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We have described in a previous 
publication an in vitro system in which my- 
coplasmas attached and multiplied on the 
surface of mouse peritoneal macrophages 
( 1) .  Addition of antimycoplasma antibody to 
the system led to prompt engulfment of the 
attached microrganisms. I n  this report, we 
present further observations on the require- 
ments for attachment of mycoplasmas to the 
macrophage surface, and on conditions neces- 
sary for phagocytosis of the organisms. 

Materials and Methods. Preparation of 
macrophage cultures using unstimulated 
mouse peritoneal cells followed techniques 
previously described ( 1 ) . Five to 10 X lo5 
macrophages were allowed to adhere to cover 
slips in 35 mm plastic tissue culture dishes 
for 1 hr in minimum essential medium 
(MEM) containing 2070 heat-inactivated fe- 
tal calf serum (HIFCS) at 37" in 5 %  C02- 
balanced air. This medium was then aspirat- 
ed and the cells were overlayed with fresh 
MEM-20% HIFCS. The culture dishes were 
incubated for 24 or 48 hr at  37" in 5 %  
02-balanced air. 

MycopZasma pulmonis (WRAIR strain) 
was passed every 3 or 4 days in heart infu- 
sion broth containing 20% heat-inactivated 
horse serum (HIHS) . Studies were conduct- 
ed on organisms obtained from the 60th to 
150th broth passage. Twenty-four to 48 hr 
before each experiment 1 ml of the stock 
mycoplasma culture was added to 5 ml of 
heart infusion broth-20% HIHS and incu- 
bated at 37". Mycoplasmas from this culture 
were used in one of two ways. For studies of 
24-hr infected macrophages the mycoplasma 
culture was diluted 1 : 100 in STEM contain- 
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ing 20% HIFCS-l00/o heart infusion broth. 
Macrophages were overlayed with this medi- 
urn for 24 hr prior to each experiment. For 
studies of attachment or ingestion of myco- 
plasmas by 48 hr uninfected macrophages, 
mycoplasma stock cultures were diluted 
1: 100 in MEM containing 20% HIFCS and 
30% heart infusion broth and placed in 60 
mm plastic dishes each containing a 24 )( 40 
mm cover slip. After 24 hr, mycoplasmas 
were found in large numbers firmly attached 
to the cover slip. These mycoplasmas were 
then washed with MEM, treated with the 
experimental media, and the cover slips were 
scraped with a rubber policeman to obtain a 
suspension of mycoplasmas which then was 
used to overlay the macrophages. 

Attachment and ingestion were evaluated 
on mycoplasmas, which had been treated in 
various ways and then incubated with the 
peritoneal macrophages for 2 hr. The prepa- 
rations were washed twice with MEM and 
fixed in 2.5% glutaraldehyde in sodium ca- 
cocylate buffer (pH 7.4) for 10 min at  4". In 
some experiments, such as when EDTA or 
only sucrose was in the suspending medium, 
the effects of these media on the macrophage 
necessitated shorter exposure periods. For 
these studies, macrophages were grown on 16 
mm round cover slips: these cover slips were 
placed in an 18 mm glass flat-bottomed tube 
and the added mycoplasmas in suspension 
were brought rapidly into contact with the 
macrophage surface by centrifugation at  1000 
rpm for 5 min. These slides were then 
washed and fixed in glutaraldehyde as de- 
scribed above. I n  some experiments the mac- 
rophages were treated with the various ex- 
perimental media for 1 hr prior to the addi- 
tion of mycoplasmas. For studies in the 
presence of glycolytic inhibitors, the macro- 
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TABLE I. Phagocytosis of Mycoplasinas by Macrophages. 

Additions to the 
macrophage cultures 

Ingestion 
of mycoplasrnas 

Living mycoplasmas 0 
Heat killed (120") mycoplasmas ++  
Frozen-thawed mycoplasmas ++ 
Glutaraldehyde (2.5%) killed mycoplasmas +++ 
Glutaraldehyde (2.5%) killed mycoplasinas + 3 x hf iodoacetatnitle + 

phages were pretreated with inhibitor for 15 
min prior to addition of the mycoplasmas; 
and the inhibitor was maintained during the 
remainder of the experiment. The ingestion 
phase of phagocytosis was also studied on 
macrophages infected for 24 hr with myco- 
plasmas. These were washed with MEM and 
the experimental media was added for 1 hr, 
followed by washing and fixation in 2.5% glu- 
taraldehyde. 

The percentage of macrophages with sur- 
face mycoplasmas was determined by examin- 
ing 200 macrophages on duplicate samples. 
The most convenient method for estimating 
phagocytosis was to grade ingestion 0 to -+++-+ inversely related to the percentage 
of macrophages with surface organisms as 
detected by phase contrast microscopy. Grad- 
ing was as follows for the results presented 
in Tables I, 11, and 111: 0 = > 95% macro- 
phages with surface mycoplasmas; + = 

5-20%; ++++ = < 5%. Disap- 
pearance of the surface mycoplasmas was 
correlated with appearance of intracellular 
organisms in vacuoles, and was blocked by 
addition to the medium of inhibitors of phag- 
ocytosis indicating that the disappearance 
from the surface was due to ingestion, not 
detachment, of the mycoplasmas. 

The following preparations were used: 
lyophilized trypsin, 18 5 pg/ml; alpha- 
chymotrypsin, 50 pg/mg; trypsin-DFP 
(diisopropyl fluorophosphate; 0.58% tryp- 
sin) ; soybean trypsin inhibitor (1 mg inhib- 
its 1.5 mg trypsin); chymotrypsinogen A ;  
pepsin, 2830 p g / m g ;  all obtained from 
Worthington Biochemical Corporation, Free- 
hold, N J ;  phenylmethylsulfonylfluoride 
(PSF) , neuraminidase (CEostridium per- 
fringens, type IV), from Sigma Chemical 

50-95%; ++ = 20-50%; +++ = 

Company, St. Louis, MO; iodoacetamide 
x crystallized). 

Antiserum against M .  pulmonis was 
prepared in rabbits as previously described 
(1).  Serum was heat inactivated at  56" for 
30 min, precipitated with saturated ammoni- 
um sulfate, then fractionated by DEAE- 
cellulose column chromatography using es- 
tablished techniques (2). The material was 
dialyzed against acetate buffer (pH 4.0), 
treated with pepsin 2% by weight for 18 hr at  
37", and dialyzed against borate buffer (pH 
8.0) for 20 hr (2, 3). The IgG and pepsin 
digest were concentrated by vacuum dialysis 
and checked for purity by placing on a G-100 
Sephadex column. Protein concentrations 
were determined by the Lowry method. Frac- 
tions were maintained at  -20' until use. 

Results. Attachment of mycoplasmas to 
macrophages was examined by altering the 
suspending medium and the chemical or 
physical state of the mycoplasmas and the 
macrophages prior to mixing. The following 
alterations did not block attachment: low 
temperature (to 4O), increased tonicity (to 4 
x isotonicity), absence of serum and broth, 
and the absence of divalent cations. 

The following treatments of the mycoplas- 
mas and/or the macrophages did not block 
attachment: treatment of macrophages or 
mycoplasmas with neuraminidase (up to 100 
pg/ml), trypsin, chymotrypsin or lysozyme 
(up to 1 mg/ml) ; treatment of macrophages 
with glycolytic inhibitors; glutaraldehyde 
fixation of macrophages for 10 min at  4"; 
and treatment of mycoplasmas with glutaral- 
dehyde, heat (120°), or freezing and 
thawing. 

Attachment did not occur when both the 
mycoplasmas and the macrophages had been 
fixed in glutaraldehyde prior to mixing. At- 
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TABLE 11. Stimulation of Ingcstion by Treatment of Mycoplasma-Infected Macrophages with 
Proteases. 

~ 

.2dclitions to the 
m J cop1 a m  a - i 11 fcc ted macro phagc cii 1 t 11 rc5 

Ingest ion 
of mycoplasmas 

None 

TI ypsin, 100 pg/ml 
20 pLR/ml 
4 P*g/ml 

Trypsin, 20 pg/ml + soy bcan inhibitor, 13 g / m l  
26 g/ml  

Try  psi 11 -d i iso pro p y 1 11 uorophosp h a t c, 8 pug/ m 1 

Chymotrypsin, 100 pg/ml 
20 p!?/ml 
4 LLg/ml 

Chyiiiotrypsili, 100 pg/nil + p h e i i y l i i i e t h y l - s i t l f o ~ ~ ~ l f l i ~ o ~ ~ i t ,  1 x 10-j 111 
Chymotrypsinogcn A ,  100 pg/ml 

0 

+ + + +  + + + +  
-i++ 

++ 
0 

0 

+ + + +  ++  
0 

0 
0 

tachment was also blocked when living orga- 
nisms and cells were mixed in a 0.25 fi. 
sucrose medium rather than MEM. 

Treatment of mycoplasmas attached to 
glutaraldehyde-fixed macrophages with tryp- 
sin resulted in detachment of the surface 
organisms; whereas trypsin treatment of my- 
coplasmas associated with living macrophages 
did not. These morphologic observations 
were confirmed using mycoplasmas labeled 
with tritiated thymidine, determining that ra- 
dioactivity remained cell associated when liv- 
ing mycoplasma-infected cells were treated 
with trypsin; whereas the label moved into 
the suspending medium after trypsin treat- 
ment of glutaraldehyde-fixed-infected cells. 

Phagocytosis of mycoplasmas occurred af- 
ter adsorption to the macrophage surface if 
the mycoplasmas were altered by heating, 

freezing and thawing, or glutaraldehyde 
fixation as is shown in Table I. These studies 
were made by adding the mycoplasmas 
treated in these various ways to macrophage 
cultures, and assessing ingestion after 2 hr of 
incubation. 

Table I1 shows the results of studies on the 
addition of the proteolytic enzymes to cul- 
tures of mycoplasma-infected macrophages. 
The degree of ingestion was estimated by 
following the disappearance of the surface 
lawn of mycoplasmas, and the concomitant 
appearance of intracellular microorganisms 
clustered in vacuoles. As shown, ingestion of 
mycoplasmas occurred with as little as 4 
pg/ml of trypsin or 20 pg/ml of chymotryp- 
sin. These effects were specifically inhibited 
by trypsin soybean inhibitor, diisopropyl 
fluorophosphate (DFP) or phenylmethylsul- 

TABLE 111. Efcct of Antibody Fractions on Ingestion of ILI. pulnro?iis by Maorophages. 
~ ~ ~~ 

Antihocly fractions added to 
mycoplasma-infcctcd macrophagc culturcs 

Ingestion 
of mycoplasmas 

Rabbit antimycoplasma IgG, 100 /*g/ml 
’0 clglml 

1 pg/ml 

Rabbit antimycoplasma F(ab’)?, 75 pg/nil 
7.5 pffillll 

+ + + +  ++  
0 

0 
0 

Noiic 0 
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fonylfluoride. Figure 1 shows examples of 
macrophages infected with mycoplasmas 1 hr 
after the addition of 20 pg/ml of trypsin 
(Fig. lb ) ,  or after addition of DFP- 
inactivated trypsin (Fig. l a ) .  No effect was 
seen with chymotrypsinogen A, a molecule 
similar to chymotrypsin but devoid of proteo- 
lytic activity. Other experiments showed that 
mycoplasmas pretreated with trypsin or chy- 
motrypsin were rapidly ingested when added 
to macrophage cultures. In contrast, pretreat- 
ment of the macrophages prior to addition of 
untreated mycoplasmas did not result in 
ingestion. No reduction in the number of 
colony-forming units of mycoplasmas was ob- 
served after treatment with trypsin. 

Neuraminidase ( 100 pg/ml) , phos- 
pholipase-C (50 pg/ml), or lysozyme ( I  
mg/ml) did not induce ingestion or removal 
of surface mycoplasmas from macrophages. 

A most effective trigger for ingestion of 
mycoplasmas by mouse peritoneal macro- 
phages was the addition of antimycoplasma 
antiserum (1). It was of interest to charac- 
terize further the action of this antibody. 
Antimycoplasma IgG demonstrated marked 
opsonic activity at 10 pg/ml of antibody 
protein as shown in Table 111. The F(ab)’z 
fragment of this antibody, prepared by pep- 
sin digestion, agglutinated mycoplasmas but 
had no opsonic effect, even in concentrations 
up to 10 times higher than that in the intact 
IgG. Studies were also done on possible 
blocking of the opsonic action of antimyco- 
plasma IgG by normal IgG. Blocking oc- 
curred only when the concentration of nor- 
mal IgG was 10-50 times the concentration of 
IgG-containing antimycoplasma antibodies. 

Discussion. Only recently has it been pos- 
sible to study separately the two phases of 
the phagocytic process, namely attachment 
and ingestion (4).  When red blood cells were 
used in such studies, i t  was necessary first to 
treat these cells in a special manner, opso- 
nizing them with serum or fixing them with 
aldehyde, to promote their attachment to 
macrophages, and it was, furthermore, neces- 
sary to employ special conditions such as low 
temperature to prevent ingestion and thus 
permit observations on attachment alone. 
The mycoplasma infection of macrophages 

provides a useful natural model in which sep- 
arate observations of attachment and of 
ingestion are easily made. The present work 
has surveyed several factors influencing the 
adherence of mycoplasmas to the macrophage 
surface, and has examined selected factors 
which trigger ingestion of these organisms. 

Studies on the attachment of mycoplasmas 
to macrophages have revealed this process to 
have few if any identifiable physicochemical 
requirements; it has not been possible to 
discover the nature of the attractive force or 
bond responsible for the sticking. Attach- 
ment was not blocked by : (a) low tempera- 
ture, (b) hypertonicity, (c) absence of dival- 
ent cations, (d) absence of serum, or (e) 
treatment of the mycoplasmas or of the mac- 
rophages with trypsin, chymotrypsin, neu- 
raminidase, lysozyme, or glutaraldehyde. At- 
tachment was prevented when both myco- 
plasmas and macrophages were glutaralde- 
hyde fixed, or when a nonionic sucrose medi- 
um was employed. These results do eliminate 
attachment via some mechanisms previously 
found in other systems, such as sialic acid 
receptors ( 5 )  , immune adherence (6),  incom- 
plete antibody (7), or calcium or magnesium 
ion bridging (8).  

Three types of alterations in mycoplasmas, 
free or attached to the macrophage surface, 
were found to result in their ingestion: ( i)  
killing the organisms in various ways, (ii) 
exposure to proteolytic enzymes, and (iii) 
addition of antimycoplasma IgG. 

As reported previously ( 1 ) , mycoplasmas 
grew on the surface of macrophages and 
resisted ingestion only if the medium con- 
tained broth and other growth factors. When 
infected cultures were transferred to deficient 
medium the attached mycoplasmas were en- 
gulfed during the subsequent 24 to 48 hr. 
Separate studies on mycoplasmas suspended 
in these deficient media established that they 
died under these conditions. As shown in the 
present work, killing the mycoplasmas in 
several other ways (glutaraldehyde (fixation, 
heating at 120°, repeated freezing and 
thawing) also rendered them susceptible to 
ingestion by macrophages. The nature of the 
change in the surface of the organisms in 
these various situations is, of couse, not 
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FIG. 1 .  Phase-contrast photomicrographs of mouse peritoneal macrophage 24 hr after infection 
with M .  pulmonis: (a) after 1 hr of exposure to inactivated trypsin (trypsin-DFP, 8 g / m l ) .  This 
appearance was identical to that of controls not exposed to  any trypsin preparation. The 
mycoplasmas ( M )  remain on the cell surface, appearing as phase dense spheres, as distinguished 
from the darker, refractile lipid bodies (L) which surround the nucleus and centrisomal region. The 
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known, and it may well be different from one 
case to another. I t  seems likely, however, that 
alteration in surface proteins may be a com- 
mon feature of these several conditions lethal 
for the mycoplasmas, and that this alteration 
of surface protein renders the organisms sus- 
ceptible to ingestion by macrophages by a 
mechanism independent of serum or anti- 
body. Denaturation of surface protein has 
been suggested as a mechanism determining 
ingestion of effete erythrocytes (9).  In our 
studies, viability of the organisms and alter- 
ations in their surface influenced ingestion 
but not attachment. Similar studies by others 
in different systems suggest an influence on 
attachment as well (10). 

Stimulation of ingestion of mycoplasmas 
by proteases or by specific antibody is of 
particular significance since these agents did 
not kill the mycoplasmas in vitro. The pro- 
teases acted on attached or on free mycoplas- 
mas to render them rapidly susceptible to 
ingestion. This action was shown to be a 
specific one dependent on proteolytic activi- 
ty. It therefore can be concluded that this 
strain of mycoplasma, cultured under these 
conditions, produces a surface protein which 
blocks ingestion of the organism by mouse 
peritoneal macrophages. This antiphagocytic 
protein does not, however, block attachment 
of the mycoplasmas to the macrophage sur- 
face. This situation may be compared to that 
of the M protein of streptococci (1 l ) ,  a sur- 
face protein which renders the organism 
resistant to phagocytosis, probably in the 
main by interfering with the attachment 
phase of phagocytosis. The M protein is, of 
course, a primary determinant of virulence of 
the group A streptococci; no information is 
available on the possibility that the surface 
protein is also a virulence factor in M .  pd- 
nzonis. Sufhce it to say, ill. pulmonis is a 
major rodent pathogen causing pneumonia 
( 1 2 )  and arthritis ( 1 3 ) ,  and mycoplasmas 

not known to cause disease in rodents such as 
&!!ycoplasmn hominis and Mycoplasma pneu- 
moniae are rapidly phagocytized by the 
mouse peritoneal macrophage. 

We pointed out earlier the striking phago- 
cytosis-promoting action of antimycoplasma 
antibody on mycoplasmas attached to macro- 
phages (1). These results have now been 
extended to show that intact IgG molecules 
have this effect, but l?(ab’)_. fragments do 
not. Thus the antibody probably is not acting 
merely by masking the mycoplasma anti- 
phagocytic surface protein. The results sug- 
gest then that the intact immunoglobulin, 
and in particular the F, portion of the mole- 
cule is playing a specific role in stimulating 
ingestion per se, over and above its recog- 
nized role in facilitating attachment between 
particle and phagocytic cell. The mechanism 
by which the IgG molecule stimulates the 
ingestion phase is unknown, but presumably 
i t  involves reaction with the F, receptors on 
the macrophage surface (14). Spreading at- 
tachment between IgG molecules and these 
F, receptor sites could act as a “zipper” 
leading to ingestion, although ultrastructural 
aspects of the ingestion process under these 
conditions does not entirely support this con- 
cept (1). 

Summary. Studies have been made on fac- 
tors which influence attachment of Mycoplas- 
ma pulmonis to the surface of mouse macro- 
phages in vitro, and on factors which deter- 
mine whether or not the attached microorga- 
nisms are ingested. 

Attachment of mycoplasmas exhibited few 
specific requirements. Attachment occurred 
in media containing no broth, serum, or diva- 
lent cations, and i t  was not blocked by prote- 
olytic enzymes, neuraminidase, lysozyme or 
by exposure of the mycoplasmas to glutar- 
aldehyde, to heat, or to repeated freezing and 
thawing. Only glutaraldehyde fixation of 
both the macrophages and the mycoplasmas, 

-____ 

centrkomal region shows only a few phase lucent vacuoles. Mitochondria are seen to extend 
toward the cell periphery. (b) after 1 h r  of exposure to trypsin, 20 pg/ml. Mycoplasmas are no 
longer seen on the cell surface. The centrisomal region contains numerous phase lucent phagocytic 
vacuoles (PV), some appearing as “grape-like” clusters. Refractile, phase dense lipid droplets (L) in 
the perinuclear area appear unchanged. The cell is somewhat contracted. These changes are 
consistent with recent ingestion of the surface mycoplasmas. 
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or use of a nonionic sucrose medium pre- 
vented attachment. 

In enriched tissue culture medium, the at- 
tached mycoplasmas resisted ingestion by the 
macrophages. This resistance was lost if the 
mycoplasmas were damaged or killed in vari- 
ous ways. Mycoplasmas treated with proteo- 
lytic enzymes under conditions not lethal for 
the organisms became susceptible to ingestion 
by macrophages, suggesting the presence of 
an antiphagocytic surface protein. Mycoplas- 
mas were also rendered susceptible to inges- 
tion on exposure to nonlethal concentrations 
of antimycoplasma IgG antibody; F(ab’)? 
fragments did not promote engulfment, sug- 
gesting that the F, portion of the antibody 
molecule was important in the ingestion pro- 
cess, probably by reacting with F, receptor 
sites on the macrophage. 
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