Factors in resistance to and recovery from
M. pulmonis-induced arthritis in mice
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SUMMARY A previous infection of C3H mice with viable Mycoplasma pulmonis organisms protected
them from arthritis induced by intravenous inoculation of these organisms, whether or not their
initial arthritis had resolved at the time of challenge. Although spleen cells obtained from such
animals conferred resistance to acute arthritis in syngeneic recipient mice, convalescent-phase serum
was much more effective in this respect. In addition, the transfer of 'immune' spleen cells to
M. pulmonis-infected mice treated with cyclophosphamide did not prevent them from dying, whereas
the transfer of convalescent-phase serum to such animals reduced the incidence of mortality. Since
M. pulmonis organisms are rapidly inactivated in mice treated with convalescent-phase serum it is
suggested that the transferred serum may act by promoting phagocytosis of the mycoplasmas.
Although the reason for some mice developing a prolonged arthritis is not clear, the results show
that humoral immune mechanisms are more important than cell-mediated ones in preventing acute
arthritis and that the humoral mechanisms are of greater importance than the cell-mediated in
resistance to and recovery from a generalized mycoplasma infection.

Mycoplasmas are known to produce arthritis in a to M. arthritidis-induced arthritis in mice have been
number of animal species (Taylor-Robinson and only partially successful (Cole et al., 1971a). Further
Taylor, 1976). Some of these infections, such as studies have shown that serum from rats that have
M. arthritidis in rats (Ward and Cole, 1970), result recovered from M. arthritidis infection prevents
in an acute, self-limiting arthritis, whereas others, disease in recipient animals (Howell and Jones, 1963;
such as M. arthritidis in mice (Cole et al., 1971b), Cole and Ward, 1973). On the other hand, serum
M. pulmonis in mice (Barden and Tully, 1969), and obtained from previously infected mice confers on
M. hyorhinis in pigs (Barden and Decker, 1971), recipient animals only partial resistance to disease
produce a chronic joint inflammation. It has been (Cole et al., 1971a). Thus, the less efficient handling
suggested that the chronicity may be the result of an of M. arthritidis organisms by mice compared with
autoimmune reaction (Harwick et al., 1973) or be rats may account for the chronic nature of the
due to the persistence of the mycoplasma in a form disease in the mouse.
Since M. pulmonis infection in mice also produces
which provides a continuing stimulus for inflammation.
a persistent joint inflammation, which appears to
Some evidence for the latter concept is derived correlate with the presence of mycoplasmas in the
from the fact that mice, which develop a chronic joints (Cole et al., 1975; personal observation), the
M. arthritidis-induced arthritis are less able to following investigation was undertaken to determine
control infection by this mycoplasma than are rats the extent to which resistance to M. pulmonis
which develop an acute disease. Thus, previous develops in mice. Further, the relative importance of
inoculation of rats with viable or formalin-inacti- serum antibody and of cells inresistance to reinfection
vated M. arthritidis organisms results in complete and in recovery from a primary infection by this
resistance to a subsequent challenge (Cole et al., mycoplasma was examined.
1969), whereas similar attempts to induce immunity
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M. PULMONIS

The 'JB' strain of M. pulmonis was obtained from
232

Mr. P. C. T. Hannan (Beecham Labs.) as a broth
culture, after it had had three in vitro passages from
the original provided by Dr. J. G. Tully (NIH,
Bethesda, Md., USA). Liquid medium for the isolation and growth of M. pulmonis was the same as
that described previously (Taylor et al., 1974).
Mycoplasmas used to infect mice were grown in
thallium-acetate-free medium for about 3 days at
37°C, dispensed in 1 ml amounts, and stored at
-70°C. This material was free from bacterial and
fungal contamination and contained 108 colourchanging units (ccu)/ml.
MICE

Male C3H mice, weighing 20-30 g, were supplied by
Scientific Agribusiness Consultants (International)
Ltd., and by the Animal Division of the Clinical
Research Centre (Harrow). The mice were specific
pathogen-free, of the MRC Laboratory Animal
Centre's category 4 (* * * *) standard and were still
free from detectable mycoplasmas in the nasopharynx
at the time of inoculation. Mice were inoculated
intravenously (IV) in the tail with 0 2 ml of the
M. pulmonis stock pool diluted in PPLO broth. Mice
used as uninfected controls were inoculated IV with
0 2 ml of thallium-acetate-free mycoplasma medium.
In some experiments animals were inoculated with
M. pulmonis that had been grown in mycoplasma
medium containing 20% mouse serum instead of
horse serum.
CYCLOPHOSPHAMIDE TREATMENT

A suspension containing 10 mg/ml of cyclophosphamide (Endoxana, W.B. Pharmaceuticals Ltd.)
was prepared in pyrogen-free saline. Mice were
injected intraperitoneally with a single dose of 300
mg/kg body weight (Poulter and Turk, 1972) 24
hours before infection with M. pulmonis.

This was regarded as a 10-1 dilution of the original
specimen, and further tenfold dilutions were made
from it.
ACTIVE IMMUNIZATION

Mice were vaccinated by either (1) IV inoculation of
a suspension of viable M. pulmonis organisms,
estimated to contain 2 x 105 ccu or 2 x 106 ccu, or
(b) IV inoculation of a heat-inactivated (56°C for
1 h) suspension of organisms, estimated to contain
2 x 105 ccu or (c) intranasal (IN) inoculation of
5 x 105 or 5 x 106 ccu of viable organisms. As
controls, mice were inoculated with thallium-acetatefree mycoplasma medium. 3 weeks after inoculation
of heat-inactivated organisms, animals were
challenged IV with 2 x 105 ccu of M. pulmonis. 10 to
14 weeks after IV or IN inoculation of viable
organisms mice were challenged IV with 2 x 106 ccu
of M. pulmonis.
PASSIVE IMMUNIZATION

Spleen cells and sera were obtained from donor mice
at various intervals after they had been inoculated
IV with 2 x 106 ccu of M. pulmonis as described
elsewhere (Taylor and Taylor-Robinson, 1976).
Recipient mice received IV either 108 viable nucleated
cells or 0 25 ml of serum, and they were challenged
IV 24 hours later with 2 x 105 ccu of M. pulmonis.
ABSORPTION OF IMMUNE SERUM

This was done by mixing 4 ml of serum with 300 mg
of a washed pellet of either M. pulmonis or M. capri
and keeping the suspension for 24 hours at 4°C,
with occasional shaking. The organisms were then
separated from the serum by centrifugation at
27 OOOg for 20 minutes and the absorption procedure
was repeated. Before injection into mice, absorbed
serum was examined for the presence of viable
mycoplasmas. All sera were sterile.

ASSESSMENT OF ARTHRITIS

A subjective assessment of the severity of the COMPLEMENT-FIXATION (CF) TEST
arthritis was made by scoring the involvement of The titre of antibodies to M. pulmonis in sera from
each ankle and wrist joint on a + to + + + scale, infected mice was determined by using a previously
with erythema and minimal enlargment of a joint described microtechnique modification (Taylor and
being designated +. Scores for groups of mice were Taylor-Robinson, 1976) of the CF test of Bradstreet
added together, divided by the number of animals and Taylor (1962).
in each group, and recorded as the arthritis score.
Results
MYCOPLASMA ISOLATION PROCEDURES

The numbers of mycoplasmas present in various
tissues were determined as described previously
(Taylor and Taylor-Robinson, 1976). Joints were
removed, dissected free from epidermis using aseptic
techniques, and cut in half. Both halves were
homogenized together in a TenBroek grinder with
mycoplasma medium to give a 10 % (w/v) suspension.

M. PULMONIS-INDUCED ARTHRITIS IN ACTIVELY
IMMUNIZED MICE

In contrast to mice which had received mycoplasma
medium or inactivated mycoplasmas, those which
had been inoculated IV with viable organisms were
protected completely against arthritis produced by
subsequent IV challenge (Table 1). Similarly, mice
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Table 1 Effect of active immunization on development of arthritis in mice 14 days after IV challenge with

2 x 106 ccu of M. pulmonis
Mice previously inoculated with:

Route of
inoculation

Postchallenge

Prechallenge
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Arthritis score Proportion ofjoints affected Arthritis score Proportion ofjoints affected
Experiment I
IV
Mycoplasma medium
2 x 105 ccu of viable organisms
IV
2 x 105 ccu of inactivated organisms* IV
Experiment 2
IN
Mycoplasma medium
S x 106 ccu of viable organisms
IN
S x 105 ccu of viable organisms
IN
Experiment 3
IV
Mycoplasma medium
2 x 106 ccu of viable organisms
IV
2 x 106 ccu of viable organisms
IV
*

0
0
0

0/20
0/16
0/16

3-5
0
3-1

16/20
0/16
12/16

0
0
0

0/16
0/16
0/16

58
0
1-0

12/16
0/16
3/16

0
0
1-5

0/20
0/16
6/16

6-8
0-3
1-5

18/20
1/16
6/16

Heated at 56°C for I hour. ccu=colour-changing units; IN=intranasally.

which had been inoculated IN with 5 x 1o6 ccu of
M. pulmonis were also protected completely against
subsequent IV challenge, and only 1 of 4 mice that
had been inoculated IN with a tenfold smaller dose
developed arthritis after challenge.
The arthritis of all the mice previously inoculated
with viable organisms had completely resolved when
they were challenged 14 weeks later. If the chronic
arthritis is due to inefficient handling of mycoplasmas
by the mice, so that they persist in the joints (Cole
et al., 1971a), then mice which have not recovered
from their arthritis may behave differently from
those animals with no residual joint inflammation
when challenged. Thus, 8 mice were inoculated fV
with 2 x 106 ccu of M. pulmonis and 5 with mycoplasma medium. 10 weeks later, 4 of the previously
infected mice which had completely recovered from
the arthritis and 4 which still had joint inflammation,
were challenged IV with a further 2 X 106 ccu of
M. pulmonis. After challenge, all 5 of the control
animals previously inoculated with mycoplasma
medium developed a severe arthritis. In contrast,
only one of the mice in which arthritis had completely resolved at the time of challenge developed a
slight transient arthritis. In addition there was no
development or exacerbation of disease in those
animals with residual joint inflammation at the time
of challenge (Table 1).

animals given mycoplasma medium was not significantly different from that in untreated mice
(Table 2). Cells obtained from donors 14, 21, and
42 days after infection did provide some protection.
The mean maximum arthritis scores of groups of
mice passively immunized with these cells were
significantly less than that of a control group of
animals (P=0 001-001, 0001-0 01, and <0001,
respectively; Student's 't' test). Furthermore, the
numbers of swollen joints observed in mice treated

with cells taken from donors 21 and 42 days after
inoculation were significantly less than in control
animals (P=005{- 1 and 001, respectively; x2
test).
8.0
7.0-

6.0-

5.0
4.0<3.02.0-

0.0

M. PULMONIS-INDUCED ARTHRITIS IN
PASSIVELY IMMUNIZED MICE

(i) Passive transfer of cells
The development of arthritis in mice which had been
passively immunized with spleen cells obtained from
animals at various intervals after IV inoculation of
2 x 106 ccu of M. pulmonis is shown in Fig. 1. After
IV challenge with 2 x 105 ccu of M. pulmonis, the
development of arthritis in mice that had been
inoculated previously with spleen cells from donor
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Fig. 1 Effect ofpassively transferred cells on the
development of arthritis in mice inoculated IV with
2 x 105 ccu (colour changing-units) of M. pulmonis.
Cells were obtainedfrom mice inoculated 42 days
previously with mycoplasma medium *, and from mice
inoculated 3 days o, 7 days A, 14 days A, 21 days *,
and 42 days 0, previously with 2 x 106 ccu of M.

pulmonis.

20

Table 2 Effect ofpassively transferred cells on the development of arthritis in mice after IV inoculation of
2 x 105 ccu of M. pulmonis
Cells for transfer obtained
from mice at indicated days
after IV inoculation of

Mycoplasma medium (42 d)
M. pulmonis (3 d)
(7 d)
(14 d)
(21 d)
(42 d)
No cells transferred

Day of onset of arthritis
(mean±SD)

Maximum arthritis score

5-2±0-7
4 0+1 0
4-2±0-8

7-3±3-3
6-6±2-2
7-8±1-8
4-0±0-6
3-3±1-3
0-5±1-1
8-1±1-9

6-0±2-3
85±70
5 0±0 0
4 0±0:0

(mean±SD)

Passive transfer of sera
(a) Effect on arthritis. The development of arthritis
in mice passively immunized with various convalescent-phase sera is shown in Fig. 2. Table 3 shows
that the proportion of swollen joints in mice treated
with sera obtained from animals inoculated 42 days
previously with mycoplasma medium was less than
in untreated mice (P=O-02-0- 05; x2 test). Therefore,
the mice treated with sera obtained from animals
inoculated with medium were used as controls. In
comparison with these control animals, mice which
had received sera from donors inoculated IV 7, 14,
21, and 42 days previously with M. pulmonis were
significantly protected against arthritis (P= 0-05-0 1,
0-02-0-05, <0-001, and <0-001, respectively; x2
test).
(ii)

Day of maximum arthritis Proportion of joints affected
(mean ±SD)
12 2±2-9
9 4±0 5

10-2±2-2
9-6±2-6
13-3±5-3
7 0±0 0
9-7±1-2

16/20
16/20
19/20
13/20
10/20
2/20
19/20

tion (Table 4). In comparison, M. pulmonis organisms
isolated from all untreated mice and from
nearly all the anatomical sites examined.

were

8.0

0
U._

7.0

-

6.0

-

5.0

-

*4.0 -

,c

3.0

2.0

-

1.0
(b) Effect on the isolation of M. pulmonis from
various tissues. Mice which had been inoculated IV
0.0
with 0 4 ml of 21-day convalescent-phase mouse
I
I
I
serum and untreated mice were inoculated IV 24
0
6
8 10 12 14 16 18
2 4
hours later with 2 x 106 ccu of M. pulmonis. Groups
Days
of 4 mice were sacrificed 24, 48, and 96 hours
2 Effect ofpassively transferred sera on the
thereafter and blood samples, spleens, and joints Fig.
development of arthritis in mice inoculated IV with
were examined for mycoplasmas. Organisms were
2 x 105 ccu of M. pulmonis. Sera were obtainedfrom
not isolated from mice that had been treated with untreated mice 0, from mice inoculated 42 days
'immune' serum with the exception of one animal, previously with mycoplasma medium o, and from mice
from which 103 ccu of M. pulmonis were isolated inoculated 3 days M, 7 days [0, and 14 days A,
from the spleen 48 hours after mycoplasma inocula- previously with 2 x 106 ccu of M. pulmonis.
-

-

I .

'I
20

Table 3 Effect of passively transferred sera on the development of arthritis in mice after IV inoculation of
2 x 105 ccu of M. pulmonis
Serum for transfer obtained
from mice at indicated days
after IV inoculation of

Mycoplasma medium (42 d)
M. pulmonis (3 d)
(7 d)
(14 d)
(21 d)

(42 d)
No serum transferred

Day of onset of arthritis
(mean±SD)

5-2±-1-1
7-6±2-4
6-0±0-0
15-5±3-5

Maximum arthritis score

(mean±SD)

4-8±1-8
4-4±2-5

2-6±3-1
1-5±2-4
0

Day of maximum arthritis Proportion ofjoints affected
(mean±SD)

11-8±2-7
15-0±4-2
10-7±0-6

19-0±2-4

0
0

0

0
0

40±00

8-1±1-9

9-7±1-2

12/20
10/20
6/20
4/20
0/20
0/20
19/20
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Table 4 Effect of 'immune' serum on the isolation ofmycoplasmas from mice inoculated IV with 2 x 106 ccu

of M. pulmonis

Time after infection

Treatment

(h)
24
48
96

Normal serum
'Immune' serum:
Normal serum
'Immune' serum
Normal serum
'Immune' serum

M. pulmonis isolated from

Blood

Spleen

Joint

4/4* (2 8±0 5)t

4/4 (3 3+0 5)
0/4
4/4 (4-5±1-0)
1/4 (3 0)
4/4 (4 8+0 5)
0/4

3/4 (2 0+0 0)
0/4
3/4 (3-0+0-0)
0/4
3/4 (2 3+0 6)
0/4

0/4
4/4 (3-0±0-0)
0/4
2/4 (3 0±0 0)
0/4

* Proportion of mice from which M. pulmonis was isolated.
t Geometric mean of number of organisms isolated, expressed as loglo ccu/ml±standard deviation.
t 'Immune' serum obtained from mice inoculated IV with M. pulmonis 21 days previously.

(c) Absorption of 'immune' serum. Serum obtained
from mice 21 days after IV inoculation of 2 x 106 ccu
of M. pulmonis had an homologous CF antibody
titre of 1/64. Absorption of this serum with M.
pulmonis reduced the CF antibody titre to 1/8,
whereas absorption with M. capri did not affect the
titre. Mice, in groups of 10, were each treated with
0 4 ml of either 'normal' mouse serum, 'immune'
mouse serum, or 'immune' serum absorbed with
M. pulmonis or M. capri. All animals were challenged
24 hours later with 2 x 106 ccu of M. pulmonis
organisms which had been grown in medium containing 20% mouse serum. These organisms were
used to challenge the passively immunized mice in
an attempt to overcome the slight protective effect
observed with serum obtained from mice inoculated
with mycoplasma medium which contained horse
serum. Arthritis occurred in all mice treated with
'normal' serum, whereas none of the mice that had
received 'immune' serum, whether or not it had been
absorbed, developed arthritis.

pulmonis, or 0 25 ml of convalescent mouse serum
having a CF antibody titre of 1/64, or 108 syngeneic
normal spleen cells, or 108 syngeneic 'immune'
spleen cells. Normal cells and serum were obtained
from mice that had been inoculated IV 3 weeks
previously with mycoplasma medium, and 'immune'
cells and serum were obtained from mice inoculated
IV 3 weeks previously with 2 x 106 ccu of M.
pulmonis. The effect that the various passive
immunization procedures had on the survival of
CY-treated, infected mice is shown in Fig. 3. Only
'immune' serum provided any protection from the
lethal infection.
10090
80

70

X

o6050

EFFECT OF PASSIVE IMMUNIZATION ON
SURVIVAL OF CYCLOPHOSPHAMIDE (CY)-TREATED
MICE INFECTED WITH M. PULMONIS

Cyclophosphamide treatment of mice inoculated IV
with M. pulmonis is known to cause a lethal infection
(Taylor et al., 1974). The mice appear to have an
overwhelming mycoplasma infection suggesting that
CY impairs those host defence mechanisms concerned in recovery. In order to determine the
immune mechanisms involved in recovery from
M.- ulmonis infection, the effect of selectively
restoring the immune functions of CY-treated mice
with serum antibody or sensitized spleen cells was
examined.
Groups of 5 mice were treated by CY and inoculated IV 24 hours later with 2 x 105 ccu of M.
pulmonis. 24 hours after infection the mice were
inoculated IV with either 0'25 ml of normal mouse
serum without detectable CF antibody to M.
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Fig. 3 Effect of 'immune' cells (A), 'immune' serum
(A), 'normal' cells (-), and 'normal' serum ([]), on the
survival of mice treated with cyclophosphamide and
inoculated IV with 2 x 105 ccu of M. pulmonis
(M. pulmonis+cyclophosphamide only *).

Discussion

The failure to induce resistance to arthritis in mice
by inoculating them IV with inactivated M. pulmonis

may have been due to administration of too small a
dose of mycoplasmas. Certainly, previous inoculation with viable M. pulmonis organisms, which have
the opportunity of multiplying, prevented mice from
developing a renewed arthritis after a subsequent IV
challenge of mycoplasmas, whether or not their
original arthritis had resolved at the time of challenge.
Thus it seems that M. pulmonis behaves differently
from M. arthritidis since Cole et al. (1971a) found
that mice developed a mild arthritis after challenge
with viable M. arthritidis, whether or not their
original arthritis had completely resolved.
Since immunization with viable M. pulmonis
organisms prevented mice from developing arthritis,
spleen cells and sera from such animals were
examined for their ability to confer resistance to
disease on recipient mice. Spleen cells obtained from
previously infected donor mice at least partially
prevented recipient animals from developing
arthritis. This may have been due to the continued
production of antibody by the transferred spleen
cells. Humoral antibody certainly seems to be
important since serum obtained from previously
infected animals was much more effective than cells
in conferring resistance. Furthermore, the ability of
convalescent-phase serum to protect recipient
animals from arthritis increased with time after
infection of the donor mice. However, the way in
which serum exerts its protective effect is not clear
and indeed there is no evidence at the moment that
it is due to immunoglobulins. Thus, the protective
capacity of the serum does not correlate with the
presence of CF antibody, since absorption with M.
pulmonis organisms reduced the CF antibody titre
eightfold, but had no demonstrable effect on the
capacity of the serum to prevent arthritis in recipient
mice.
We have noted this apparent inability of absorption to alter the protective properties ofconvalescentphase serum during experiments concerned with the
prevention of M. pulmonis-induced pneumonia in
mice (Taylor and Taylor-Robinson, 1976) and it has
also been noted by Cole et al. (1969) in experiments
on rats which had been passively immunized with
sera obtained from animals infected with M.
arthritidis. These workers also failed to find a
correlation between the level of CF antibodies to
M. arthritidis in rats and mice and resistance to
reinfection. It is possible that the protective factor
is directed not against the mycoplasma itself but
against some product of it so that the ability of the
serum to protect would not be influenced by
absorption with whole organisms.
The failure to isolate mycoplasmas from various
tissues of mice that had received convalescent-phase
sera before IV challenge with M. pulmonis suggests

that the organisms were rapidly inactivated. Mycoplasma metabolism- or growth-inhibiting antibody,
which might be considered important in this respect
is present in low or undetectable levels in the sera of
mice infected with M. pulmonis (Cole et al., 1970;
Cole et al., 1975), and also in the sera of rats and
mice infected with M. arthritidis (Cole et al., 197a,
1976). However, it is possible that inactivation occurs
not as a result of a direct action of antibody on the
organism, but as a result of phagocytosis. This idea
is strengthcned by the finding that convalescent
mouse serum promotes phagocytosis of M. pulmonis
by both mouse macrophages and polymorphs in
vitro (G. Taylor, C. J. Howard, and R. N. Gourlay,
personal observations).
The finding that the lethal effects of CY in mice
infected with M. pulmonis were reversed by the
passive transfer of convalescent serum but not by
spleen cells suggests that antibody is a critical factor
in recovery from infection. Although transferred
spleen cells from previously infected mice would
probably be producing antibody to M. pulmornis, it
seems that antibody was not produced rapidly
enough to prevent the lethal infection. This is in
contrast to the findings of Singer et al. (1972) who
reported that the lethal infection produced by intranasal inoculation of M. pulmonis in CY-treated mice
could be reversed by 'immune' spleen cells. However,
these workers did not investigate the effects of
passively transferred serum and further, the timing
of CY-treatment in relation to passive immunization
with spleen cells was different from that reported in
this study.
It appears therefore that humoral immune mechanisms are more important than cell-mediated ones
both in resistance to and in recovery from a generalized infection with M. pulmonis. In the case of
arthritis, serum factors either transferred or produced
as a result of active immunization are capable of
preventing the development of an acute disease
presumably because the organisms are not allowed
to reach the joints and infect them; the exact
mechanism by which the organisms are inactivated
is being investigated. The reason why all animals do
not recover, the arthritis in some becoming chronic
in the presence of a serum factor which is capable of
protecting animals against acute arthritis, also
requires further study.
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