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Immunoglobulin (Ig)M and IgG antibodies, prepared in the rabbit against the
protective antigen of Pseudomonas aeruginosa P4, were compared as to their bio-
logical activities in vitro and in vivo. In vitro biological activities of these anti-
bodies were determined by passive hemagglutination, bactericidal, and opsono-
phagocytic tests. Increased effectiveness of IgM over IgG on a molar basis was
demonstrated in all of these tests. However, in mouse protection tests, in which the
purified globulins were injected intraperitoneally 4 hr prior to challenge with P.
aeruginosa suspended in hog gastric mucin, IgM anticapsular antibody was found
to be less effective than IgG antibody. The exact mechanism whereby IgG antibody
exerts more protective ability than IgM antibody is still unknown. We present
evidence to suggest that the difference in activity between the two classes of anti-
body is due to the ability of the IgG antibody to enter the bloodstream more rapidly
than the IgM antibody and also to the ability of IgG to diffuse rapidly through the

tissues of the organs.

The renewed interest in antimicrobial im-
munity has been stimulated by the increasing
incidence of infections caused by antibiotic-
resistant pathogens. Although bacterial vaccines
are available for numerous pathogens, many of
them are only of limited protective value (18).
Most of these vaccines are composed of whole
bacteria since the protective antigens of many
pathogens have not been identified. Therefore,
the low protective ability of many vaccines may
be due to the multiplicity of competing antigens
found in the whole cell and to the inability of the
immunized individual to produce sufficient
amounts of protective antibody. Our investiga-
tion was concerned with the biological activities
of the classes of antibody produced by immuni-
zation with Pseudomonas aeruginosa. It has been
shown that antibody produced against this sub-
stance provides protection in experimental ani-
mals against a challenge with virulent Pseudo-
monas.

MATERIALS AND METHODS

Preparation of the antigen. P. aeruginosa P4 was
isolated from a cystic fibrosis patient in the Boston
Children’s Hospital. The organism was grown on
Trypticase Soy Agar and 19, dextrose at 37 C over-
night. The bacteria were washed from agar plates
with sterile saline and separated by centrifugation.

The sedimented bacteria were removed, and the super-
natant was precipitated with 959, ethanol. The pre-
cipitate was dissolved in distilled water and, after the
addition of 10-3 M MgSO; and 10 ug of deoxyribonu-
clease per ml, the preparation was incubated at 37 C
for 1 hr. Precipitation with 95%, ethanol was repeated
three more times. The preparation was redissolved in
distilled water and then lyophilized. The capsular
antigen was found to consist of a mucopolysaccharide
containing mannuronic and guluronic acids as deter-
mined by paper chromatography.

Immunization with the purified mucopolysaccharide.
Five-pound New Zealand albino rabbits (ca. 2.27 kg)
were immunized with the purified mucopolysaccha-
ride. Rabbits were injected intravenously with 1 mg of
mucopolysaccharide three times weekly over a period
of several months. Serial bleedings by cardiac punc-
ture were done at various time intervals to collect sera
rich in different classes of antibody.

Qualitative analysis of the antisera. Mercapto-
ethanol sensitivity was used as an indicator of im-
munoglobulin (Ig)M by using a modification of the
original Deutsch method (6). Equal volumes of anti-
serum and 0.2 M 2-mercaptoethanol were mixed and
allowed to stand at 4 C for 1 hr. Each sample was
dialyzed for 2 hr against 0.02 M iodoacetic acid in
phosphate-buffered saline (pH 7.2) and then in fresh
saline overnight. The antisera were tested for antibody
activity before and after mercaptoethanol treatment
by passive hemagglutination of sheep red blood cells
coated with the mucopolysaccharide.

Purification of the globulins. Diethylaminoethy]
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(DEAE) cellulose chromatography was used for the
purification of I1gG from whole serum by using the
method described by Fahey et al. (8). The antisera
rich in IgM were separated by gel filtration with
Sephadex G-200 by using the method of Flodin and
Killander (13). Later fractionation of IgG was also
accomplished by this method. Eluates were collected
in 4- to 5-ml portions by a fraction collector operating
on time. Each portion collected was measured for
absorbance at 280 nm in a Hitashi Perkin Elmer
Coleman III spectrophotometer to determine protein
content. Protein rich peaks were concentrated by
negative pressure dialysis.

Absorption and elution of the antibodies from the
antisera. An attempt was made to quantitate the
amount of antibody in each of the purified antibody
fractions by absorbing the antibodies to heat killed
bacteria and subsequently eluting them with weak acid
(30, 31). Bacterial cells were washed twice with saline,
heated at 65 C for 1 hr, and washed once with 0.1 M
sodium acetate (pH 3.9). After two more washings
with saline, 3 ml of rabbit antiserum was added to 12
ml of bacteria (10° cells/ml). The mixture was in-
cubated at 37 C for 90 min and then at 4 C with gentle
stirring for 18 hr. The bacteria were then centrifuged
at 10,000 X g for 1 hr and washed twice with saline
to remove any unabsorbed antibody. Sodium acetate
(3 ml) was added to the cells, and the mixture was
gently stirred at 37 C for 90 min. The suspension
was then centrifuged, and the supernatant fluid was
removed, concentrated to 0.5 ml by negative pressure
dialysis, and dialyzed against saline overnight. The
supernatant fluid was tested for the presence of anti-
body by passive hemagglutination of sheep red blood
cells coated with the mucopolysaccharide.

Precipitin analysis. Quantitation of the amount of
antibody in each of the purified preparations was de-
termined by precipitin analysis. Increasing concentra-
tions of the mucopolysaccharide were added to 0.1 ml
of purified immunoglobulin fractions. After incuba-
tion for 1 hr at 37 C and 24 hr at 4 C, the precipitates
were centrifuged; the supernatant fluids were tested
for the presence of antibody by passive hemagglutina-
tion of sheep red blood cells coated with mucopolysac-
charide. The protein precipitates were washed three
times with cold saline to remove any adherent anti-
body and were dissolved in 0.1 ml of 0.1 N NaOH.
Protein was measured by the Lowry method (22) by
using a standard crystalline bovine serum albumin
curve. The amount of antibody in each of the purified
fractions was determined by subtracting the amount
of protein in the added antigen from the total protein
precipitated at the zone of equivalence.

In vitro tests. (i) Immunoelectrophoresis was car-
ried out by a modification of the standard method of
Scheidegger (33) in 29, Noble agar made in 0.05 M
Veronal buffer, pH 8.2. (ii) “Immunoplates” prepared
by Hyland Laboratories (Los Angeles, Calif.) were
used to measure precipitation between the antisera
and mucopolysaccharide. (iii) Passive hemagglutina-
tion involved exposure of various dilutions of the
antisera and immunoglobulin preparations to sheep
red blood cells coated with the mucopolysaccharide
(27). The mucopolysaccharide (1 mg/ml) was boiled
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for 0.5 hr and added to 109, sheep red blood cells.
This preparation was incubated for 1 hr at 37 C. The
sensitized red blood cells were then washed three times
with saline. A 0.1-ml amount of antisera was added to
an equal volume of the sensitized red blood cells and
incubated for 1 hr at 37 C. The titer was two times
the reciprocal of the highest dilution showing macro-
scopic hemagglutination. (iv) Bactericidal activity was
determined by mixing dilutions of the antibodies with
guinea pig complement and a known inoculum of
bacteria (24). A 0.1-ml amount of inoculum contain-
ing approximately 10® organisms in saline, 0.1 ml of
antibody, and 0.3 ml of a 1:5 dilution of commercially
available guinea pig complement were mixed and
incubated at 37 C for 3.5 hr. The contents of each tube
were removed to a sterile petri dish and mixed with
10 ml of Trypticase Soy Agar. After incubation at
37 C for 24 to 48 hr, the colonies were enumerated to
determine bactericidal activity. A complement control
in which 0.1 ml of saline was substituted for the anti-
serum was included in each experiment. (v) The
opsonophagocytic test (31) was performed by inject-
ing opsonized bacteria intraperitoneally into mice. A
bacterial culture dilution was mixed with various con-
centrations of antibody fractions and incubated for
15 min. The opsonized bacteria (0.5 ml) were injected
into each mouse. After 30 min, the peritoneum was
opened and the bacteria were washed out with 1 ml of
Trypticase Soy Broth. The washings were mixed with
Trypticase Soy Agar in a sterile petri dish and incu-
bated for 24 to 48 hr at 37 C. The bacterial colonies
were then enumerated to determine opsonophagocytic
activity. Saline was substituted for the antibody prepa-
ration in the controls.

In vivo tests: bacteria. Mice were challenged with
bacteria grown for 4 hr in Trypticase Soy Broth. The
virulence of P. aeruginosa P4 was enhanced by sus-
pending the bacteria in 59, Wilson’s hog gastric
mucin.

Animals. Ten-week-old CF female mice (Carworth
Farms, Kalamazoo, Mich.) were used throughout our
studies.

Mouse protection. The protective capacity of the
antibodies was tested by injecting mice intraperi-
toneally with 0.25 ml of purified immunoglobulin frac-
tions 4 hr prior to intraperitoneal challenge with P.
aeruginosa P4 suspended in mucin. Mortality was
observed after 72 hr.

RESULTS

Purification of the globulins. Preparation of
both classes of immunoglobulin was required for
comparison of their in vitro and in vivo biologi-
cal activities. It was essential to separate IgM and
IgG into fractions, each free of the other immuno-
globulin. As described above, DEAE cellulose
chromatography was used for the purification of
IgG, and gel filtration with Sephadex G-200 was
used for the separation of IgM from IgG.

By immunoelectrophoretic analysis, IgM prep-
arations were found to contain other high-
molecular-weight serum proteins such as alpha-2-
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PRECIPITIN ANALYSIS
PURIFIED IgG AND IgM ANTIBODIES
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FiG. 1. Precipitin analysis of purified IgG and IgM
measuring anticapsular antibodies to Pseudomonas
aeruginosa. At the zone of equivalence, 1 mg of IgM
preparation contained 26 pg of anticapsular antibody,
and 3 mg of IgG preparation contained 157 pg of
anticapsular antibody.

macroglobulin and beta lipoprotein but were
free of IgG. Preparations of IgG were free of all
other serum proteins.

Quantitation of antibody in the purified prepa-
ration. As described by other investigators for
antibodies to other gram-negative bacteria (31),
it was our intention to quantitate the amount of
antibody in each of the purified preparations by
the absorption elution procedure described
above. Under our experimental conditions, the
technique was unsuccessful since no antibody
could be demonstrated in the eluates. The fact
that we had obtained both classes of precipitating
antibodies by our immunization procedures led
us to quantitate antibody by precipitin analysis.
Although it is known that IgM is less effective
than IgG in precipitation reactions, our results
indicated that precipitin analysis could provide
an adequate basis for comparison of in vitro and
in vivo biological activities.

At the zone of equivalence, 1 mg of the IgM
preparation contained 26 ug of anticapsular an-
tibody (Fig. 1). It was also shown that, at the
zone of equivalence, 3 mg of IgG preparation
contained 157 ug of anticapsular antibody. Anti-
body was demonstrable in the supernatant
fluids only in the zone of antibody excess.
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TABLE 1. Hemagglutinating activity of purified
immunoglobulins®

Amt (ug) of prepn required for

Immunoglobulin minimal degree of macroscopic
hemagglutination
IgM 0.0325
IgG 0.196

¢ Molar ratio of hemagglutinating activity:
I1gM/IgG = 40/1.

Our data indicated that the purified prepara-
tions obtained from the different antisera could
be analyzed for antibody concentration by pre-
cipitin analysis. Preparations with equivalent
hemagglutinating titers were found to contain
similar antibody concentrations.

In vitro biological activities of purified IgM
and IgG antibodies. Our primary concern was to
determine which class of antibody was more
efficient on a weight basis. In vitro tests included
passive hemagglutination, the bactericidal reac-
tion, and the opsonophagocytic test. Purified
preparations of IgM used for all in vitro tests
contained 26 ug of antibody per 0.1 ml and those
of IgG contained 157 ug of antibody per 0.1 ml
of test solutions.

Passive hemagglutination tests involved expo-
sure of dilutions of the antibodies to sheep red
blood cells coated with the mucopolysaccharide.
The amount of antibody required for a minimal
degree of macroscopic hemagglutination is ex-
pressed in Table 1. On a weight basis, approxi-
mately six times as much IgG as IgM antibody
was required for similar hemagglutinating activ-
ity. The molar ratio of hemagglutinating activity
of IgM to IgG was about 1:40, indicating the in
vitro effectiveness of IgM over IgG.

Bactericidal activity was determined by mixing
various dilutions of the antibodies with guinea
pig complement and a known inoculum of bac-
teria (Table 2). A concentration of 6.5 X 103
ug of IgM antibody was sufficient to cause 6579,
killing, whereas no bactericidal activity was
observed with as much as 39.25 ug of IgG anti-
body. The molar ratio of the bactericidal activi-
ties of IgM to IgG was, therefore, greater than
1:250,000, proving the superior activity of the
IgM antibody in this system.

The opsonophagocytic test was performed by
injecting opsonized bacteria intraperitoneally
into mice. The elimination of viable bacteria
from the peritoneal cavity was taken as evidence
of opsonophagocytic activity. After 30 min of
incubation, the peritoneum was opened and the
bacteria were washed out and counted. Approxi-
mately 5,000 bacterial cells were injected into
each mouse. About one-fifth of the original
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TABLE 2. Bactericidal activity of purified immuno-
globulins®
No. of surviv-
ing bacteria 210
Immunoglobulin antibodies min after expo- Killing
sure to bacteri-
cidal mixture
g %
IgM
0 454 0
6.5 X 107! 7 99
6.5 X 1072 50 89
6.5 X 1073 160 65
6.5 X 10 440 2
6.5 X 1078 450 0
I;
gCi) 454 0
39.25 496 0
3.925 502 0
3.925 X 10! 444 0
3.925 X 102 520 0
3.925 X 1073 510 0
3.925 X 1074 500 0

s Molar ratio of bactericidal activity: IgM/

IgG = 250,000/1.

TABLE 3. Opsonophagocytosis by purified immuno-

globulins®
. of b i .
o Il‘loi’m;:}ffm“ Bacteris
T fter 50 mind | | ocytized
4 %
IgM
0 1,350 0
2.6 X 1073 19 99
2.6 X 104 129 91
2.6 X 1075 154 88
2.6 X 10°¢ 990 23
IgG
0 1,224 0
7.85 X 10 30 98
7.85 X 102 120 90
7.85 X 1073 1,398 0

s Molar ratio of opsonophagocytic activity:
IgM/1gG = 5,000/1. Number of bacteria in-
jected into peritoneal cavity: 5 X 103.

b Each value expresses an average from a group
of two mice.

number of injected bacteria were recovered from
control mice after 30 min (Table 3). It was found
that 2.6 X 1075 ug of IgM antibody was suffi-
cient for the opsonophagocytosis of 909, of the
recoverable organisms, whereas 7.85 X 102 ug
of IgG was required for similar activity. The
molar ratio of opsonophagocytic activity of IgM
to IgG was about 1:5,000, again showing the
effectiveness of IgM over IgG. To ascertain that
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the peritoneal killing of bacteria was accom-
plished by the phagocytes and not by comple-
ment or other humoral factors, fresh mouse serum
or peritoneal fluid free of cells was mixed with
IgG or IgM antibodies and an inoculum of
viable P. aeruginosa. By using the previously
described bactericidal test technique, the effect of
the mouse serum and peritoneal fluid on the
bacteria was determined. In all tests, no bacteri-
cidal effect of mouse serum or peritoneal fluid on
our strain of P. aeruginosa was detected.

Our results clearly indicated the in vitro supe-
riority of IgM antibody over IgG antibody as
measured by passive hemagglutination, bacteri-
cidal, and opsonophagocytic tests. This is in
agreement with other investigators who have
examined the in vitro biological activities of
antibodies to other gram-negative bacteria.
Results such as these would indicate that the
IgM antibody would operate in vivo by enhanc-
ing the killing of the infecting organism and its
opsonophagocytosis and that it would confer
greater immunity to the host than the IgG anti-
body when passively transferred.

In vivo biological activities of purified IgM and
IgG antibodies. Our primary concern was to
compare the protective abilities of IgM and IgG
antibodies when these antibodies were passively
transferred to mice infected with P. aeruginosa
P4. Since injection of the antisera by the intra-
peritoneal route has been found to be more
effective in providing protection than by the
intravenous route, the purified preparations were
tested for protective ability by intraperitoneal
administration.

Purified IgM preparations used in protection
tests contained 30.5 ug of antibodies per 0.1 ml,
and those of IgG contained approximately 126
ug of antibodies per 0.1 ml. Antibodies were
injected 4 hr prior to challenge with strain P4
suspended in hog gastric mucin. Mortality was
observed after 72 hr. Table 4 shows the relation-
ship between control animals injected with saline
prior to challenge and those given anticapsular
IgM antibody. Survival of animals given anti-
capsular IgM antibody did not differ significantly
from the controls, and no protection was engen-
dered by as much as 75 ug of purified IgM anti-
body. Table 5 shows the protective effect afforded
by anticapsular IgG antibodies. All animals sur-
vived if they were given 78.75 or 157.5 ug of IgG
antibody 4 hr prior to the bacterial challenge. A
31.5-ug amount of anticapsular IgG antibody
was required to protect 609, of the animals from
death.

Thus, the experiments with purified globulin
preparations showed that IgG anticapsular anti-
bodies were more protective than IgM anti-
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TABLE 4. Protective effect of purified IgM in mice
challenged with Pseudomonas aeruginosa
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TABLE 6. Mouse virulence of opsonized Pseudo-
monas aeruginosa bacteria

Amt of . . i
sptbedy | Negibaceisin | Mottty | suviva
per mouse
ug %
0 1.5 X 108 12/14 14
1.5 X 105 27/35 22
7.5 X 104 6/10 40
3.0 X 10¢ 5/10 50
75 1.5 X 108 3/4 25
1.5 X 108 13/20 35
7.5 X 10¢ 6/8 25
3.0 X 104 4/8 50
37.5 1.5 X 108 4/4 0
1.5 X 108 13/20 35
7.5 X 10¢ 5/8 37.5
3.0 X 10¢ 5/8 37.5

TABLE 5. Protective effect of purified IgG in mice
challenged with Pseudomonas aeruginosa

lﬁ)i):r‘ EE%;:Ed I:Ir? .cl(l’%lll?ggtiexg: aMf&:,t%'thyr Survival

ug | %
0 [ 5 % 108 10/10 0

| 5 X 10 5/10 50

| 5% 108 2/10 80

157.5 5 X 10¢ 0/5 100
[ 5% 104 0/5 100

7875 | 5Xx 105 | 0/5 100
[ 5%x10¢ | 0/5 | 100
3.5, 55X 105 | 4/10 | 60
| 5% 10¢ 2/10 | 80

bodies on a weight basis. These results were
quite surprising since IgM antibody was found to
be far more effective than the IgG antibody in all
in vitro tests studied.

Virulence of opsonized bacteria. Since IgM an-
tibody had been shown to be less efficient in
mouse-protective activity, it was important to
determine if opsonization of the bacteria with
this class of antibody prior to its injection would
increase survival of the animals. Increased sur-
vival would indicate that, during the time in
which antibody resided in the peritoneum prior
to challenge with bacteria, some mechanism was
operative which decreased the opsonizing ability
of the IgM antibody. The results in Table 6
showed that opsonization of bacteria with either
15 ug of IgM antibody or 63 ug of IgG antibody
caused survival of 609, of mice.

These results indicated that opsonization of

Amt of M

Substance | antibody | No. of bacteria Iy 19{' | Sur-
used for used for in challenging aaftlel}" vi‘"]
opsonization | opsoni- dose 72 hr | va

zation !

|
ug I %
Saline 0 1.1 X 105 | 5/5 ‘ 0
1.1 X 108 5/5 | 0
IgM 15.0 1.1 X 108 5/5 0
1.1 X 105 2/5 ’ 60
IgG 63.0 1.1 X 108 5/5 0
1.1 X 105 2/5 i 60

bacteria with IgM and IgG antibodies prior to
intraperitoneal injection decreased their viru-
lence. Likewise, it was shown that mucin did not
significantly inhibit phagocytosis of opsonized
bacteria, as mucin was mixed with the opsonized
bacteria prior to its injection. These results also
suggested that protection conferred by the passive
administration of antibodies cannot always be
equated with the administration of preopsonized
bacteria.

Ability of the purified antibodies to promote
opsonophagocytosis. To explain the low efficiency
of IgM protection in vivo, we postulated that
during its residence in the peritoneum this anti-
body may in some way lose its opsonizing ability.
Macroglobulin antibodies are known to be cyto-
tropic and may become attached to various tissue
cells, thereby making the antibody ineffective as
an opsonizer. It was decided to inject the puri-
fied globulins intraperitoneally into mice and
examine their ability to promote opsonophago-
cytosis over various periods of time. Antibody
preparations were identical to those used for
mouse protection tests. IgG antibody (78.5 ug)
and IgM antibody (37.5 ug) were injected intra-
peritoneally into each mouse. At 4, 8, 17, and 23
hr after the antibody injection, 5,000 organisms
were introduced into the peritoneum. After 30
min, the bacteria were washed out and counted.
The results of these experiments are shown in
Table 7. During the test period, the number of
bacteria opsonophagocytized by IgM and IgG
antibodies was relatively constant, indicating
that both antibodies were still effective in opsono-
phagocytosis after residence in the peritoneum
for 23 hr. Moreover, 37.5 ug of IgM antibody
was as effective as 78.5 ug of IgG antibody in
this process. From these results, it was concluded
that the low efficiency of IgM protection in vivo
could not be explained by its loss of opsonizing
ability.

Presence of the purified globulins in the blood
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TABLE 7. Persistence of immunoglobulins in mouse
peritoneum capable of promoting opsonophago-

cytosiss
Time af No. of l;;c}eria P .
? after Splgstance recover r.?m €r cen ~
miibedy | ecied | powseper | opsonaphy
30 min
hr

4 Saline 944 0

IgMe¢ 5 99

1gG¢ 10 98

8 Saline 1,020 0

IgM 107 920

1gG 5 99

17 Saline 1,062 0

IsM 191 82

1gG 116 89

23 Saline 1,278 0

IgM 245 80

IsG 79 93

¢ Number of bacteria injected into a mouse
peritoneum: 5 X 103.

b Each value expresses an average from a group
of two mice.

¢ Amount of IgM antibodies injected per mouse:
37.5 ug.

¢ Amount of IgG antibodies injected per mouse:
78.5 ug.

circulation of mice. An attempt was made to
determine if both IgM and IgG antibodies were
capable of entering the bloodstream of mice and
to determine the length of time each persisted
there. It was possible that macroglobulin might
be limited to the peritoneum and be incapable
of intravascular entrance because of its size or
other unknown reasons. IgG antibody is of
smaller size; therefore, it would be expected to
enter the bloodstream and diffuse through the
tissues of the organs. If this were the case, ani-
mals injected with IgM antibody in mouse-pro-
tection tests would be then defenseless if a suffi-
cient number of organisms entered the blood-
stream from the peritoneum. It was also possible
that rabbit IgM protein might be eliminated
more rapidly by the host than IgG because of
its greater lability.

Purified preparations of IgM containing 37.5
ug of antibody and of IgG containing 78.75 ug
of antibody were injected intraperitoneally into
mice. At various time intervals after antibody
injection, the animals were exsanguinated. Nor-
mal mouse serum contained no hemagglutinating
activity. The hemagglutinating titers of the origi-
nal purified preparations injected were known to
be 400 for IgM and 200 for IgG; therefore, the
amount of antibody detectable in the mouse
bloodstream could be calculated by multiplying
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TABLE 8. Persistence of anti-Pseudomonas anti-
bodies in the bloodstream of mice

. Time after h’l'e‘l;{:;g?lfx- :‘:t]itbg‘dg) ionf a‘:t‘?l:o?i‘y
intraperitoneal tinins in mouse biood- recovered
feien™ | o’ | el | e
hr
IgM?
2 20 5.61 15
4 20 5.61 15
8 80 2.5 60
12 80 22.5 60
17 40 11.25 30
24 20 5.61 15
I1gGe
4 20 23.4 30
12 20 23.4 30

s Each value expresses an average from a group
of two mice.

b Amount of IgM antibodies injected per mouse:
37.5 ug.

¢ Amount of IgG antibodies injected per mouse:
78.75 ug.

the ratio of the titer of the mouse serum to the
titer of the original preparation by the number
of ug of antibody in the original preparation.
The blood volume of the experimental mouse was
considered to be 3 ml.

The results of these experiments are shown in
Table 8. Fifteen per cent of the injected IgM anti-
body was detected in the mouse circulation after
2 hr. The maximum amount of IgM antibody
was detected between 8 and 12 hr after injection.
After 12 hr, IgM antibody began to decline, and
by 24 hr only 159, of the injected antibody was
detected in the circulation. Only 159, of the
IgM antibody had entered the circulation 4 hr
after antibody injection, whereas 309, of the
IgG antibody was present there. This indicated
that IgG antibody entered the circulation from
the peritoneum more quickly than IgM antibody.
It was also of interest that at 12 hr the propor-
tion of the recovered IgM antibody in the blood-
stream was greater than that of IgG antibody
(609, versus 30%). It is possible that the IgG
antibody once present in the bloodstream is
capable of diffusing through the tissues of the
organs, thereby lowering its concentration in the
blood. Contrary to this, IgM antibody may be
unable to diffuse through the tissues due to its
larger size or other reasons.

In these experiments, we showed that both
IgM and IgG antibodies entered the circulation
from the peritoneum and remained there in
sufficient amounts over a 24-hr period. Our
results suggested the possibility that the IgM
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TaBLE 9. Enumeration of Pseudomonas aeruginosa cells in mouse organs after passive administration of

immunoglobulins
Time after No. of viable bacteria per organ®
Immunoglobulin tng:g;f"
injection® Spleen Liver Kidney Peritoneum Blood
hr
Controls 3 5 X 108 4.6 X 10 3.5 X 108 4 X 105 1.2 X 108
12 1 X 108 4 X 10° 8.4 X 108 2.2 X 10° 3.7 X 108
22 4 X 100 3.6 X 10¢ 1.6 X 107 2.5 X 10¢ 6.6 X 10°
1gG injected® 3 4 X 102 5 X 104 1.5 X 103 108 45
12 1 X 102 2.2 X 108 2.9 X 104 102 3 X 108
22 3 X 10¢ 2.8 X 108 3.8 X 10¢ 1.2 X 10¢ 3 X 102
IgM injectede 3 3 X 108 1.6 X 108 2.7 X 108 2.8 X 104 1.1 X 10?2
12 6.5 X 105 1.5 X 107 2.4 X 108 105 2.8 X 108
22 6 X 108 1.4 X 10° 4.5 X 107 4.2 X 108 8 X 10¢

e Amt of bacteria injected: 7.5 X 104,

b Each value expresses an average from a group of 2 mice.
¢ Amt of immunoglobulin administered per mouse: IgG, 37.5 ug; IgM, 75 ug.

antibody may leave the peritoneum at a slower
rate than the IgG antibody and that the IgM
antibody, once in circulation, cannot reach the
tissues of the organs due to its extravascular
properties. The finding that the IgM antibody
was less effective in mouse protection tests can-
not be explained by the inability of this antibody
to enter the circulation or by its rapid degrada-
tion.

Enumeration of bacteria in mouse organs. To
determine the effect of the protective antibodies
on the distribution of P. aeruginosa in the various
organs of the mouse, the number of bacteria in
the blood, peritoneum, spleen, liver, and kidney
was counted at various times after intraperitoneal
injection of bacteria. Antibodies were injected
intraperitoneally 4 hr prior to bacterial challenge.
As shown in Table 9, there was a substantial
decrease in the number of bacteria in all organs
of animals pretreated with IgG. However, in
mice injected with IgM, a reduction in bacterial
counts in comparison to the controls was ob-
served only in the peritoneum and blood circu-
lation, indicating that IgM antibody is less effi-
cient or slower in its ability to diffuse into various
organs of the body.

DISCUSSION

IgM antibacterial antibodies have been shown
to be more effective than those of the IgG class
as measured by several parameters in vitro (5,
23, 29, 31, 32, 34) but the protective ability of
antibacterial IgM and IgG antibodies in vivo has
not been previously investigated. P. aeruginosa
has a well-defined protective antigen that stimu-
lates production of both classes of antibodies

and, therefore, can serve as an excellent model
for the comparison of the in vitro and in vivo
biological activities of purified IgM and IgG an-
tibodies.

In vitro biological activities of purified IgM
and IgG antibodies to P. aeruginosa were deter-
mined by passive hemagglutination, bactericidal,
and opsonophagocytic tests. On a weight basis,
IgM antibody was superior to IgG antibody in
all of these tests. These observations indicated
that the IgM antibody would operate in vivo by
enhancing the killing of the infecting organism
and that it would confer greater immunity to
the host when passively transferred. However, in
mouse-protection tests, in which the purified
globulins were injected intraperitoneally 4 hr
prior to challenge with P. aeruginosa, IgM anti-
capsular antibody was found to be less effective
on a weight basis than IgG.

The possible causes of the lower efficiency of
the IgM protection in vivo were examined. At
first, it was postulated that residence of the IgM
antibody in the peritoneum might in some way
decrease its opsonizing ability, but IgM was
found to be effective as an opsonizer in the peri-
toneum for 24 hr after its injection.

It was suggested that the size of the macro-
globulin antibodies might limit them to the
peritoneum and make them incapable of intra-
vascular entrance. It was also possible that rabbit
IgM protein might be eliminated more rapidly
than IgG by the host due to its greater lability.
Our results showed that both IgM and IgG anti-
bodies entered the circulation from the peri-
toneum and remained there in sufficient amounts
over a 24-hr period. There is still the possibility
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that IgM antibody may leave the peritoneum at
a slower rate than IgG antibody and that IgM
antibody, once in circulation, can not reach the
organs rapidly enough to provide protection.

Since it has been suggested that complement
may be required for opsonic activity of IgM
antibody (16; W. Lay and V. Nussenzweing,
Fed. Proc. 27:621, 1968), it was important to
determine if the mucin which was used in mouse-
protection tests to enhance the virulence of P.
aeruginosa was to some degree anticomplemen-
tary. Keefer and Spink (20) observed no anti-
complementary action when 0.5 ml of defibri-
nated human blood was added to 0.1 ml of 59,
suspension of mucin. Olitzki (28), however,
demonstrated that mucin and agar lowered the
titer of guinea pig complement. The effect of
mucin on mouse complement is difficult to assay
since mouse blood contains only a minimal
amount of hemolytic complement. Olitzki has
shown that neither the blood nor the peritoneal
fluid of the mouse could be used as a good source
of hemolytic complement (28). In our experi-
ments, we were unsuccessful in demonstrating
hemolysis with complement obtained from CF,
mice. However, we showed that mucin did not
inhibit the phagocytosis of bacteria opsonized
with either IgM or IgG antibodies. In experi-
ments in which the virulence of opsonized bac-
teria was examined, mucin was mixed with the
opsonized bacteria prior to injection. If comple-
ment were required for phagocytosis of bacteria
opsonized with IgM antibody, and if mucin were
anticomplementary, then survival of animals
given bacteria opsonized with IgM antibody
should have been decreased. These animals sur-
vived, indicating that mucin did not inhibit
phagocytosis of bacteria opsonized with IgM
antibody.

The exact mechanism whereby IgG antibody
exerts more protective ability than IgM antibody
is still unknown. We suggest that the difference
in activity between the two classes of antibodies
is due to the ability of the IgG to diffuse through
the tissues of the organs. Our observations indi-
cate that in mouse-protection tests, at the time
of challenge, sufficient IgG antibody is present
in circulation and in the tissues to prevent exten-
sive multiplication of the organism. Although
opsonophagocytosis in the peritoneum of animals
pretreated with IgM antibody is operative, some
organisms do invade the bloodstream, multiply,
and proliferate in the blood and organs, resulting
in death of the animal. It is suggested that IgM
antibody enters the bloodstream too slowly to
combat the fulminating infection in progress and
that the IgM antibody does not enter extravascu-
lar spaces easily, having much difficulty in dif-
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fusing through the body tissues. In most of our
experiments the immunoglobulins were injected
intraperitoneally, but in some unreported experi-
ments IgM and IgG preparations were given
intravenously. The data obtained from these
experiments also showed the preferential anti-
microbial protection of IgG.

Our results may help to explain in part the
apparent low degree of immunity achieved by
active immunization with some gram-negative
pathogens, such as Salmonella typhosa. Vaccina-
tion with the enteropathogens generally induces
formation of circulating antibodies of the IgM
type (4). Recent studies of the immunity to
meningococcus showed that the protective anti-
bodies to this pathogen are of the IgG type (17).
This is also in agreement with recent observa-
tions of Bordetella pertussis vaccine which was
found to stimulate the production of IgG anti-
bodies after immunization (7). Therefore, it
seems that successful immunization procedures
are those in which the principal antibody pro-
duced is IgG, whereas those which result in the
production of IgM antibodies exclusively are
perhaps only of equivocal benefit.

P. aeruginosa, the opportunist which invades
host tissues and establishes infection most readily
when the host is already weakened by other con-
ditions such as burns, malignancy, cystic fibrosis,
or diabetes mellitus, is resistant to most anti-
biotics (21). Therefore, immunotherapy is again
becoming an important part of the treatment of
Pseudomonas infections. The finding that normal
human gamma globulin was protective in experi-
mental infection and that specific antibodies were
involved was the first evidence to suggest that P.
aeruginosa infections were susceptible to immu-
nological control (12, 15, 26). Protective activity
has been demonstrated in antisera from animals
immunized with heat-killed bacteria (19, 25), in
sera or plasma from human volunteers immu-
nized with a similar vaccine (10), and in plasma
from burn-infected patients (9). Successful
active immunization has been demonstrated with
whole cell vaccines in humans (10) and with
various antigenic extracts of the organisms in rats
(1) and in mice (2, 3). The highest degree of
immunity has been shown to be achieved by
immunizing with the protective antigen extracted
from a strain of P. aeruginosa identical to the
strain used for challenge. A polyvalent vaccine
has been prepared recently by Fisher (11). The
vaccine consists of the protective antigens from
seven different serotypes of P. aeruginosa.

Knowledge of the protective abilities of the
different classes of immunoglobulin is necessary
if active and passive immunization are to be
attempted. Our finding that IgG anticapsular
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antibody is more protective than IgM antibody
supports the feasibility of both procedures.
Stable IgG fractions of hyperimmune serum can
be prepared with relative ease, whereas the IgM
fraction is more difficult to purify and preserve.

It is important to emphasize that no claim is
made to deny the protective ability of IgM
against bacterial infections in vivo. All of our
data, however, indicate that in the past perhaps
too much emphasis has been given to in vitro
tests, which as shown in our study do not always
correlate with that which happens in the in vivo
system.
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