.3 9.1 8,136 106,711
4 52.6 28.2 526 19,122
5 27.8 45.7 17,369 82,440
6 24.7 41.3 4,516 51,278
7 33.6 24.4 2,230 4,463
8 454 353 30,230 89,533
9 29.7 453 5,316 178,964

¢ Synovial fluid lymphocytes were isolated with Ficoll-Hypaque. Freshly iso-
lated specimens were stained for CD4 and CD8 and analyzed by flow cytometry.
Samples (5 X 10* cells/well) were also cultured in serum-free medium in the
absence or presence of a sonicate of B. burgdorferi (3 pg/ml). Proliferation was
measured after 7 days by measuring [°H]thymidine incorporation over the last
18 h.

? Values are the means of data from triplicate cultures. Standard deviations
were less than 15%.

trifugation over Ficoll-Hypaque (Histopaque; Sigma, St. Louis, Mo.). Mononu-
clear cells were phenotyped by using antibodies to (i) CD4 conjugated to phy-
coerythrin, (ii) CD8 conjugated to fluorescein isothiocyanate (Becton Dickinson,
Mountain View, Calif.), (iii) TCR-af (courtesy of Michael Brenner, Harvard
Medical School, Boston, Mass.), or (iv) CD45RO (a gift of Peter Beverly, Uni-
versity College, London, United Kingdom). Cells (10°) were stained in a volume
100-pl at 4°C for 30 min, washed, and fixed in 2% paraformaldehyde in phos-
phate-buffered saline. Flow cytometric analysis was performed with a Coulter
Elite flow cytometer (Coulter Corp., Hialeah, Fla.).

Preparation of B. burgdorferi sonicate. High-passage B. burgdorferi B31 (New
York isolate; ATCC 35210) and low-passage strain NFST 1 (Nantucket tick
isolate; a gift of Richard Pollack and Andrew Spielman, Harvard School of
Public Health) cells were grown in Barbour-Stoener-Kelly IT medium (23) at
33°C to a concentration of 1 X 107 to 5 X 107 organisms/ml. Spirochetes were
centrifuged at 10,000 X g and 10°C for 15 min, washed three times in phosphate-
buffered saline, enumerated by darkfield microscopy, and sonicated five times for
30 s each. After the resulting sonicate was filtered (0.45-wm-pore-size filter), the
protein concentration was determined by optical density, and it was stored at
—90°C.

Proliferation of mononuclear cells upon exposure to B. burgdorferi. Mononu-
clear cells were plated at 5 X 10*well in 96-well plates containing serum-free
medium (AIM-V; GIBCO, Grand Island, N.Y.) with or without B. burgdorferi
sonicate (3 pg/ml). Plates were incubated for 5 days and then pulsed with 1 pCi
of [*H]thymidine per well for the final 20 h before harvesting and counting. For
bulk synovial lymphocyte cultures, cells were plated at 5 X 10%/ml in serum-free
AIM-V medium in the absence of exogenous interleukin-2 and stimulated with
3 ug of B. burgdorferi sonicate per ml. Cells received fresh medium and were
expanded as necessary. After 1 week, the cells were used for the preparation of
RNA and cDNA for quantitative PCR of TCR V.

RNA extraction and cDNA preparation. RNA was extracted by a modification
of the method of Chomezynski and Sacchi (11). Briefly, 2.5 X 10° cells were
extracted in 400 pl of 4 M guanidinium thiocyanate. Sequentially added to the
extract were 1/10 volume of 2 M sodium acetate (pH 4), 1 volume of H,O-
saturated phenol, and 1/5 volume of chloroform-isoamyl alcohol (49:1). After
centrifugation, the upper aqueous layer was precipitated in 70% ethanol, resus-
pended in diethyl pyrocarbonate-treated water, washed in chloroform-isoamyl
alcohol, and reprecipitated in 70% ethanol in the presence of 0.3 M sodium
acetate. The air-dried pellet was resuspended in diethyl pyrocarbonate-treated
water, and the RNA concentration was calculated by determining the absorbance
at 260 nm. cDNA was prepared by incubating 5 ug of RNA in the presence of 50
mM Tris HCI (pH 8.3), 40 mM KCl, 6 mM MgCl,, 0.4 mM each deoxynucleoside
triphosphate (ANTP), 40 U of RNase inhibitor (Boehringer Mannheim), 2 pg of
poly(dT)12-18 (Pharmacia, Piscataway, N.J.), and 3 U of avian myeloblastosis
virus reverse transcriptase (Life Sciences, St. Petersburg, Fla.) in a final volume
of 50 pl. After incubation at 42°C for 45 min, an additional 0.2 mM each dNTP
and 1.5 U of reverse transcriptase were added for a second 45-min incubation.
The reaction mixture was heated to 65°C for 10 min, and the DNA was precip-
itated in 70% ethanol in the presence of 2 M ammonium acetate.

VB gene frequency analysis by PCR. The amount of TCR-derived cDNA in
each sample was determined by comparing a parallel PCR amplification of a
280-bp a-chain constant region (Ca) fragment from each sample with a standard
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curve that was derived by using serial dilutions of cDNA from phytohemagglu-
tinin (PHA)-stimulated PBL. The standard curve of counts incorporated into the
Ca product per minute was linear for RNA quantities from 0.001 to 0.033 pg, as
previously shown (12). The Ca concentration in the sample was assigned a unit
value equal to the amount of RNA in the standard. In preliminary experiments,
we found that between 5 and 10 ng of RNA was sufficient to detect each V3 gene
product. The VB PCR assay was a modification of the method of Labrecque et
al. (21). For each sample, the different VBs were amplified with a 5" VB-specific
primer and a common 3’ CB primer. 5’ and 3’ Ca primers were included in each
reaction tube as an internal control. The oligonucleotide sequences of the prim-
ers for Ca were as follows: 5'Ca, 5'-GCATGTGCAAACGCCTTCAACAACA
GC-3'; and 3'Ca, 5'-AGCCGCAGCGTCATGAGCAGATTAAACCCG-3'.
The oligonucleotide primers for the VB1 to VB20 gene families were from Choi
et al. (10), and the primers for VB21 to VB24 were from Labrecque et al. (21).
The sequence of the reverse primer 3'C is 5'-TCTACCCCAGGCCTCGGCG
CTGACGAT-3'. A PCR master mix was prepared to minimize pipetting error.
This mix included 100 mM Tris-HCI (pH 8.3), 500 mM KCI, 2 mM MgCl,, 200
wM each dNTP, 25 pmol of 3'CPB primer per sample, 8.25 pmol each of the 5'Ca
and 3'Ca primers, 2.2 uCi of [a->?P]dCTP (NEN, Wilmington, Del.), and 2.5 U
of DNA polymerase (Perkin-Elmer, Norwalk, Conn.). The final volume of each
tube was 100 pl and contained the predetermined amount of the sample cDNA
and 25 pmol of an individual VB primer. In preliminary experiments, we deter-
mined that the accumulation of the TCR 8 product was the same in the presence
or absence of the Ca primers. The number of amplification cycles considerably
affected the sensitivity and accuracy of the assay. We previously determined that,
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FIG. 2. Accuracy and consistency of quantitative PCR. (A) Actual gel of
PHA-activated PBL showing the resolution of the individual amplified VB prod-
ucts, as well as a coamplified Ca product to control for any variability in aliquot-
ing of reagents or thermocycling of individual tubes (arrows). (B) Graph showing
the computed VB percentages for PBL stimulated either with PHA for 42 h
(black bars) or with SEB for 5 days (hatched bars). Note the SEB-induced
increased expression of VB3, V6, V14, VB17, VP19, and VB22. (C and D)
cDNA from the same sample of PBL was amplified at monthly intervals. Each
bar pattern represents a different monthly time point. Shown are results of PCR
with 10 different VB primers (C) and with the entire panel of 26 VB primers (D).
The differences in VB percentages for the same VB between panels C and D
result from normalization to only 10 VB (C) versus 26 VB (D).

given the concentration of reagents used, Ca counts per minute and VB ampli-
fication would begin to plateau after 26 and 30 cycles, respectively (12). However,
a minimum of 22 cycles was needed to reproducibly detect signals from 26 Vs
in a PBL control sample. As a result, 24 PCR cycles were used in the assay so that
both the Ca and VB signals would be in the linear portions of their amplification
curves. The PCR cycles were as follows: cycle 1, 94°C for 3 min, 50°C for 45 s, and
72°C for 1 min; cycles 2 to 23, 94°C for 30 s, 50°C for 45 s, and 72°C for 1 min;
and cycle 24, 94°C for 30 s, 50°C for 45 s, and 72°C for 7 min.

The PCR products were separated by electrophoresis at 80 V for 18 h on a
29-cm-long 10% acrylamide gel in a buffer system of 7 M urea in Tris-borate-
EDTA buffer. The gel was dried and analyzed for radioactivity in a Betascope
603 blot analyzer (Betagen, Waltham, Mass.). Pipetting errors or problems with
the PCR were readily identified by comparing the counts incorporated into the
Ca product per minute for each tube. The relative frequency of each VB,
expressed as a percent of the total, was calculated by the following formula: [(VB
counts per minute — background counts per minute)/(Ca counts per minute —
background counts per minute)] X [100/(sum of VB/Ca ratios)].

Statistical analysis. Two approaches were used to compare the VB gene
usages of the synovial fluid and peripheral blood T cells. The ¢ statistic was used
to determine if the ratio of each VB in synovial fluid samples before and after
stimulation with B. burgdorferi for 1 week was different from 1, and the paired ¢
test was used to determine if there were significant differences between the
absolute VB percentages in fresh and in cultured synovial fluid T cells. The
normality of the distributions of the VB gene frequencies in synovial fluid and
PBL were tested by using the correlation coefficient test based on Blom’s plotting
position (24).

RESULTS

Lyme arthritis synovial fluid T cells bear an activated phe-
notype and proliferate when exposed to B. burgdorferi. Nine
patients who had a clearly established diagnosis of Lyme ar-
thritis were studied. The demographics of the patients are
shown in Table 1. The duration of arthritis varied from 3 days
to 7 years. It is interesting that only two patients (22%) were
HLA-DR4 positive, approximating the frequencing in the gen-
eral population (48). This contrasts markedly with our rheu-
matoid arthritis population, which was 71% DR4 positive (12),
in agreement with other studies (38).

Sufficient freshly isolated synovial fluid T cells were obtained
from the Lyme arthritis patients to permit the analysis of sur-
face phenotype as well as to test the proliferative response to
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FIG. 3. Lack of TCR VB bias in PBL of Lyme arthritis patients before or
after Borrelia stimulation. PBL from a normal individual (A) and a Lyme arthritis
patient (B), either freshly isolated (PBL 0'; black bars) or after stimulation with
B. burgdorferi for 7 days (PBL+Bb; hatched bars), were analyzed for VB gene
frequency. No consistent differences in VB usage in PBL from two normal
individuals or two Lyme arthritis patients were observed.

B. burgdorferi. As shown in Fig. 1, Lyme arthritis synovial fluid
T cells expressed prominent levels of the memory cell marker
CD45RO, consistent with the notion that this population has
been previously activated in vivo. A T-cell proliferative re-
sponse to a sonicate of B. burgdorferi was observed in each of
the Lyme arthritis synovial fluid samples and was striking in
some (Table 2). The response of PBL from these patients to B.
burgdorferi has been reported previously (31), and while prom-
inent, it was not markedly different from that of normal indi-
viduals and was considerably weaker than the response of
synovial fluid T cells from the same individual. No significant
response to B. burgdorferi has been observed for three synovial
fluid specimens from patients with rheumatoid arthritis (30a,
31).

Parameters of quantitative PCR for TCR Vf. To establish
parameters for a quantitative PCR that would provide a sen-
sitive and consistent determination of TCR Vf usage, several
variables were investigated. These are detailed in Materials
and Methods. Some of these variables (e.g., cDNA titration
and cycle number) have been recently described for a similar
study on rheumatoid synovial T cells (12) and are consequently
not repeated here. As an initial test of the sensitivity and
accuracy of the quantitative PCR assay, a sample of normal
PBL was analyzed following activation with either PHA for
42 h or Staphylococcus enterotoxin B (SEB) for 5 days. Figure
2A shows the actual gel on which the PCR products of the
PHA-activated PBL were resolved. The upper bands represent
the individual VB products, each of which is paired with a
lower Ca band that was coamplified in the same tube as an
internal control for amplification. Figure 2B illustrates the
derived percentages (see Materials and Methods) of each of
the 26 VBs examined, comparing PHA and SEB stimulation.
Consistent with other reports (10, 20), PBL activated with
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FIG. 4. Lyme arthritis patient synovial fluid exhibits selective increases in
VB2 and VB6. (A) Comparison of VB gene frequencies of PBL (black bars) and
fresh synovial fluid (SF) (hatched bars) from patient no. 8.

PHA showed little difference from fresh PBL, manifesting a
prominent expression of VB2, VB3, VB6, VB7, and VB13.1. In
contrast, stimulation with SEB provoked a selective increase in
VB3 and, to a lesser extent, V6, V14, VB17, VB19, and
VB22, in general agreement with the data of Choi et al. (10).
The magnitude of the selective VB increases (1.3- to 1.5-fold)
that we observed after SEB stimulation are worth noting for
later comparison with the differences in VB percentages of
synovial fluid T cells and PBL.

An assessment of the consistency of the PCR assay was next
performed, using the same cDNA sample derived from normal
PBL, by amplifying it on four separate occasions at monthly
intervals. Figure 2C shows an example of the results of PCR
with the first 10 VB primers. The standard deviation was less
than 10% for each V. This was repeated on two additional
occasions, with the entire panel of 26 VB primers, with similar
results (Fig. 2D). Thus, the TCR VB quantitative PCR was
both highly consistent and very sensitive.

As shown in Fig. 3, the TCR Vp repertoire of PBL from
patients with active Lyme arthritis did not differ significantly
from that of PBL from normal individuals, either when freshly
isolated or after stimulation with B. burgdorferi for 7 days. In
addition, Borrelia stimulation did not provoke any striking shift
in the T-cell VB repertoire of PBL from normal individuals or
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FIG. 5. Stimulation of Lyme arthritis synovial fluid with B. burgdorferi does
not bias the TCR repertoire toward any given VB. (A) Comparison of VB gene
frequencies of fresh synovial fluid (SF) and of SF after culture for 7 days with B.
burgdorferi (SF+Bb) (hatched bars) for patient no. 4.
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TABLE 3. Summary of analyses of the absolute differences in VB frequencies between PBL and fresh synovial fluid from six Lyme
arthritis patients

Absolute difference in % gene frequency for VB“:
Patient no.

1 2b 3 4 5.1 52 6" 7 8 9 10 11
1 0.095  2.712 2.328 —4.667 —0.549 0.204 4.001 3.004 0.41 —0.569 —0.674 —0.529
2 3.651 3.506 —2.327 —4.305 0.18 —0.107 3.927 —0.323 0.407 —0.126 0.014 0.091
4 0.454  0.745 -1.37 —4.275 0.035 —0.396 —0.263 —0.682 0.716 —0.488 0.258 0.549
5 —2.629 1.763 3.087 1.998 0.485 —0.035 6.247 —6.612 1.075 —0.675 —0.096 0.345
6 —0.464  0.071 —0.582 —0.715 0.201 —0.046 —0.362 0.22 —0.776 —0.045 0.218 0.169
8 —3.068  3.964 3.966 1.586 2175 0.923 4.727 —4.651 —0.834 —1.228 —1.314 —1.518
Mean —-0.327 2127 0.85 -1.73 0.421 0.091 3.046 —1.499 0.166 —0.622 —0.266 —0.149
SE 0.991 0.629 1.064 1.26 0.378 0.184 1.115 1.432 0.323 0.174 0.25 0.311
P 0.759  0.02 0.461 0.228 0.315 0.644 0.041 0.343 0.629 0.03 0.337 0.653

“ A negative value indicates that the V3 level was higher in the synovial fluid than in the PBL.
? This VB manifested a mean absolute difference of >1%, and its level was statistically significantly increased in the synovial fluid (P < 0.05).

Lyme arthritis patients. This would argue against a superanti-
gen response to B. burgdorferi, which is consistent with our
earlier observation that Borrelia-specific T-cell clones are re-
stricted in their response to self-HLA molecules (31). The
assay was then applied to a series of Lyme arthritis synovial
fluid samples, both freshly isolated and after stimulation with
B. burgdorferi.

TCR VP bias of synovial fluid T cells toward V32 and V36,
compared to that of PBL. Two statistical comparisons of the
VB repertoire were made between T-cell populations in Lyme
arthritis. The first comparison was between PBL and freshly
isolated synovial fluid T cells from the same patient. This was
possible for six patients. The second comparison was between
synovial fluid T cells before and after stimulation with B. burg-
dorferi for 7 days. This was possible for all nine patients. Com-
parisons were made using two approaches that we have previ-
ously applied to a similar analysis of the rheumatoid arthritis
synovial fluid T-cell repertoire (12). The first considered the
ratio of each VB in the two populations. As this might bias
results toward seeing significant changes from small differences
in VP that are not highly expressed, a second method evalu-
ated the absolute differences for each VB between the two
populations being compared. In this instance, only those V(s
with a mean absolute difference of >1% were considered for
statistical significance. The results of the two methods were
comparable, and hence only the absolute differences are

shown. All VBs were detectable in each of the PBL and syno-
vial fluid samples.

An example of a comparison of VB usage between PBL and
fresh synovial fluid is shown in Fig. 4 for patient 8, and the
absolute differences for each VB for the six patients are sum-
marized in Table 3. The P values, based on the paired ¢ test, for
the mean VB percentages of all six patients were determined.
These results revealed that in synovial fluid only VB2 and VB6
were seen at a statistically increased frequency (Table 3). The
findings bear remarkable similarity to our findings in studies of
rheumatoid arthritis, where VB2 and VB6 were also statisti-
cally significantly increased in synovial fluid relative to PBL
(12). Although there was insufficient sample material in the
specimens to separate synovial fluid lymphocytes into CD4™"
and CD8" subsets, it is unlikely that the bias represents merely
a skewing of the CD4/CD8 ratio in synovial fluid. We have
previously determined that VB2 and VB6 are slightly more
common in CD4™ cells than in the CD8" subset (12), and yet
the proportions of CD4" and CD8™ cells were either similar to
PBL (in five patients) or biased toward CD8" cells (in 4 pa-
tients) (Table 2).

Borrelia stimulation of synovial fluid T cells does not result
in a statistically significant increase in expression of any par-
ticular TCR V. The parallels in the TCR V repertoires of
synovial fluid from Lyme arthritis patients and rheumatoid
arthritis patients suggested that the V@ bias of freshly isolated

TABLE 4. Summary of analyses of the absolute differences in VB gene frequencies between freshly isolated and Borrelia-stimulated synovial
fluid lymphocytes from nine Lyme arthritis patients

Absolute difference in % gene frequency for VB“:

Patient no.
1 2 3 4 5.1 52 6 7 8 9 10 11

1 —0.045 —19.145 10.299 5.486 0.983 —9.434 4.747 6.124 2.758 0.024 —4.194 0.144
2 1.691 2.403 —2.229 2.811 0.956 2.59 —5.266 —0.155 -0.331 0.305 0.643 —-0.112
3 0.95 1.613 —1.935 0.617 0.065 0.273 —1.134 0.9 0.951 —1.142 —1.833 0.254
4 —2.303 5.889 1.047 1.343 1.183 —-1.512 1.495 —3.494 —2.136 —0.268 -0.317 —-0.321
5 -1.14 1.274 6.413 2.424 —0.165 —0.088 —-1.772 —-3.926 —0.091 —0.461 0.249 0.005
6 1.448 —1.696 0.026 -0.017 —1.649 0.765 —4.419 3.101 0.536 0.553 0.852 0.775
7 3.041 —5.43 —9.245 2.497 1.289 2.996 0.075 3.728 —15.339 2.162 1.157 1.347
8 —-1.901 2.072 4.295 1.987 1.238 —0.54 4.404 —1.347 -0.637 —1.429 —1.481 —1.808
9 0.34 4.875 2.844 0.845 —0.124 0.057 2.105 —1.805 -1.379 —0.456 —1.49 —0.855
Mean 0.231 —0.905 1.279 1.998 0.419 -1.119 0.026 0.347 —1.741 -0.079 —0.712 —0.063
SE 0.588 2.539 1.879 0.54 0.326 1.159 1.18 1.139 1.763 0.351 -0.713 0.302
P 0.705 0.731 0.515 0.006 0.234 0.362 0.983 0.768 0.352 0.827 0.247 0.839

“ A negative value indicates that the VP was increased after Borrelia stimulation.
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TABLE 3—Continued
Absolute difference in % gene frequency for VB*:

12 13.1 13.2 14 15 16 17 18 19 20 21 22 23 24
—-0.082 -2311 -2.131 0338 —0.162 —0.811 0365 —0.026 —0.573 —0.204 0.773  —0.621 —0.146 —0.177
-0.762 —0.115 —-2.398 —0.027 0.229  —0.866 0.098 —0.001 —0.248 1.563 0.529 0.08  —0.053 0.058

0.782 —0.285 —1.176 0.713 0.83 —0.037 —0.241 0.91 0.216 1.023 0.723 0.116 0.0624 0.524
0.567 -3.019 -1163 -0.751 -0.076 —0.133 —-0.109 -0.301 —1.158 1243 —-0.117 —-0472 0.55 —0.064
—0.132 0.002 -0921 —0.297 0.785 0.098 —-0.175 —0.072 0.584 —0.256 0512 —0.064 1.088 0.826
—1.455 —2296 —-0948 —0.46 0.677 0.084 0923 —0.144 —0.998 0.011 0.073 0.594 —-0.531 —0.3
—0.18 —-1.337 —1.456 —0.081 0381 —0.278 0.144 0.061  —0.363 0.563 0.415  —0.061 0.255 0.152
0.34 0.55 0.262 0.22 0.181 0.181 0.18 0.175 0.278 0.329 0.147 0.179 0.244 0.176
0.618 0.059 0.003 0.729 0.089 0.186 0.461 0.742 0.249 0.147 0.037 0.747 0.344 0.429

Lyme arthritis synovial fluid might not reflect a response spe-
cifically to B. burgdorferi as much as a possible synovium-tropic
or nonspecific inflammatory response. This was supported by
further analysis of the synovial fluid T-cell repertoires before
and after Borrelia stimulation. Culture of synovial fluid with B.
burgdorferi for 7 days produced no consistently increased ex-
pression of a given TCR V[ that was statistically significant.
This is illustrated for patient 4 in Fig. SA and summarized for
nine patients in Table 4. Although VB13.1 was the most con-
sistently increased V3, its P value (0.060) was below the level
of significance.

DISCUSSION

The TCR VB repertoire of fresh synovial fluid T lympho-
cytes from Lyme arthritis patients manifests a bias compared
to that of PBL, with a statistically significant increase of VB2
and VB6. Particularly striking was the consistency with which
this skewing was observed despite the heterogeneous HLA
phenotypes of the patients. Of further interest is that our
previous comparison of the TCR Vf repertoires of synovial
fluid and PBL from rheumatoid arthritis patients also revealed
an increase of VB2 and V6 in synovial fluid (12). At least
three additional studies of rheumatoid arthritis have also re-
vealed an increased expression of VB2 and/or VB6 in synovial
fluid (14, 18, 20). The present study represents the first analysis
of this type for Lyme arthritis. Conceivably, this TCR V@
pattern may represent a synovium-tropic bias or an inflamma-

tory response rather than a skewing provoked by a reaction to
the inciting agent.

Several modifications were incorporated into the quantita-
tive PCR assay to optimize the sensitivity and consistency of
detecting TCR VB products. First, internal labeling with
[«-**P]dCTP increased the sensitivity 1 log over that of primer
labeling. Second, amplified products were counted directly
from gels, with no further blotting or hybridizations that might
introduce additional variables. Third, inclusion of an internal
control Ca PCR amplification for each sample allowed the
determination of the uniformity of each reaction and hence the
relative amounts of the TCR VB product amplified with each
VB primer. The relative expression of each VB gene family
member is proportional to both the amount of VB mRNA in
the sample and the VB primer efficiency, the latter possibly
varying with the different VB primers used. Thus, the assay
does not necessarily provide an absolute measure of the per-
centage of T cells bearing a particular V. However, since the
experimental design of this study was a comparison of the TCR
VB repertoires of simultaneously analyzed samples, valid con-
clusions regarding these comparisons can be drawn.

Each of the synovial fluid samples for which sufficient ma-
terial was available manifested a proliferative response to B.
burgdorferi. We have not observed such a response for synovial
fluid samples from rheumatoid arthritis patients (31). The
presence of B. burgdorferi in the synovium of Lyme disease
patients has been previously documented by histologic staining
(43) and, more recently, by PCR (29). This suggests that

TABLE 4—Continued

Absolute difference in % gene frequency for V“:

12 13.1 132 14 15 16 17 18 19 20 21 22 23 24
—2.537  —1.729 1.098 0.414 0.735 0.241 1216 —0.171 0.107 0.541 1.471 0.485 0.46 —0.124
—0.688 0.775 0.519 0.134 0.793 0.93 0.567  —0.825 0.301 1529 —0.368 —0.114 0.276 0.721

0.411 1.536 0.384 0.43 1.079 0.019  —1.306 0.274 0.448 0.075 0.429 —1451 -—1.6 —0.238
0487 —-2216 —1.113 —-1.257 —0.502 0.491 0.56 0.767 0.404 1 0.051 0.277 0.499 0.751
—-0915 —1.572 0.073  —0.157 0.391 0.3 -0.012  —0.08 -0.952 —0.478 —-0.083 —0.086 0.672 0.182
-0.517  —3.503 0.201 0.15 0176 —-0.136 —0.427 -04 1.526 0.149 -0.126 0.895 1.007 0.787
2.108 0.13 2.414 0.7 1.756 1.239 1335 —3.325 1.197 0.917 1.476 0.726 0.312 0.57
-1.292 -2 —0.209  —0.405 0.446 0.001 0924 —0486 —1.129 0.374  —0.048 0345 —0.407 —0.247
0.138 —1.813 —-0.088 —0.845 —0.266 —0.515 1.148 —-0.357 —-0.881 —0.395 —-0.307 —0.288 —0.78 —0.408
0312 —1.208 0364  —0.093 0.515 0.286 0.445 —0.432 0.024 0.41 0.277 0.088 0.049 0.222
0.436 0.552 0.325 0.214 0.231 0.18 0.293 0.396 0.316 0.221 0.238 0.233 0.274 0.163
0.495 0.06 0.294 0.676 0.076 0.152 0.167 0.307 0.942 0.1 0.278 0.716 0.863 0.212
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chronic antigenic stimulation by B. burgdorferi could contribute
to the biased repertoire of synovial fluid T lymphocytes. How-
ever, stimulation of synovial fluid with B. burgdorferi did not
yielded a consistent statistically significant increase in a partic-
ular TCR V. At present we have no evidence that the non-
statistical VB13.1 increase represents a Borrelia-specific re-
sponse by T cells. First, Borrelia stimulation of PBL did not
yield a VB bias, including VB2, VB6, or VB13.1 (Fig. 3). Sec-
ond, an analysis of six Borrelia-reactive T-cell clones from PBL
of an individual yielded a diverse VP repertoire, including
VB3, VB6, VB7, VB17, and VRB21. Finally, a study of VB13.1-
positive synovial clones derived from one Lyme arthritis pa-
tient manifested no Borrelia-specific response (30a). Thus, the
T-cell repertoire responding to B. burgdorferi is diverse and not
restricted to VB13.1; additionally, we have not observed a bias
toward VB5.1, as suggested by a previous analysis of Borrelia-
reactive T-cell clones from a single Lyme arthritis patient (22).

The above information, combined with the increased expres-
sion of VB2 and V6 in synovial fluid of rheumotoid arthritis
patients, argues against a response to B. burgdorferi as the
explanation for the skewed TCR repertoire of fresh synovial
fluid. One possibility is that a synovial-tissue-specific response
by T cells might select for VB2 and VB6. Consistent with this
model is an ongoing comparison of the T-cell repertoires of
PBL and synovial fluid from six patients with psoriatic arthritis
and two individuals with reactive arthritis. Thus far, only V6
is consistently elevated in the synovial fluid from all paired
samples (30a). If VB2 and VB6 T cells have indeed been
chronically stimulated in the synovium, they might be function-
ally anergic when further attempts at in vitro activation are
made. The diminished cloning efficiency of synovial T cells in
rheumatoid arthritis has been well described (25). This could
result in the in vitro overgrowth by nonanergic T cells bearing
other TCRs, as was seen with the emergence of VR13.1 upon
Borrelia stimulation.

An alternative explanation for the dominance of VB2 and
V6 in fresh synovial fluid is that this results from nonspecific
infiltration into an inflamed tissue without there necessarily
being a reaction to any tissue component. VB2 and VB6 could
predominate in tissues simply because they dominate the nor-
mal TCR repertoire in PBL. In this scenario, B. burgdorferi
might initiate an early antigen-specific response that is rapidly
eclipsed by a nonspecific inflammatory response. Similar TCR
VB spreading with time has been noted in autoimmunity mod-
els, such as in lymphoid infiltrates in the pancreatic islets of
NOD mice and in the central nervous system in experimental
encephalomyelitis (7, 53). Consistent with this view, V2 and
V6 are also prominent in psoriatic skin lesions (27, 49). De-
termination of whether the VB2 and V6 bias in synovial fluid
represents an antigen-driven response or a nonspecific influx
might be achieved through further analysis for selective oligo-
clonal expansion using single-stranded conformational poly-
morphism spectrotyping and sequencing. In this regard, pre-
liminary analysis of the TCR repertoire in rheumatoid arthritis
has demonstrated a slight oligoclonality of VB2 sequences in
synovial fluid compared to PBL (30a).

The presence of TCR V[ skewing at sites of inflamed tissues
raises the issue of a possible response to a superantigen. In this
regard, we previously observed that PBL from normal individ-
uals, with no previous exposure to B. burgdorferi, nonetheless
manifested prominent T-cell proliferative responses to a Bor-
relia sonicate (31). This response was independent of the
HLA-DR haplotype of the individual, and it was sensitive to
protease digestion of B. burgdorferi. While both of these ob-
servations are features inherent to superantigen responses,
other aspects of this response did not support a superantigen
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model. In almost all cases, a panel of Borrelia-responsive T-
cells clones exhibited restriction to self-HLA-DR molecules
(31). This is in agreement with the findings of Lahesmaa et al.
(22), who observed that 41 of 43 B. burgdorferi-reactive T-cells
clones derived from a single Lyme arthritis patient were re-
stricted to autologous HLA class II alleles. Similarly, we have
not observed any consistent TCR V@ bias following Borrelia
stimulation of peripheral blood T cells from either normal
individuals or Lyme arthritis patients. On balance, the infor-
mation to date does not strongly support the existence of a
superantigen within B. burgdorferi.

Mechanisms other than superantigens might also contribute
to selective V@ bias. For example, yd T cells are prominent in
Lyme arthritis synovial fluid samples and expand in response to
B. burgdorferi (50). Through production of particular cytokines
or by selective cytolytic activity, the y8 T cells might favor the
survival of particular T-cell subsets. Thus, a variety of immune-
regulatory responses may be responsible for the T-cell reper-
toire bias in the synovium of a Lyme arthritis patient. However,
given our knowledge of the causative organism, it should be
possible to dissect these components.
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