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Mice from either naive or immunized dams were given intranasal inoculations of Pneumocystis carinii as
neonates (24 to 48 h old). Lung P. carinii burdens increased through day 13 postinoculation in all pups and
declined to nearly undetectable numbers by day 23 in pups from immune mothers. However, P. carinii numbers
in pups from naive mothers did not begin to decline significantly until after day 33, and P. carinii organisms
were still detectable in low numbers through day 45. In contrast, the lungs of naive or immunized adult mice
contained detectable numbers of P. carinii organisms only up to 9 or 3 days, respectively, after inoculation. The
onset of clearance of P. carinii organisms from the lungs of neonatal mice and naive adults was coincident with
infiltration of neutrophils and CD41 CD45RBlo cells into the alveolar spaces and increased titers of P.
carinii-specific antibody in sera. Immunized dams had high levels of P. carinii-specific antibody in both their
sera and milk, and pups from these dams had higher titers of P. carinii-specific antibody than did pups from
naive dams. These data indicate that P. carinii survives for a much longer period in neonates than in adult
mice, which is the result of a delay in the onset of the immune response in neonates. Furthermore, immunized
mothers contributed to an early clearance of P. carinii organisms by their offspring presumably because of the
transfer of P. carinii-specific antibody. However, the passively acquired antibody did not seem to have an effect
until the neonates began to mount their own responses.

Most healthy children have developed antibodies to Pneu-
mocystis carinii by 2 to 3 years of age, suggesting exposure to
this organism at an early age (20). Although children with
normal intact immune systems rarely develop clinical P. carinii
pneumonia, this disease is a problem for children with primary
immunodeficiency diseases and AIDS (21). In addition, pa-
tients with AIDS who are less than 1 year of age have a higher
incidence and a more fulminant course of P. carinii pneumonia
than do older children with AIDS (21).
Although little is known about the life cycle of P. carinii, it is

currently thought that airborne organisms are inhaled early in
life, resulting in a subclinical infection that persists until host
cellular and humoral responses clear the P. carinii organisms
from the lungs (20). It is currently unknown whether P. carinii
enters a latent stage until some sort of immunosuppression
allows it to reappear (13). However, if the initial immune
response to P. carinii is sterilizing, there may be another, as-
yet-unidentified reservoir in nature in which this organism ex-
ists until an immunosuppressed host is located. Because of the
immaturity of the neonatal immune system, it is possible that
P. carinii can exist in infants until specific immunity is suffi-
ciently developed for clearance to take place.
Neonates lack mature CD41 T cells (1, 2, 30), which have

recently been shown to be absolutely necessary for P. carinii
resistance (14, 25). Furthermore, blockage of CD40L in vivo
with a monoclonal antibody results in decreased resistance to
P. carinii in T-cell-reconstituted adult SCID mice (29). In this
regard, T cells from neonates have been reported to have
diminished CD40L expression (3, 10, 12, 19). Tumor necrosis
factor alpha has also been shown to play an important role in
host resistance against P. carinii (6). It has been reported that

neonatal T cells produce less tumor necrosis factor alpha than
do T cells from adults under similar conditions (30). T cells
from neonates have also been recently shown to have dimin-
ished Th1-like responses (1), require greater accessory cell
signalling than do T cells from adults (1), and have diminished
cytokine production upon stimulation (gamma interferon, tu-
mor necrosis factor alpha, etc.) (30). Thus, decreased function
of T cells coupled with decreased numbers compared with
those of adults may lead to inadequate host resistance to P.
carinii in neonatal mice. However, the susceptibility to P. ca-
rinii of neonatal mice compared with adult mice has not been
reported.
Although the clearance of P. carinii organisms from the

lungs of adult mice is known to be T cell dependent (14, 25),
there is only indirect evidence suggesting that humoral re-
sponses play a role in resistance to P. carinii. Recently, it was
reported that adult mice immunized against P. carinii were
capable of clearing a subsequent challenge even after in vivo
depletion of CD41 T cells (13). These results suggest that P.
carinii-specific antibody found in the sera of these mice was
integral in clearance of this organism. Antibody responses to
various antigens have been reported to be low in neonates
compared with those in adults and restricted to the immuno-
globulin M (IgM) isotype (4, 10), which is most likely due to
inadequate T-cell help (28). Since neonates are born with
inadequate cellular and humoral immune functions, it was of
interest to determine if P. carinii-specific antibody acquired
from mothers would assist in the clearance of organisms from
the lungs of P. carinii-challenged neonates. In this regard,
immunization of mothers has proven effective in protecting
neonates from challenge with other pathogens, such as influ-
enza virus and Streptococcus pneumoniae (11, 15, 16, 18). How-
ever, whether neonates can passively acquire resistance to P.
carinii from an immune mother is not known.
The purpose of the studies described here was to compare
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the growth of P. carinii organisms in the lungs of inoculated
neonates and adult mice. In addition, whether pups from im-
mune dams acquire resistance to P. carinii from their mothers
was investigated. The findings reported here indicate that P.
carinii organisms inoculated into normal immunocompetent
neonatal mice persist until after weaning age. CD41 T cells are
conspicuously absent from the alveolar spaces of infected mice
until about 3 weeks of age. Furthermore, immunizing mothers
resulted in earlier clearance of P. carinii organisms from the
lungs of their offspring.

MATERIALS AND METHODS

Mice and experimental design. Adult C.B17 male and female mice (8 to 10
weeks old) were obtained from the Trudeau Animal Breeding Facility. Mice to
be used for breeding in experiments and immunized adult mice were given two
intratracheal inoculations with about 107 P. carinii nuclei at 21 and 4 days before
breeding. The mice then received an intranasal (i.n.) inoculation of about 53 106

P. carinii nuclei on day 10 of gestation. Naive females and males used in exper-
iments were housed separately from immunized mice at the animal breeding
facility until day 20 of gestation. On day 0 of the experiment, neonatal and adult
mice were given i.n. challenge doses of about 106 and 107 P. carinii nuclei,
respectively. These inocula were approximately equal on the basis of body
weights for neonates (1.5 to 2 g) and adults (18 to 25 g). Neonatal mice were
routinely 24 to 48 h old upon inoculation (day 0).
Preparation of P. carinii for inoculations. Immunization of dams and adult

male mice was performed with lung homogenates from P. carinii-infected C.B17
scid/scid mice. Lungs were removed and pushed through a stainless steel screen
in 5 ml of phosphate-buffered saline (PBS). Samples were spun onto glass slides,
fixed in methanol, and stained in Diff-Quik (Baxter Healthcare Inc., Miami,
Fla.). P. carinii nuclei were enumerated microscopically. Adult mice were im-
munized with 107 P. carinii nuclei in 100 ml of Hanks balanced salt solution
(HBSS). Mice were anesthetized deeply with holothane gas and placed in a
vertical position. A blunted 20-gauge needle was passed through the oral pharynx
into the trachea, and P. carinii organisms were injected into the trachea through
the needle.
Challenge of neonates and adults on day 0 was performed with P. carinii

organisms partially purified from lung homogenates of infected C.B17 scid/scid
mice. Homogenates were obtained in HBSS supplemented with 0.5% glutathi-
one as described above, aspirated through 22.5- and 26-gauge needles to disperse
clumps, spun at low speed to remove cell debris, and pelleted. Erythrocytes were
lysed in H2O via hypotonic shock, and each isolate was incubated in buffer with
100 mg of DNase for 30 min at 378C. P. carinii organisms were washed by
centrifugation and filtered through 5-mm nylon mesh. P. carinii nuclei were
enumerated as described above, and the concentration was adjusted so that
neonates received 106 P. carinii nuclei in 10 ml of HBSS and adults received 107

P. carinii nuclei in 50-ml inoculations. Mice were lightly anesthetized with halo-
thane gas to inhibit the divers reflex. The P. carinii inoculum was placed over
both nares. Mice aspirated the entire volume since they are obligate nose breath-
ers. This method of inoculation resulted in consistent infections in both neonates
and adults with low standard deviations (see Fig. 1 and 2) and was better
tolerated in neonates than were attempts at intratracheal inoculations.
Comparison of cellular infiltration into the alveolar spaces. Mice were sacri-

ficed by exsanguination under deep halothane anesthesia. The lungs of neonates
up to day 13 postinoculation were lavaged with five 0.1-ml aliquots of PBS
containing 3 mM EDTA. Thereafter, the pup lungs were lavaged with five 0.2-ml
aliquots and the adult lungs were lavaged with five 1-ml aliquots of PBS-EDTA.
Aliquots of the lung lavage fluids were spun onto glass slides by using a cyto-
centrifuge (Shandon, Sewickley, Pa.), fixed in methanol, and stained with Diff-
Quik, and differential counts were performed microscopically.
Enumeration of P. carinii nuclei in the lungs of neonatal and adult mice. The

numbers of P. carinii nuclei in the lungs of neonatal and adult mice were
determined as previously described (14), with some modifications. Lungs were
excised and pushed through a screen in 1 to 3 ml (pups) or 5 ml (adults) of PBS
as described above. Lung homogenates were diluted 1:10 (pups) or 1:20 (adults),
and 100 ml was spun onto a 28.3-mm2 area of a glass slide, fixed in methanol, and
stained in Diff-Quik. The number of P. carinii nuclei per 20 to 50 oil immersion
fields was used to calculate total P. carinii nuclei per lung homogenate. Previ-
ously in our laboratory we have observed that up to 5 days after instillation, P.
carinii nuclei can be visualized in lung lavage fluids (unpublished observations).
Therefore, the total number of P. carinii nuclei per pair of lungs was obtained by
adding P. carinii nuclei in 10 to 50 oil immersion fields enumerated from the lung
lavage slides and added to the number calculated for the lung homogenate. As
pups aged, the volumes used for lung lavages and lung homogenates were
adjusted to accommodate the increasing sizes of the lungs. The limit of detection
of P. carinii nuclei per pair of lungs ranged from log10 3.55 to 3.84 for pups and
3.84 to 4.08 for adults.
Flow cytometric analysis of lung lavage lymphocytes. Lung lavage cells were

washed in PBS with 0.1% bovine serum albumin and 0.02% NaN3 and stained
with appropriate concentrations of fluorescein isothiocyanate-conjugated anti-

CD4 (hybridoma GK1.5) and biotinylated anti-CD45RB (clone 16A; PharMin-
gen) followed by streptavidin-CyChrome (PharMingen). The proportion of lung
lavage cells which were positive for specific fluorescence was determined by using
a FACScan cytofluorometer (Becton Dickinson, Mountain View, Calif.). Naive
adult mouse splenocytes were included in all analyses in order to assist in
distinguishing CD45RBhi cells from CD45RBlo cells.
Analysis of P. carinii-specific antibodies in serum and milk. Blood samples

were collected from adults and neonates at the time of sacrifice by severing the
abdominal aorta. Blood samples from dams were collected from the retro-orbital
sinus vein at day 2 of the experiment or from the abdominal aorta at the
termination of the experiment. Sera were frozen at 2208C until needed. Milk
samples were collected from dams on day 2 of the experiment. Dams were
physically, but not visually, separated from pups for 4 h and then injected with 0.5
U of oxytocin (Sigma) intravenously 10 min prior to milk collection. Milk was
manually expressed, diluted 1:5 in PBS containing 3 mM EDTA, and spun at
high speed for 5 min in a microcentrifuge. The clear liquid between the pelleted
cells and floating fat was collected and frozen at 2208C until needed. Antibodies
(IgG) specific for P. carinii were detected from 1:50 dilutions of serum or milk by
a standard enzyme-linked immunosorbent assay (ELISA) as described elsewhere
(5).
Statistical analysis. Differences between experimental groups were deter-

mined by using Student’s t test or the Mann-Whitney rank sum test, as appro-
priate. Differences with P # 0.05 were considered significant.

RESULTS

Clearance of P. carinii nuclei from the lungs of offspring
from immunized and naive dams. Neonatal C.B17 mice from
immunized and naive dams were given an i.n. challenge of 106

P. carinii nuclei at 24 to 48 h of age. Neonates from immunized
dams as well as those from naive dams had over 104 P. carinii
nuclei in their lungs at day 2 postinoculation (Fig. 1). Further-
more, after a small decline at day 6, P. carinii organisms grew
10-fold in number in the lungs of both groups of pups through

FIG. 1. P. carinii clearance from the lungs of pups from immunized dams was
more rapid than clearance in pups from naive dams. Neonatal mice (24 to 48 h
old) from either immunized or naive dams were given i.n. inoculations of about
106 P. carinii nuclei. Lung P. carinii burdens were determined at the times
indicated by microscopic examination of cytospin preparations of lung homog-
enates stained with Diff-Quik. Data from two separate kinetics experiments (days
2 to 27 and days 13 to 45) are shown. Data are the mean 6 standard error of the
mean (SEM) log10 numbers of P. carinii nuclei in the lungs of four to five mice
per experimental group. p, P # 0.05, compared with result for pups from immu-
nized dams. exp., experiment.
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day 16 postinoculation (Fig. 1). Thus, through day 16, the rate
of growth of P. carinii organisms in the lungs of pups from
immunized dams was similar to that of pups from naive dams.
Thereafter, pups from immunized dams began clearing the
organisms from their lungs through day 27 postinoculation, at
which time the lung P. carinii burden was near the limit of
detection (103.55) (Fig. 1). In contrast, the lung P. carinii bur-
den in pups from naive dams began to decrease only slowly
after day 16 and was still nearly 105 at day 27 postinoculation
(Fig. 1).
A second experiment utilizing later time points was carried

out to determine the time necessary to clear P. carinii nuclei
from the lungs of immunocompetent pups from naive dams. As
seen in Fig. 1, lung P. carinii burdens reached their peak in
pups from immunized dams as well as from naive dams by day
13 postinoculation (Fig. 1). Notably, the P. carinii burden was
near the limit of detection in the lungs of pups from immu-
nized dams by day 23 postinoculation (Fig. 1), which was con-
sistent with the kinetics of clearance seen in the first experi-
ment (Fig. 1). In contrast, P. carinii numbers remained
elevated in the lungs of pups from naive dams through day 23,
and significant clearance of this organism did not occur until
after day 33 postinoculation (Fig. 1). By day 45 postinocula-
tion, the P. carinii burden in the lungs of pups from naive dams
was near the limit of detection (Fig. 1). These results indicated
a significantly faster rate of P. carinii clearance from the lungs
of pups from immune dams versus the clearance from pups of
naive dams.
As a comparison to the kinetics of clearance of P. carinii

organisms from the lungs of neonatal mice, clearance of this
organism from adult lungs was also evaluated. Adult C.B17
mice which either were naive or had been immunized on the
same schedule as were the immunized dams received i.n. in-
oculations of P. carinii. A 10-fold-higher dose of P. carinii
compared with that given to neonates was given to adults since
the adults had approximately 10 times the body weight of the
pups. Both the naive and immunized adult mice had detectable
P. carinii organisms in the lungs at day 3 postinoculation (Fig.
2A). The immunized adults had cleared the P. carinii organ-
isms from the lungs by day 9, whereas there was no significant
change in the lung burden in the naive adults until after day 9
postinoculation. By day 13 postinoculation, the P. carinii bur-
den in the lungs of naive adults was near the limit of detection
and by day 23 was undetectable (Fig. 2A). P. carinii clearance
from the lungs of both immunized and naive adults was signif-
icantly faster than clearance from mice challenged as neonates.
P. carinii-specific antibody in the sera of pups and adults.

The level of P. carinii-specific IgG in serum was elevated in the
pups from immunized dams compared with that of the pups
from naive dams throughout the first 27 days of the first ex-
periment (Fig. 3). Interestingly, the largest difference in the
serum P. carinii-specific IgG levels between the two groups of
pups was at day 6 postinoculation, which was just prior to the
spurt of growth of this organism in the lungs of pups from both
groups. In the second experiment, the differences in the serum
P. carinii-specific IgG levels between pups from immunized
dams and those from naive dams were even more apparent
than they were in the first experiment (Fig. 3). High titers of P.
carinii-specific IgG were found in the sera of pups from im-
mune dams at day 13 postinoculation (Fig. 3). This corre-
sponded to large amounts of P. carinii-specific IgG in both the
sera (optical density at 405 nm [OD405] 5 0.562 6 0.102) and
milk samples (OD405 5 0.392 6 0.096) of immunized dams
compared with those in the sera (OD405 5 0.029 6 0.014) and
milk samples (OD405 5 0.022 6 0.012) of naive dams (deter-
mined at day 2). The serum P. carinii-specific antibody level

gradually decreased in pups from immune dams over the
course of the 45-day experiment, suggesting that the antibody
was obtained from the dams. In contrast, the serum P. carinii-
specific IgG level in pups from naive dams remained at near-
background levels until day 45 postinoculation when there was
a slight increase (Fig. 3). This indicated that the presence of
high titers of P. carinii-specific antibody in sera did not alter the
early growth of P. carinii organisms in the lungs of pups born
to immunized dams. However, these pups began reducing their
lung P. carinii burden approximately 2 weeks earlier than did
pups from naive dams, which had consistently smaller amounts
of P. carinii-specific IgG in their sera.
By comparison, the serum P. carinii-specific IgG level in

immunized adult mice was significantly higher than that in
naive adult mice at days 3 and 9 postinoculation (Fig. 2B).
However, unlike the pups from immunized dams, the serum P.
carinii-specific IgG level in immunized adults remained ele-
vated until after P. carinii clearance (Fig. 2B). Although low at
day 3 in naive adults, the serum P. carinii-specific IgG level

FIG. 2. Faster clearance of P. carinii organisms from the lungs of immunized
adults, compared with that from the lungs of naive adults, corresponded with
higher P. carinii-specific antibody levels in sera. Lung P. carinii burdens (A) and
serum P. carinii-specific antibody levels (B) in immunized and naive adults were
determined as described in the legends to Fig. 1 and 3. Data are the means 6
SEM for four to five mice per group. Data are from one of two experiments with
similar results. p, P # 0.05, compared with result for immunized adults at the
same time point.
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increased steadily throughout day 23 postinoculation (Fig. 2B).
This steady increase in the P. carinii-specific IgG level in naive
adults corresponded to the clearance of P. carinii organisms
from the lungs (Fig. 2).
Inflammatory cell response in the alveolar spaces of P. ca-

rinii-infected mice. Lung lavages were performed on mice in
order to determine the types of cells associated with P. carinii
clearance. CD41 T cells with an activated phenotype
(CD45RBlo) were enumerated by flow cytometry (17). CD41

CD45RBlo cells were nearly undetectable in the lung lavage
samples of pups from either group at day 13 postinoculation
(Fig. 4). In other experiments not shown, CD41 cells were also
not detectable in the lungs of neonates at 3, 6, and 11 days
postinoculation. However, by day 23, pups from immunized
dams as well as those from naive dams had over 105 CD41

CD45RBlo cells in their lung lavage samples. These cells per-
sisted in the lungs of both groups of pups through day 45 of the
experiment (Fig. 4). It should be noted that low numbers of
CD81 cells (,8 3 104) were present at day 23 in the lungs of
pups from both immune and naive dams (data not shown).
These cells remained at low levels through day 45.
The numbers of CD41 CD45RBlo cells in the alveoli of

immune and naive adults were similar at day 3 postinoculation;
however, the number increased threefold in the alveoli of naive
adults by day 9 and remained elevated through day 13 postin-
oculation before decreasing at day 23 (Fig. 4). In contrast,
CD41 CD45RBlo cells in the lung lavage samples of immu-
nized adults remained constant at around 5 3 104 through day
23 postinoculation (Fig. 4). It should be noted that in unin-
fected C.B17 mice, macrophages make up over 95% of lung
lavage cells and CD41 cells are rare (data not shown). In both
pups and adults from either the immunized or naive group, the

appearance of CD41 CD45RBlo T cells in the lung lavage
samples corresponded to a decreased lung P. carinii burden.
In addition to lymphocyte subsets, lung lavage neutrophils

were enumerated as an indication of the lung inflammatory
response to P. carinii in pups and adults. Neutrophils were
undetectable in the lung lavage samples of either group of pups
at day 13 postinoculation as well as at earlier time points (data
not shown); however, there was a large infiltration of neutro-
phils in pups from both immunized and naive dams by day 23
(Fig. 5). After the peak at day 23 postinoculation, neutrophil
numbers in the lung lavage samples of both groups of pups
declined through day 45 (Fig. 5). Although statistically signif-
icant only on day 23, the number of neutrophils in the lung
lavage samples of pups from naive dams overall tended to be
greater than that in pups from immunized dams. Furthermore,
the appearance and decline of neutrophils in both groups of
pups corresponded with the clearance of P. carinii organisms
from the lungs. Neutrophils also accumulated in adult lungs at
day 3 postinoculation and then declined significantly by day 9
(Fig. 5). Interestingly, the accumulation of neutrophils was
almost 10-fold higher in the alveolar spaces of naive adults
compared with that in immunized adults at day 3 postinocula-
tion. These data indicate that neutrophil accumulation in adult
lungs is considerably higher during a primary response to P.
carinii than during a secondary response.

DISCUSSION

The data presented above demonstrate that P. carinii is able
to survive and, more importantly, to grow for an extended
period (almost 6 weeks) in normal neonatally infected mice.
This is in agreement with the work of Soulez et al. that showed

FIG. 3. The serum P. carinii-specific antibody level in pups from immunized
dams was significantly higher than that in pups from naive dams. Sera were
collected from pups at the times indicated. The P. carinii-specific antibody levels
in sera were determined by ELISA. The mean 6 SEM OD405 readings for four
to five mice per group are reported. Data from two separate kinetics experiments
(days 2 to 27 and days 13 to 45) are shown. p, P # 0.05, compared with result for
pups from immunized dams. exp., experiment.

FIG. 4. Infiltration of activated CD41 cells into the alveoli of pups from
immunized dams was similar to that in pups from naive dams in kinetics and
intensity. However, the cellular infiltration in pups was delayed compared with
that in adults. The number of CD41 CD45RBlo cells in lung lavage samples from
adults or pups was determined by using fluorescently labelled antibodies and
fluorescence-activated cell sorter analysis. Data are the means 6 SEM for four
to five mice per group. Data are from one of three experiments with similar
results. p, P # 0.05, compared with result for the immunized group at the same
time point.
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weanling rabbits to be susceptible to P. carinii infection (26). In
contrast, naive adult mice cleared P. carinii organisms from
their lungs within 2 weeks of infection and the organisms did
not increase in number over that time. P. carinii is an oppor-
tunistic pathogen which is efficiently disposed of in an immu-
nocompetent host but can cause life-threatening pneumonia in
individuals with compromised immune systems (27). Although
P. carinii is thought to be ubiquitous, its precise life cycle and
its residence in nature until a susceptible host is located have
remained a mystery (8). Thus, neonates from immunocompe-
tent parents may provide a reservoir where P. carinii can grow
for weeks in mice and, therefore, possibly months in humans
until the host immune system becomes mature enough to elim-
inate this pathogen. Interestingly, although the number of P.
carinii organisms increased 10-fold in the lungs of neonates
over a 2-week period, the pups did not display signs of illness,
indicating that such an infection may easily go undetected.
P. carinii clearance in both adults and pups corresponded to

increased levels of P. carinii-specific antibody in their sera.
Furthermore, pups from immunized dams had significantly
higher levels of P. carinii-specific IgG in their sera than did
pups from naive dams during the first 3 weeks after inocula-
tion. Although this high titer of P. carinii-specific IgG corre-
sponded to faster clearance of this organism from the lungs,
the initial growth of P. carinii organisms in the lungs of pups
with high levels of P. carinii-specific IgG in their sera was
similar to the initial growth of this organism in the lungs of
pups with negligible serum antibody levels. This indicates that
P. carinii-specific antibody was ineffective at preventing growth
in the first 2 weeks of the infection. In this regard, it has been
reported that adult SCID mice clear P. carinii organisms from
the lungs after reconstitution with purified CD41 cells from
immunized donors without the presence of P. carinii-specific
antibody (22, 29). Thus, although P. carinii-specific antibody is
not absolutely required for P. carinii clearance in some animal

models, the presence of antibody in the pups from immunized
dams evidently made a difference in the kinetics of P. carinii
clearance. These pups cleared the P. carinii organisms nearly 2
weeks earlier than did pups from naive dams, even though the
cellular response to P. carinii was nearly identical in kinetics
and intensity for the two groups of pups. Notably, in both
groups of pups, P. carinii clearance did not take place until
neutrophils and CD41 cells began to accumulate in the lungs.
A possible explanation for these data is that maternal P. cari-
nii-specific antibody, while present in the sera of pups from
immunized dams, may not have entered the alveolar spaces
until the initiation of an inflammatory response caused serum
transudation. Indeed, once the inflammatory response began,
maternal P. carinii-specific antibody appeared to contribute
significantly to P. carinii clearance. It is also conceivable that
maternal B or T cells acquired through milk may have contrib-
uted to the clearance of P. carinii organisms in pups from
immunized dams (24); however, further experiments have to
be performed to examine this issue.
The clearance of P. carinii organisms in both pups and adults

followed the appearance of CD41 CD45RBlo cells in the al-
veolar spaces. These cells had a phenotype consistent with
being activated (17) and represented over 80% of the CD41

cells in the lung lavage samples of both pups and adults. In-
terestingly, approximately three times as many CD41

CD45RBlo cells accumulated in the lungs of naive adults com-
pared with the accumulation in immunized adults at days 9 and
13 postinoculation. Furthermore, significantly more neutro-
phils accumulated in the lungs of naive adults than in immu-
nized adults while antibody in sera developed more slowly in
naive adults than in immunized adults. Although P. carinii
organisms were cleared very quickly from both naive and im-
mune adults, there was a significant difference in these two
groups of mice in that the P. carinii number remained constant
in naive mice over the first 9 days but decreased to nearly
undetectable numbers in immune mice during the same pe-
riod. The more efficient clearance of P. carinii organisms evi-
dent by fewer cells and high titers of specific antibody repre-
sents a classic secondary immune response. Unlike the
differences found between naive and immunized adults, the
cellular responses in pups from naive and immunized dams
were virtually identical. Furthermore, the cellular response to
P. carinii in the lungs of mice infected as neonates was similar
in cell type and intensity to that in the primary response ob-
served in naive adults.
A profound difference between the primary response

mounted by naive adults and that mounted by pups was the
protracted length of time required to initiate the response to P.
carinii in pups. This delay in T-cell infiltration into the lungs of
P. carinii-infected pups compared with that in adults may be
due to a number of factors in pups, such as diminished adhe-
sion molecule expression, accessory molecule expression, ac-
cessory cell function, and cytokine production (1, 3, 7, 12, 23,
28). In this regard, it has been reported that T cells from
murine neonates are deficient in T-helper function possibly
because of decreased CD40 ligand expression, interleukin-2
production, and signalling through CD28 (1–3, 7, 9, 12, 23, 28).
Neonatal T-cell responses to anti-CD3 stimulation in vitro
have been shown to approach those of adults in the presence of
exogenous cytokines such as interleukin-6 and interleukin-2
and with accessory cell signalling through CD28 (1, 9), sug-
gesting that T cells from neonates lack the accessory signals
necessary for responses to various pathogens. Diminished T-
cell function may be the reason that P. carinii clearance took
almost 3 weeks to be initiated in pups from naive dams com-
pared with 2 weeks in naive adults. However, this does not

FIG. 5. Infiltration of neutrophils into the alveoli of pups from naive dams
was more intense than infiltration into the alveoli of pups from immunized dams
or of either group of adults. Lung lavage cells from adults and pups were spun
onto glass slides and stained in Diff-Quik, and neutrophils were enumerated
microscopically. Data are the means6 SEM of four to five mice per group. Data
are from one of three experiments with similar results. p, P # 0.05, compared
with result for the immunized group at the same time point.
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necessarily explain the 3-week delay in the onset of the inflam-
matory response in pups compared with a nearly immediate
response in adults. One possibility is that the appropriate cy-
tokines for signalling the initiation of the response were not
available. Another possibility is that there was no recognition
of the P. carinii organisms in the lungs of neonates. Although
it is known that specific recognition via the T-cell receptor or
antibody is required for P. carinii clearance (14, 25), it is un-
clear that recognition took place to signal T-cell and neutrophil
infiltration into the lungs initially. It is possible that innate
immune defenses were insufficient to signal the beginning of
the immune response to P. carinii.
The results of experiments presented here clearly demon-

strate that P. carinii is able to colonize and grow in neonates
from immunocompetent dams, whether they have been previ-
ously immunized or not. This is important because it suggests
that exposure to infants may be a source of transmission of P.
carinii to immunocompromised individuals. This early, un-
checked growth of P. carinii may also explain why P. carinii
pneumonia has such a fulminant course in patients with AIDS
who are less than 1 year of age (21). P. carinii organisms are
cleared from the lungs of mice infected as neonates only after
the initiation of an inflammatory response which includes
CD41 T cells and neutrophils. Furthermore, once the inflam-
matory response has been initiated, the presence of P. carinii-
specific antibody, acquired from immunized dams, results in
accelerated clearance of this organism. This finding is impor-
tant because it indicates that immunization of mothers could
significantly enhance resistance to P. carinii and may represent
a way to improve resistance to P. carinii pneumonia in high-risk
infants.

ACKNOWLEDGMENTS

This work was supported by National Institutes of Health grant
HL55002.
We appreciate the expert technical assistance of Jean Brennan,

Michael Tighe, and Sharon Bresnahan.

REFERENCES

1. Adkins, B., A. Ghanei, and K. Hamilton. 1994. Up-regulation of murine
neonatal T helper cell responses by accessory cell factors. J. Immunol.
153:3378–3385.

2. Adkins, B., and K. Hamilton. 1992. Freshly isolated, murine neonatal T cells
produce IL-4 in response to anti-CD3 stimulation. J. Immunol. 149:3448–
3455.

3. Brugnoni, D., P. Airo, D. Graf, M. Marconi, M. Lebowitz, A. Plebani, S.
Giliani, F. Malacarne, R. Cattaneo, A. G. Ugazio, A. Albertini, R. A. Kroc-
zek, and L. D. Notarangelo. 1994. Ineffective expression of CD40 ligand on
cord blood T cells may contribute to poor immunoglobulin production in the
newborn. Eur. J. Immunol. 24:1919–1924.

4. Burgio, G. R., A. G. Ugazio, and L. D. Notarangelo. 1990. Immunology of the
neonate. Curr. Opin. Immunol. 2:770.

5. Chen, W., E. A. Havell, F. Gigliotti, and A. G. Harmsen. 1993. Interleukin-6
production in a murine model of Pneumocystis carinii pneumonia: relation to
resistance and inflammatory response. Infect. Immun. 61:97–102.

6. Chen, W., E. A. Havell, and A. G. Harmsen. 1992. Importance of endogenous
tumor necrosis factor alpha and gamma interferon in host resistance against
Pneumocystis carinii infection. Infect. Immun. 60:1279–1284.

7. Coutinho, G. C., S. Delassus, P. Kourilsky, A. Bandeira, and A. Coutinho.
1994. Developmental shift in the patterns of interleukin production in early
post-natal life. Eur. J. Immunol. 24:1858–1862.

8. Cushion, M. T., J. J. Ruffolo, and P. D. Walzer. 1988. Analysis of the

developmental stages of Pneumocystis carinii, in vitro. Lab. Invest. 58:324–
331.

9. Demeure, C. E., C. Y. Wu, U. Shu, P. V. Schneider, C. Heusser, H. Yssel, and
G. Delespesse. 1994. In vitro maturation of human neonatal CD4 T lympho-
cytes. II. Cytokines present at priming modulate the development of lym-
phokine production. J. Immunol. 152:4775–4782.

10. Durandy, A., G. De Saint Basile, B. Lisowska-Grospierre, J.-F. Gauchat, M.
Forveille, R. A. Kroczek, J.-Y. Bonnefoy, and A. Fischer. 1995. Undetectable
CD40 ligand expression on T cells and low B cell responses to CD40 binding
agonists in human newborns. J. Immunol. 154:1560–1568.

11. Englund, J. A., I. N. Mbawuike, H. Hammill, M. C. Holleman, B. D. Baxter,
and P. W. Glezen. 1993. Maternal immunization with influenza or tetanus
toxoid vaccine for passive antibody protection in young infants. J. Infect. Dis.
168:647–656.

12. Fuleihan, R., D. Ahern, and R. S. Geha. 1994. Decreased expression of the
ligand for CD40 in newborn lymphocytes. Eur. J. Immunol. 24:1925–1928.

13. Harmsen, A. G., W. Chen, and F. Gigliotti. 1995. Active immunity to Pneu-
mocystis carinii reinfection in T-cell-depleted mice. Infect. Immun. 63:2391–
2395.

14. Harmsen, A. G., and M. Stankiewicz. 1990. Requirement for CD41 cells in
resistance to Pneumocystis carinii pneumonia in mice. J. Exp. Med. 172:937–
945.

15. Lee, C.-J., E.-D. Ching, and J. H. Vickers. 1991. Maternal immunity and
antibody response of neonatal mice to pneumococcal type 19F polysaccha-
ride. J. Clin. Microbiol. 29:1904–1909.

16. Lee, C.-J., and T. R. Wang. 1994. Pneumococcal infection and immunization
in children. Crit. Rev. Microbiol. 20:1–12.

17. Lee, W. T., X.-M. Yin, and E. S. Vitetta. 1990. Functional and ontogenetic
analysis of murine CD45Rhi and CD45Rlo CD41 T cells. J. Immunol. 144:
3288–3295.

18. Mbawuike, I. N., H. R. Six, T. R. Cate, and R. B. Couch. 1990. Vaccination
with inactivated influenza A virus during pregnancy protects neonatal mice
against lethal challenge by influenza A viruses representing three subtypes.
J. Virol. 64:1370–1374.

19. Nonoyama, S., L. A. Penix, C. P. Edwards, D. B. Lewis, S. Ito, A. Aruffo, C. B.
Wilson, and H. D. Ochs. 1995. Diminished expression of CD40 ligand by
activated neonatal T cells. J. Clin. Invest. 95:66–75.

20. Peglow, S. L., A. G. Smulian, M. J. Linke, C. L. Pogue, S. Nurre, J. Crisler,
J. Phair, J. W. M. Gold, D. Armstrong, and P. D. Walzer. 1990. Serologic
responses to Pneumocystis carinii antigens in health and disease. J. Infect.
Dis. 161:296–306.

21. Rogers, M. F., P. A. Thomas, E. T. Starcher, M. C. Noa, T. J. Bush, and
H. W. Jaffe. 1987. Acquired immunodeficiency syndrome in children: report
of the Centers for Disease Control national surveillance, 1982 to 1985.
Pediatrics 79:1008–1014.

22. Roths, J. B., and C. L. Sidman. 1992. Both immunity and hyperresponsive-
ness to Pneumocystis carinii result from transfer of CD41 but not CD81 T
cells into severe combined immunodeficiency mice. J. Clin. Invest. 90:673–
678.

23. Schibler, K. R., K. W. Liechty, W. L. White, G. Rothstein, and R. D. Chris-
tensen. 1992. Defective production of interleukin-6 by monocytes: a possible
mechanism underlying several host defense deficiencies of neonates. Pediatr.
Res. 31:18–21.

24. Schnorr, K. L., and L. D. Holt. 1984. Intestinal absorption of maternal
leucocytes by newborn lambs. J. Reprod. Immunol. 6:329–337.

25. Shellito, J., V. B. Suzara, W. Blumenfeld, J. M. Beck, H. J. Steger, and T. H.
Ermak. 1990. A new model of Pneumocystis carinii infection in mice selec-
tively depleted of helper T lymphocytes. J. Clin. Invest. 85:1686–1693.

26. Soulez, B., E. Dei-Cas, P. Charet, G. Mougeot, M. Caillaux, and D. Camus.
1989. The young rabbit: a nonimmunosuppressed model for Pneumocystis
carinii pneumonia. J. Infect. Dis. 160:355–356. (Letter.)

27. Su, T. H., and W. J. Martin. 1994. Pathogenesis and host response in
Pneumocystis carinii pneumonia. Annu. Rev. Med. 45:261–272.

28. Tsuji, T., R. Nibu, K. Iwai, H. Kanegane, A. Yachi, H. Seki, T. Miyawaki, and
N. Taniguchi. 1994. Efficient induction of immunoglobulin production in
neonatal naive B cells by memory CD41 T cell subset expressing homing
receptor L-selectin. J. Immunol. 152:4417–4424.

29. Wiley, J. A., and A. G. Harmsen. 1995. CD40 ligand is required for resolution
of Pneumocystis carinii pneumonia in mice. J. Immunol. 155:3525–3529.

30. Wilson, C. B., and D. B. Lewis. 1990. Basis and implications of selectively
diminished cytokine production in neonatal susceptibility to infection. Rev.
Infect. Dis. 12:S410–S420.

Editor: D. H. Howard

3992 GARVY AND HARMSEN INFECT. IMMUN.


