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PPD and hsp65 induced monoarthritis initiates
spontaneous recurrent flares in Lewis rats
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David R Blake, Vivienne R Winrow

Abstract
Objectives-To investigate the time course
of a monoarthritis induced with the
purified protein derivative of tuberculin
(PPD) or a recombinant 65 kDa heat
shock protein (rhsp65) in two different
strains of sensitised rats.
Methods-Wistar and Lewis rats, sen-
sitised with heat killed Mycobacterium
tuberculosis in oil, were challenged intra-
articularly with PPD or rhsp65 and
monitored for six weeks. Inflammation
was assessed by joint swelling, histology,
and radiographic studies.
Results-Sensitised Lewis rats injected
with PPD or rhsp65 showed a chronic
response with recurrent spontaneous
flares, while Wistar rats showed one
inflammatory episode.
Conclusions-The Wistar strain response
to PPD resembles a transient reactive
arthritis, while the response of the Lewis
strain mimIiics the relapsing nature ofrheu-
matoid synovitis, providing an interesting
model to determine dominant immuno-
pathogenic mechanisms.
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Rheumatoid arthritis (RA) is characterised by
a progressive erosive synovitis with super-
imposed acute inflammatory episodes (flares).
The disease course varies between individuals,
probably as a result of multifactorial genetic or

environmental conditions, or both.' The initial
antigenic trigger or secondary antigenic factors
responsible for the flares have not been defined.
McCulloch et al2 have reviewed the clinical

similarities between RA and the myco-
bacterioses, highlighting their striking resem-

blance, particularly in terms of autoimmune
features, and suggested that slow growing
organisms may be accountable for the as yet
undefined synovial antigen. When growing in
the hostile environment of the mammalian host
Mycobacterium tuberculosis has many charac-
teristics of a 'stationary phase' bacterium.
Stationary phase organisms can express 30-50
new genes, particularly heat shock proteins
(hsp) and superantigens, some of these genes
being transcribed only under stressful in vivo
circumstances.2 Moreover a 'reactive arthritis'
(ReA) can accompany certain slow bacterial

infections, in a manner similar in some ways
to that seen in patients transiently infected
in the gut or genitourinary tract by Yersinia,
Chlamydia, Shigella, Salmonella, etc. It is
characteristic of ReA that the causative
organism cannot be isolated from the joint, but
the joint contains both antigens derived from
the organism and T cells responding to those
antigens.34
Heat shock proteins have been implicated

in experimental models of arthritis5'-0 and
hsp-reactive T cells have been demonstrated in
the joints of patients with RA" and ReA.'2
Furthermore, enhanced local expression of
65 kDa heat shock protein (hsp65) occurs in
the inflamed synovium of patients with RA'3 14
and arthritic rats.'4 In man, priming of the
immune system to hsp is a common
phenomenon occurring early in life via BCG
vaccination and the trivalent vaccine against
tetanus, diphtheria and pertussis. Since hsp are
immunodominant and evolutionary conserved
antigens, the question arises as to whether such
a priming could contribute to the induction
of autoimmune disorders:'5 16 it has been
suggested that autoimmune diseases may be
initiated or perpetuated by T cells recognising
cross reactive hsp epitopes.'7

Previously, we showed that intra-articular
injection of either rhsp65 or the purified pro-
tein derivative ofM. tuberculosis (M. tb) (PPD),
which contains hsp65,'8 could induce an acute
monoarthritis in M.tb immunised but not in
non-immunised Wistar rats. Swelling subsided
within seven days, but hsp antibody titres were
still increasing, indicating a still active immune
response.19 As the variety of established animal
models of RA, including those induced by
Freund's complete adjuvant, streptococcal cell
walls and type II collagen20 21 do not accurately
mimic the persistent reaction seen in the
human condition, we reasoned that the con-
served and cross reactive nature of hsp might
itself contribute to the development of chronic
disease in susceptible individuals.

Wistar rats are an outbred strain. However,
Lewis rats, an inbred strain, show an increased
susceptibility to develop arthritis because of
both their genetic predisposition and a neuro-
immune disorder also reported in patients with
RA.2 22 23 Thus, after priming, we compared
the response of these two strains of rats to a
single intra-articular injection of PPD or
rhsp65.
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Materials and methods
ANIMALS

Female Wistar and Lewis rats were obtained
from Charles River (Margate, Kent, UK) and
Harlan Orlac (Bicester, Oxon, UK) respect-
ively. The animals weighed 150-170 g at the
start of the experiment. Young female rats were
chosen because they are more susceptible to
induction of arthritis.

LONG TERM TUBERCULIN MONOARTHRITIS

MODEL

Heat-killed human strains C, DT and PN of
Mycobacterium tuberculosis (Central Veterinary
Laboratory, Weybridge, UK) were finely
ground in a pestle and mortar and suspended
in light paraffin oil to a final concentration of
10 mg/ml. Female Wistar and Lewis rats were
inoculated intradermally in the nape of the
neck with a total of 100 [lI of the suspension.
After seven days, groups of rats were
challenged intra-articularly (i-a) in the right
knee with 50 [L (1 mg/ml) of PPD (Purified
Protein Derivative of M. tb, strain 289; Central
Veterinary Laboratory) or with the vehicle
(phosphate buffered saline (PBS)) as control.
A second control group of sensitised animals
received no i-a injection. Knee swelling, used
as an indicator of joint inflammation, was
assessed as the difference in widths measured
with a digital caliper (RS Components, Corby,
Northamptonshire, UK), of the injected (right)
and uninjected (left) joints. Measurements
were made at several times after injection as
previously described.'9 After initial swelling
subsided, the rats were monitored daily for 42
days after i-a injection and, if further knee
swelling was evident, measurements were
recorded. A sufficient number of rats were
inoculated to provide five to six animals for
sacrifice at each time of measurement (days 3,
14, 28, and 42). Joints were transferred to
formol saline for radiographic and histo-
pathological evaluation.
A second group of 10 Lewis rats were

sensitised with M. tb and subsequently chal-
lenged in the right knee joint with 50 [L
of 1 mg/ml recombinant mycobacterial
65 kDa protein (rhsp65) from Mycobacterium
leprae.24

HISTOPATHOLOGY

The right and left knees of animals used in
the radiographic studies were subsequently
decalcified (50/o formic acid in formol
saline), embedded in paraffin, and sectioned
longitudinally. Joint sections (7 ,urm) were
prepared and stained with haematoxylin and
eosin. Blinded assessment of the sections was
made by three operators on the basis of
(a) presence of fibrin-like material deposited in
the joint cavity, (b) an inflammatory cell
infiltrate in the synovium, (c) destruction of
articular cartilage by pannus formation,
and (d) periostitis. Tissues were graded from
0 to 3 according to the presence and severity
of the above parameters (modified method
described by Kruijsen et al25).

RADIOGRAPHY

The right and left knees of each animal were
mounted on cardboard and imaged on high
speed x-ray film (Kodak) using a Faxitron
machine (Field Emission Corporation, Oregon,
USA). Blinded assessment of the sections was
made by three operators on the basis of (a)
evidence of bone demineralisation, (b) degree
of destruction, and (c) new bone formation.
Tissues were graded from 0 to 3 according to
the presence and severity of the above
parameters (modified method described by
Clark et al26).

STATISTICAL ANALYSIS

Results for knee swelling are presented as
mean (SEM) and differences between groups
compared by Student's t test. Comparisons
shown in tables 1 and 2 were made by rank
correlation.

Results
JOINT SWELLING

Figure 1 compares the results obtained after an
i-a injection of PPD in Wistar and Lewis rats.
These results relate to the rats sacrificed on day
42 (the end) of the experiment; because
animals were killed in the course of the
experiment, we aimed, for statistical reasons,
to avoid a decreasing number of rats at each
time point. Nevertheless, there were no signifi-
cant differences in the sacrificed groups of
animals with respect to the incidence or the
magnitude of flares.

Intra-articular injection of PPD in Wistar
rats (fig 1A; mean value of four rats) induced
acute inflammation with joint swelling,
maximal two to three days after injection
(p < 0-01 and p < 0 05 v PBS control) as
previously described,'9 but subsiding later. The
same treatment in Lewis rats showed a differ-
ent pattern (fig IB; mean value of six rats): the
initial acute response was seen at day 2
(p < 0.00 1 v PBS and non-injected controls),
subsiding by day 9, but this was followed by
further flares of arthritis with knee swelling at
a peak on days 14 (p < 0 05 v PBS and non-
injected controls), 24 (p < 0-01 v PBS and
non-injected controls) and 34 (p < 0-05 v PBS
and non-injected controls). Moreover, the
response at day 24 was significantly increased
(p < 0-05) compared with the day 9 back-
ground (end of the acute response) and
approached significance (p < 0 07) with
respect to day 27 (day of the subsiding flare).
Repetition of this experiment with a larger
group of rats showed highly significant flares
(p < 0 00 1), but these were not synchronous.
Although the flares did not reach baseline
values, we attribute this to the transient
arthritis developed by some animals after M. tb
sensitisation (see below).
The two control groups, vehicle (PBS)

injected and non-injected, showed no signifi-
cant swelling.
To assess if the response of Lewis rats to

PPD could be attributed to hsp65, a group of
10 M.tb sensitised Lewis rats were injected i-a
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Figure 1 Time course ofjoint swelling after i-a injection ofPPD infour Wistar (A) and six Lewis (B) rats pre-sensitised
with M.tb in oil and challenged i-a with either 50 ,ug PPD in PBS (O) orPBS alone (O), compared with a control
group (O) which was not injected. Joint measurements represent mean (SEM) difference in width between injected and
non-injected joints. Significant differences compared with PBS: *p < 0-05; **p < 0-01; ***p < 0 001.

with rhsp65 in PBS. All of the rats showed the
acute inflammatory peak, but only 50% of the
rats suffered the chronic relapsing profile. As
figure 2 shows, the flares reached very high
peaks for two rats, while the other three
displayed more moderate responses.
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INCIDENCE OF ARTHRITIS AFTER M.tb
SENSITISATION
Classically, adjuvant arthritis is induced by a
single injection ofM. tb in light paraffin oil into
the tail. Here, we have sensitised animals using
a similar preparation administered in the nape
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Figure 2 Time course ofjoint swelling in individual Lewis rats sensitised with M.tb in oil and injected i-a in one knee with
rhsp65 50 ,ug in PBS. Joint measurements represent difference in width between injected and non-injectedjoints. Each line
represents a single rat; each showed a different magnitude of chronic response. 0 = Rat 1; El = rat 2; * = rat 3; * = rat 4;
O = rat 5.
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Table 1 Histological scores for the time course of monoarthritis in Wistar (WI) rats (n = 4) and Lewis (L) rats (n = 6).
Each parameter was gradedfrom 0 to 3 relative to severity

Rat strain Day 3 Day 14 Day 28 Day 42

Joint cavity: fibrin-like material L 2-5 (0-5) 2-0 (0 6) 0-2 (0 2) 0 0 (0 0)
W 26 (04) 06 (06) 02 (02) 00 (00)

Synovium: cellular infiltration L 3 0 (0 0) 2 2 (0 4) 2-0 (0 3) 2.0 (0-4)
W 2 6 (0 2) 1 4 (0 4) 0-6 (0 4) 0 0 (0 0)

AC: destruction at pannus junction L 2 3 (0 5) 2.0 (0 6) 2 4 (0 2) 1.5 (0 5)
W 20 (06) 08 (06) 04 (04) 00 (00)

Periostitis L 2 3 (0 5) 0-6 (0-4) 0 8 (0 2) 0 0 (0 0)
W 08(06) 1.0(0-3) 1.0(03) 00(00)

Values are mean (SEM). AC = articular cartilage.

of the neck. Despite this non-optimal route
of administration for induction of adjuvant
arthritis, the animals developed a mild and
transient arthritis confined to the hind limbs;
only 40% of the rats were slightly arthritic
between day 14 and day 22 after M. tb
sensitisation (usually the days of the clinical
onset in classic adjuvant arthritis). Therefore,
the underlying mild arthritis in some animals
may contribute to the larger standard errors
observed in some groups and thus the increase
in baseline values. It appears that PPD injected
animals suffer a low grade arthritis with super-
imposed acute flares.

HISTOPATHOLOGY AND RADIOGRAPHY

At day 3, in both strains of rats, i-a adminis-
tration of PPD induced an acute inflammatory
response with oedema, cellular infiltration,
and deposition of fibrin-like material in the
joint.

Tables 1 and 2 show histological and radio-
logical scores for both groups. The joint cavity
was enlarged as a result of inflammatory
effusion and deposition of fibrin-like material,
trapping large numbers of polymophonuclear
cells (PMN) sometimes showing a cellular
organisation. The synovium completely lost its
normal structure of an intima one to two cells
deep lying on adipose tissue. The synovial
lining cells were hypertrophic and the intimal
cell layer hyperplastic. The subsynovium was
infiltrated by large numbers of inflammatory
cells (PMN and macrophages). At day 3, an
erosive front (pannus) was already evident: it
appeared to originate symmetrically on both
sides of the bone heads, eroding articular
cartilage and subchondral bone (fig 3C and E).
Radiologically, the joints showed normal
features (fig 4C and E).
From day 14 onwards a histological differ-

ence between the two strains was apparent.
While Lewis rats developed a chronic phase,
Wistar rats recovered from the acute phase. On
days 28 and 42 (fig 3F), joint sections from

Table 2 Radiographic scores of the time course experiments
on Wistar (W) rats (n = 4) and Lewis (L) rats (n = 6).
Each parameter was gradedfrom 0 to 3 relative to severity.
The maximum possible score for each animal was 12

Rat strain Day 3 Day 14 Day 28 Day 42

Lewis 1-0 (0-0) 3-4 (1-2) 8 0 (1 2)* 8-0 (1 9)**
Wistar 00(00) 1-4(1 4) 00(00) 00(0-0)

Values are mean (SEM).
*p < 0 05, **p < 0 01 v Wistar rats.

four of five Lewis rats showed displacement of
haemopoietic tissue from the epiphysis and its
replacement with osteoblastic tissue. Randomly
orientated trabecula of new woven bone were
present and in some cases disrupted the epi-
physial growth plate. Ectatic and congested
vessels were seen within the epiphysis and
there was a varying degree of disruption of
endochondral ossification in the metaphysis.
Marginal, erosive pannus was seen overlying
articular cartilage and in some cases, peripheral
new bone formation was apparent. There was,
however, no evidence of periarticular calcifi-
cation and also no evidence of bone or fat
necrosis and no vessel thrombosis, ruling
out avascular necrosis. Radiologically, these
changes appear to correlate with remodelling
of the femoral condyle with patchy areas of
lucency and sclerosis (fig 4F).

In contrast, on days 28 and 42 (figs 3D
and 4D), Wistar rats showed only minor
changes. Marginal pannus was seen in some
cases, but the epiphysial bone changes were not
apparent. The contralateral joints of all (Wistar
and Lewis) PPD injected groups showed
minimal cellular infiltration; both knee joints of
PBS injected (figs 3A, B, 4A, B) and non-
injected animals were normal.

Discussion
We have demonstrated previously that rhsp65
or PPD injected i-a in M.tb sensitised Wistar
rats induced swelling and acute inflammation
implying a recruitment of arthritogenic T cells;
otx positive T cells were detected at day 3 by
immunohistology.19 We suggested that these
T cells may be capable of inducing arthritis and
recognising both mycobacterial hsp65 and a
self-antigen of joint cartilage.5 6 Here, we have
shown that i-a tuberculin PPD and rhsp65 in
primed animals can induce a chronic,
persistent synovitis with pannus formation,
cartilage destruction and bone erosion.

It is perhaps not surprising that PPD, which
contains hsp65 (a strong immunoreactive
component of M. tb) causes inflammation in
M. tb sensitised rats. What are interesting, how-
ever, are the recurrent flares in Lewis rats. The
predominant feature of RA is the chronic
relapsing articular inflammation and it has
been postulated that a possible mechanism is
the sudden release of antigen. The majority
of animal models of arthritis tend to be
self-limiting and are characterised by an acute
and a chronic phase with a spontaneous
remission.20 21 In antigen-induced mono-
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Figure 3 Histology ofacute (day 3) and chronic responses (day 42) in kneejoints of rats. For each day ofsacrifice a
group offour to six rats were killed; midline sagittal sectionsfrom kneejoints were cut and stained with haematoxylin and
eosin. Controlgroup (Wistar and Lewis, PBS-injected): day 3(a) and day 42(b) show a normal thin synovial layer
and cartilage. Wistar rats (PPD-injected): day 3(c) shows a massive inflammatory cell infiltration of the synovium with
fibrin and entrapped leucocytes deposited in thejoint space; day 42(d) shows complete resolution of the inflammatory
response. Lewis rats (PPD-injected): day 3(e) shows the same inflammatory features describedfor Wistar; day 42(f)
shows a chronic reaction involving synovitis andpannus formation with erosion of the edge of the cartilage surface.
3'S = Joint space; S = synovium; B = bone; C = cartilage; f=fibrin-like material.

arthritis, the disease is reactivated only by
rechallenge with antigen, either orally27 or
intravenously.28 Here, the Lewis rats showed
spontaneous flares without rechallenge with
antigen. We hypothesise that these secondary
flares may be induced in primed animals by
'self' hsp released from the synovium, and will
discuss possible reasons for the different
pattern of response of these two strains of rats.

Bacterial cell wall-induced arthritis causes a
chronic disease lasting 10 months. The poor
biodegradability of the bacterial polymers

accounts for the chronicity, while the slow
release from hepatic stores of bacterial pro-
ducts, originating from the intestinal lumen,
accounts for the flares.29 In our experiment,
retained antigen may sustain the persistent
inflammation but the recurrent flares might be
caused by sudden upregulation and presen-
tation of endogenous hsp65; this view is
supported by the demonstration that acute
inflammation, induced in the mouse foot pad
with incomplete Freund's adjuvant (that is, in
the absence of exogenous bacterial hsp65), can
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Figure 4 Radiography ofacute (day 3) and chronic responses (day 42) in knee joints of the
same animals represented in figure 3. Controlgroup (Wistar and Lewis PBS-injected):
day 3(a) and day 42(b) indicate a normal compact joint. Wistar rats (PPD-injected):
day 3(c), despite acute inflammation, shows a joint with normalfeatures; day 42(d) still
illustrates a healthy knee joint. Lewis rats (PPD-injected): day 3(e), like Wistar (c),
shows a normaljoint; day 42() shows remodelling of thefemoral condyle with patchy areas
oflucency and sclerosis and peripheral new boneformation.

activate T cells specific for self hsp65 but
cross reactive with mycobacterial hsp65.3o
Alternatively, it is known that minor antigenic
(cryptic) determinants are not stimulated
under normal conditions, but such responses
may be induced by a cross reactive major
determinant on a bacterial or viral protein.3' In
the inflamed synovium, the first wave of
reactive T cells to hsp could induce loss of
tolerance to cryptic (auto)antigens, resulting in
a cascade of autoimmune responses. These
responses are major histocompatibility com-

plex haplotype dependent-providing one

possible explanation for the different patterns
we observed in Lewis and Wistar rats. There-
fore, in arthritic patients, the presence of
hsp65, which we have shown to be upregulated
in the arthritic synovium,13 may account for the
amplification and perpetuation of inflam-
matory synovitis and the associated increase in
the cellular and humoral immune response to
hsp65."1 32 33 Moreover, we know that inbred
Lewis rats are predisposed to develop arthritis
not only because of their genetic background
but also via a defect in the cytokine-
hypothalamo-pituitary-adrenal axis2 22-a con-
dition also reported in patients with RA.23 As

a result, Lewis rats fail to secrete adequate
amounts of cortisol from the adrenal gland and
this can influence the balance of the T helper
cell subsets TH1 and TH2 which regulate
cytokine mediated immune responses;34 thus it
is possible that both strains of rats develop an
early, acute inflammatory response which in
Lewis rats switches to a chronic, relapsing,
destructive monoarthritis.
Another possible explanation for the

induction of flares might be the known
'carrier effect' of heat shock proteins. It has
been demonstrated that the use of highly
antigenic molecules such as PPD greatly
enhances immune responses to associated
unrelated antigens.35 This same effect of using
'carrier molecules' has been achieved with
recombinant mycobacterial hsp.36 Recently it
has been shown that hsp65 provides greatly
enhanced recognition of tumour-associated
antigen in a malignant macrophage tumour cell
line.37 Thus joint inflammation could be
perpetuated by an enhanced recognition of an
autoantigen such as collagen or proteoglycan in
the presence of increased concentrations of
stress proteins.

In conclusion, our findings show a differ-
ential response to i-a presentation of hsp65 in
two strains of rat. Lewis rats, having both
MHC and neuroendocrine defects, show a
disease course that is relapsing, as in RA.
Wistar rats, an outbred strain, not genetically
predisposed to develop arthritis and with no
neuroendocrine disorders, show a spon-
taneously remissive pathology, possibly akin to
a transient reactive arthritis.3 38
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