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Pneumocystis carinii is an opportunistic fungal pathogen that causes life-threatening pneumonia in immu-
nocompromised individuals. Infants appear to be particularly susceptible to infection with Pneumocystis. We
have previously shown that there is a significant delay in clearance of the organisms from the lungs of neonatal
mice compared to adults. Since alveolar macrophages are the effector cells responsible for killing and clearance
of Pneumocystis, we have examined alveolar macrophage activity in neonatal mice. We found that alveolar
macrophage activation is delayed about 1 week in Preumocystis-infected neonates compared to adults. Opso-
nization of the organism by Preumocystis-specific antibody resulted in increased clearance of the organism in
neonatal mice; however, there was decreased expression of activation markers on neonatal alveolar macro-
phages and reduced levels of cytokines associated with macrophage activation. Mice born to immunized dams
had significant amounts of Preumocystis-specific immunoglobulin G in their lungs and serum at day 7
postinfection, whereas mice born to naive dams had merely detectable levels. This difference correlated with
enhanced Pneumocystis clearance in mice born to immunized dams. The increase in specific antibody, however,
did not result in significant inflammation in the lungs, as no differences in numbers of activated CD4™ cells
were observed. Furthermore, there was no difference in cytokine or chemokine concentrations in the lungs of
pups born to immune compared to naive dams. These findings indicate that specific antibody plays an
important role in Pneumocystis clearance from lungs of infected neonates; moreover, this process occurs

without inducing inflammation in the lungs.

Preumocystis carinii f. sp. hominis is an opportunistic fungal
pathogen that is a significant cause of life-threatening pneu-
monia in immunosuppressed individuals. It has recently been
appreciated that Pneumocystis can either colonize or infect
immunocompetent individuals, particularly young children (12,
39-41). Since Pneumocystis is thought to be ubiquitous in the
environment (4, 42), it is not surprising that a large percentage
of children have been shown to have serum antibodies specific
to these organisms by 2 years of life (31). Infants seem to be
particularly susceptible to primary Preumocystis infection,
which is likely due to an immature immune system. In this
regard, it has been shown that neonatal mice infected with P.
carinii f. sp. muris (the mouse-specific species) have a delayed
pulmonary immune response compared to adult mice (8, 9).
This delay in the immune response to Prneumocystis was char-
acterized by depressed lung proinflammatory cytokines and
chemokines, T-cell migration, and antibody production in ne-
onates over the first 3 weeks of life (8, 9, 33).

It is well known that CD4™" T cells are required for clearance
of Pneumocystis infection (16, 36) and that specific antibody
can be very effective at mediating clearance of the organisms
(11, 13, 15, 36). However, neonates have deficiencies in hu-
moral and cell-mediated immunity which have been well doc-
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umented (1, 26). Under conditions of weak costimulation, neo-
natal CD4" T cells tend to be biased toward Th2-type
responses (2, 3). Moreover, airway dendritic cells tend to have
an immature phenotype and therefore do not provide ade-
quate costimulation to T cells (29, 30). The lack of strong
T-cell help would undoubtedly contribute to deficiencies in
T-cell-dependent antibody responses that are seen in infants
less than 2 months of age. In addition, it has recently been
shown that delayed antibody responses in developing mice
correspond to delayed maturation of follicular dendritic cell
networks in germinal centers (32). The maturational process of
adaptive immunity in newborns likely provides a permissive
environment for Prneumocystis growth.

A number of studies over the years have shown that passive
administration of Pneumocystis-specific antibodies are effective
at controlling Pneumocystis growth in the lungs of animals (10,
11, 36). In addition, it has previously been shown that immu-
nization of dams with Prneumocystis resulted in enhanced clear-
ance kinetics of the organisms from infected pups, which was
assumed to be due to elevated levels of specific antibody pas-
sively acquired from the dams (8). However, clearance of or-
ganisms from the lungs of pups born to immunized dams still
lagged behind that of adult mice (8). One possibility may be
that alveolar macrophage function was immature in neonates
compared to that of adults. To address this hypothesis, we have
examined alveolar macrophage phenotype in Pneumocystis-in-
fected and uninfected neonatal mice compared to that in adult
mice and in the presence of Pneumocystis-specific antibody.
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We have now expanded previous observations to determine
that although Preumocystis-specific antibody can be found in
the lungs of pups born to immunized dams, control of infection
precedes infiltration of activated CD4™" T cells into the lungs.
However, rates of clearance of Pneumocystis organisms still
lags behind rates in adult mice, which is likely due to differ-
ences in the activation of alveolar macrophages.

MATERIALS AND METHODS

Mice and experimental design. A colony of C.B-Igh-1%ICrTac-Prkdc®¢
(SCID) mice originally obtained from Taconic (Germantown, N.Y.) was used to
maintain a source of P. carinii f. sp. muris. BALB/cAnNCr mice were obtained
from the National Cancer Institute (Frederick, Md.) and bred in the Veterans
Administration Medical Center Veterinary Medical Unit, Lexington, Ky. For
some experiments, B6D2F, hybrid mice (National Cancer Institute) were used
for breeding experiments. There was no difference in the kinetics of clearance of
Pneumocystis from B6D2F,; pups compared to that from BALB/c pups. Mice
were maintained in microisolators and had free access to sterilized food and
water. Female mice were inoculated intratracheally (i.t.) with 107 P. carinii on the
same day that they were housed with males for breeding. Dams were given a
booster inoculation of 107 organisms intranasally (i.n.) on day 15 of gestation.
Neonatal mice (24 to 72 h old) and adult controls were infected i.n. with ap-
proximately 10® Preumocystis organisms per g of body weight. Protocols for the
use of mice were approved by the local institutional animal care and use com-
mittee.

Enumeration and inoculation of P. carinii organisms. For isolation of organ-
isms for inoculation, lungs were excised from Preumocystis-infected SCID mice
and pushed through stainless steel mesh in Hanks balanced salt solution (HBSS).
Cell debris was removed by centrifugation at 100 X g for 2 min. Aliquots of lung
homogenates were spun onto glass slides, fixed in methanol, and stained with
Diff-Quik (Dade International, Miami, Fla.). Pneumocystis nuclei were counted
by microscopy. Mice to be infected were anesthetized lightly with halothane gas
and 10° to 107 Pneumocystis organisms injected either i.t. or i.n. in 10 to 100 pl
of phosphate-buffered saline (PBS), depending on the size of the mouse. For
determination of lung Preumocystis burden, right lung lobes were excised,
minced, and digested in RPMI medium supplemented with 2% fetal calf serum
and 1 mg of collagenase A and 50 U of DNase/ml for 1 h at 37°C. Digested lung
fragments were pushed through mesh screens, and aliquots were spun onto glass
slides and stained with Diff-Quik for microscopic enumeration as previously
described (16). Lung burden is expressed as log,, Pneumocystis nuclei per right
lung lobe, and the limit of detection was 3.23 log,, Preumocystis nuclei.

MADb and opsonization of Prneumocystis organisms. Sera were collected from
BALB/c mice immunized twice with i.t. inoculations of 107 Pneumocystis organ-
isms and frozen prior to use. For antibody opsonization, organisms were purified
as described above and incubated with either 200 pl of a 1:2 dilution of poly-
clonal antiserum or 200 pl of 0.5 mg of monoclonal antibody (MAb) 90-3-
4F11(G1)/ml. MAD 90-3-4F11(G1) is an isotype switch variant (immunoglobulin
G1 [IgG1]) of a MADb specific for a Pneumocystis kexin-like protein, KEX1 (11,
20). Opsonized organisms were washed to remove extraneous antibody and
adjusted for i.n. inoculation of 2 X 10° organisms per neonatal mouse.

Isolation of cells from alveolar spaces, lungs, and lymph nodes. Mice were
killed by exsanguination under deep halothane anesthesia. The lungs were la-
vaged with HBSS containing 3 mM EDTA. Bronchial alveolar lavage fluid
(BALF) from the first wash was saved for quantitation of cytokines. Lungs were
digested as described above, and an aliquot for the enumeration of Preumocystis
organisms was removed. Erythrocytes were removed from lung digests by using
a hypotonic lysing buffer, cells were washed, and single-cell suspensions were
counted. Tracheobronchial lymph nodes (TBLN) were pushed through nylon
mesh screens in HBSS and counted.

Flow cytometric analysis of lung and lymph node lymphocytes. Lung lavage,
lung digest, and TBLN cells were washed in PBS with 0.1% bovine serum
albumin and 0.02% NaN; and stained with appropriate concentrations of fluo-
rochrome-conjugated antibodies specific for murine T cells (CD4, CDS8, CD44,
and CD62L), B cells (CD19, CD80, and CD86), and macrophages (F4/80,
CDllc, CD11b, and FeyR or CD11c, CD1lc, major histocompatibility [MHC]
class II, and CD40). Antibodies were purchased from PharMingen (San Diego,
Calif.) or eBioscience (San Diego, Calif.). Expression of these molecules on the
surface of cells was determined by multiparameter flow cytometry using a FAC-
SCaliber cytofluorimeter (Becton Dickinson, Mountain View, Calif.).
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Pneumocystis-specific enzyme-linked immunosorbent assay (ELISA). Blood
was collected from the abdominal aorta under halothane anesthesia, and sera
were frozen at —80°C. Cells and debris were spun out of the first wash of BALF,
and the fluid was frozen for use later. A crude sonicate of Pneumocystis (10
png/ml) was coated onto microtiter plates for 2 h, and coated wells were blocked
with 5% dry milk in HBSS supplemented with 0.05% Tween 20 for 1 h. Test sera
were diluted 1:100, and BALF was used neat and incubated in plates overnight
(4°C). Plates were washed extensively, and bound antibody was detected by using
appropriate dilutions of alkaline phosphatase-conjugated specific antibodies (an-
ti-IgM, anti-IgG, and anti-IgA). After 4 h at 37°C, plates were washed and
developed by using p-nitrophenylphosphate (1 mg/ml) in diethanolamine buffer.
The optical density at 405 nm is reported.

Analysis of cytokine levels in BALF with CBA. The quantitation of multiple
cytokines in each sample of BALF was performed by using flow cytometry-based
cytokine bead array (CBA) kits purchased from PharMingen. An inflammation
CBA kit was used to quantitate murine interleukin-6 (IL-6), IL-10, monocyte
chemoattractant protein 1 (MCP-1), gamma interferon (IFNvy), tumor necrosis
factor alpha (TNF-a), and IL-12p70. Assays were performed according to the
manufacturer’s instructions.

Statistical analysis. Data are expressed as the means * standard deviations
(SD) for three to five mice per group. Differences between experimental groups
were determined by using Student’s ¢ tests or analysis of variance followed by
Student Neuman Kuels post-hoc test where appropriate. Differences were con-
sidered statistically significant when P was <0.05. SigmaStat statistical software
(SPSS, Inc., Chicago, Ill.) was used for all analyses.

RESULTS

Activation of alveolar macrophages is delayed in neonatal
mice compared to adults. It has previously been published that
there is a 3-week delay in the host response of mice infected
with Pneumocystis as neonates compared to the response of
mice infected as adults (8, 9, 33). To determine whether alve-
olar macrophage activation is also delayed in neonatal mice in
response to Pneumocystis, we used flow cytometry to examine
macrophage markers at various times postinfection. Mice were
infected with Pneumocystis within 72 h of birth or as adults, and
lungs were lavaged over time to examine macrophage activa-
tion with antibodies specific for CD11b, MHC class II, CD40,
and CD80. Cells were gated on large nonlymphocytes, and
expression data for CD11b are shown in Fig. 1. Interestingly,
CD11b expression was very low for the nonlymphocyte popu-
lation of cells isolated from BALF of Pneumocystis-infected
neonates at day 10 postinfection compared to that of adults
(Fig. 1). The number of nonlymphocytes that expressed CD11b
and MHC class II was nearly undetectable in the alveolar
spaces of Pneumocystis-infected neonates through 2 weeks
postinfection, whereas these cells were found in adult lungs by
day 6 (Fig. 2). Expression levels of costimulatory molecules
CD80 and CD40 were also higher on adult macrophages than
on neonatal macrophages (data not shown).

To determine whether opsonization of Prneumocystis by spe-
cific antibody contributes to the activation of alveolar macro-
phages, organisms were incubated with either immune serum
obtained from Prneumocystis-infected adult mice or with a MADb
(IgG1) specific for Pneumocystis KEX1 (11). As shown in Ta-
ble 1, opsonization of Pneumocystis with polyclonal immune
serum prior to i.n. inoculation into neonatal mice resulted in
reduced lung burden at day 10 postinfection compared to that
of mice infected either with untreated Pneumocystis or with
organisms treated with MAb. The MAb we used for opsoniza-
tion has been shown to inhibit lung Pneumocystis growth in
adult SCID mice exposed to an airborne challenge of Pneu-
mocystis by cohousing with other Pneumocystis-infected mice
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FIG. 1. Expression levels of large nonlymphocytes of CD11b and
MHC class II from alveolar spaces of Pneumocystis-infected animals
were very low at day 10 postinfection in neonatal mice compared to
those for adult mice. Mice were infected with Prneumocystis as neonates
(24 to 72 h after birth) or adults, and lungs were lavaged at day 10
postinfection to examine macrophage levels. Cells were stained with
antibodies specific for CD11c and CD11b or MHC class II, and phe-
notypes were examined by using flow cytometry. Representative his-
tograms of CD11b-positive cells (gated on CD11c™ cells) and MHC
class II-positive cells (gated on large nonlymphocytes) are shown. Cells
were gated for large nonlymphoid cells by using forward and side light
scatter. Controls included BALF cells from uninfected neonates or
adults. Data are representative of results for three to five mice per
group.
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(11). These antibodies were unable to control organism growth
in neonatal mice when used as opsonins prior to infection.
However, when infused directly into the lungs of Pneumocystis-
infected infant mice, the anti-KEX1 MAb was able to control
the lung burden compared to mice given control antibody even
though use of the MAb did not result in complete clearance of
the organisms (data not shown). Even though serum opsoniza-
tion of Pneumocystis organisms prior to inoculation resulted in
reduced lung burden, there did not appear to be a difference in
the expression levels of CD11b and MHC class II on alveolar
nonlymphocytes isolated 10 days postinfection (Fig. 3).
Maternal antibody penetrates to the lungs and facilitates
clearance of Prneumocystis. It was previously shown that immu-
nization of dams resulted in enhanced clearance kinetics of
Pneumocystis in infant mice (8, 9) (Fig. 4A). Mice born to naive
dams do not control infection until after 4 weeks, whereas mice
from immunized dams are able to control growth of Prneumo-
cystis for 3 weeks and clear much of the lung burden by 4 weeks
(Fig. 4A). However, as seen in Fig. 4, the kinetics of clearance
of infant mice born to immunized dams (Fig. 4A) were not
significantly different, and were even slower, than those of
adult mice undergoing a primary response (Fig. 4B). To de-
termine when maternal antibody appeared in the lungs of
infant mice, Pneumocystis-specific ELISAs were performed
with BALF isolated from mice born to immunized or naive
dams. Pneumocystis-specific IgG in both BALF and serum was
at the limit of detection at days 6, 14, and 21 postinfection in
pups born to naive dams, whereas significant amounts of spe-
cific IgG were found in the lungs of mice born to immunized
dams between days 6 and 14 postinfection (Fig. 5). Moreover,
these levels were increased at day 21 postinfection (Fig. 5) and
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FIG. 2. Numbers of nonlymphoid cells expressing CD11b and MHC
class II in the alveolar spaces of Pneumocystis-infected neonates were
significantly lower than those in adult lungs through 2 weeks postinfection.
Mice were infected with Pneumocystis as neonates (24 to 72 h after birth)
or adults. Control mice received HBSS vehicle. Lungs were lavaged at the
indicated time points, cells were stained with antibodies specific for
CD11b and MHC class II, and cells were examined by using flow cytom-
etry. Cells were gated on large nonlymphocytes, and the numbers of cells
expressing (A) CD11b and (B) MHC class II were counted. Data repre-
sent the means = SD for three to five mice per group. *, P < 0.05
compared to all other groups at the same time point.

at later time points when CD4 T cells had infiltrated the lungs
(reference 8 and data not shown). Together, these data indi-
cate that the presence of Pneumocystis-specific IgG in the lungs
of infected neonatal mice expedites clearance of infection such

TABLE 1. Effects of opsonization of Pneumocystis prior to
inoculation on clearance of organisms from neonatal lungs”

Log, Pneumocystis

Treatment group nuclei/lungs®

Uninfected (CONLIOl) ...c.oececeeeniceerninecerenecreeneneenes <3.23, <3.23, <3.23¢
Unopsonized Preumocystis............ ....5.80, 5.64, 5.82
Immune serum-treated Prneumocystis. 5.07, 5.23, 5.18, 5.21¢
MAD 4F11(G1)-treated Preumocystis .................. 5.89, 5.80, 5.40

“ Neonatal mice were given i.n. inoculations of PBS or Pneumocystis organisms
that were preincubated with polyclonal immune serum or KEX1-specific MAb.
The numbers of organisms per lungs were detected microscopically at day 10
postinfection.

? Organism burden (expressed as log,, Preumocystis nuclei per lungs) for
individual mice from a single experiment are shown. Note that the limit of
detection is 3.23 log,, Pneumocystis nuclei.

¢ P < 0.05 compared to all other groups.
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FIG. 3. No difference was observed in the expression of MHC class
II, CD40, and CD11b on alveolar lymphocytes isolated 10 days postin-
fection in mice treated with opsonized Preumocystis (PC). Neonatal
mice were infected with unopsonized Pneumocystis or organisms were
pretreated with polyclonal antiserum or MAb 4F11(G1). A control
group was uninfected. Lung lavage cells were stained with antibodies
specific for MHC class II, CD40, or CD11b, and the phenotypes of
large nonlymphoid cells were determined by flow cytometry. Data are
histograms of nonlymphoid gated cells from individual mice at day 10
postinfection and are representative of results from three to four mice

per group.

that the kinetics are similar to those of the primary response in
adult mice.

To determine whether antibody acquired from dams leaked
into the lungs as a result of lung injury, we measured albumin
in BALF. There was very little albumin found in the lungs of
mice from any of the experimental groups (data not shown).
Mice born to immunized dams consistently had reduced levels
of albumin in the lungs compared to those of pups born to
naive dams; however, all groups maintained between 11 and 15
pg of albumin/ml through day 27 postinfection. Notably, we
found that the levels of albumin in the lungs of uninfected pups
or adults were on average around 12 pg/ml of BALF (data not
shown). It was previously shown that BALF albumin levels can
be 100 pg/ml or higher in Pneumocystis-infected mice that were
depleted of CD4™" T cells and that had significant respiratory
impairment as evidenced by significant changes in levels of
arterial partial O, and partial CO, pressure (34). These data
indicate that there was no significant vascular leak into the
lungs of Pneumocystis-infected infant mice.

Control of Pneumocystis infection occurred in mice from
immunized dams in the absence of significant inflammation in
the lungs. It was previously found that the delay in Prneumo-
cystis clearance in mice infected as neonates was associated
with an inflammatory response that developed a full 2 weeks
later than did the response in adult mice challenged with Preu-
mocystis (8, 9). To determine whether the presence of specific
antibody in the lungs resulted in enhanced inflammation, we
examined the cellular responses in mice born to either immu-
nized or naive dams and infected with Pneumocystis as neo-
nates. The total number of cells isolated by bronchoalveolar
lavage was either the same or, at day 28, less in the pups born
to immune dams than that of pups born to naive dams (data
not shown). Similar results were found for the total number of
CD4" and CD8™ cells infiltrating the alveolar space (data not
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FIG. 4. Control of Pneumocystis infection in neonates is expedited

in the presence of maternal antibody; however, it still lags behind
clearance in adult mice. (A) Adult female mice were challenged with
i.t. inoculations of Pneumocystis (PC) on the day they were placed into
cages with males for breeding. They were given a boost at day 16 of
gestation. Control dams were inoculated with PBS. Neonatal mice
were infected with Pneumocystis within 72 h of birth, and lung burden
was determined at the indicated time points. Data are expressed as the
means * SD for four to five mice per group. *, P < 0.05 compared to
pups from immunized dams. (B) Adult and neonatal mice were given
i.n. inoculations of Prneumocystis (PC), and the numbers of organisms
were detected microscopically over time. Control mice were given
inoculations of PBS. Data represent the means * SD for four to five
mice per group. *, P < 0.05 compared to infected pups.

shown). Moreover, the number of CD4" and CD8™" cells with
an activated phenotype (CD44" CD62L') followed the same
trend as did total cells and total T cells (Fig. 6). Likewise, the
numbers of CD19" B cells found in lung tissue were either
similar in the two groups of mice or were lower in the lungs of
mice born to immune dams than those of pups born to naive
dams. The kinetics of infiltration of CD4" T cells into the
alveolar spaces lagged behind clearance of Pneumocystis in the
mice born to immune dams (Fig. 4 and 6). Together, these data
indicate that control of Pneumocystis infection did not corre-
spond to infiltration of lymphocytes into the lungs of mice born
to immune dams but rather corresponded to the presence of
specific antibody.

Since opsonization of Prneumocystis and phagocytosis could
lead to activation of macrophages, we used flow cytometry to
examine the phenotype of alveolar macrophages of pups born
to immune dams compared to that of immunized adults. The
phenotype of alveolar macrophages is unique in that they all
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FIG. 5. Pups born to immunized dams had significant levels of
Pneumocystis-specific IgG in the serum and BALF. Dams were given
i.t. inoculations of Pneumocystis on the day of breeding and boosted
with in. inoculums on day 16 of gestation. Control dams received
inoculations of PBS. Pups in both groups were given i.n. inoculations
of Pneumocystis within 72 h of birth. ELISAs were performed on
BALF and serum collected from pups in each group to determine the
level Pneumocystis-specific (A, B) IgG or (C) IgA present. Data are
expressed as the optical density at 405 nm. BALF samples were undi-
luted and serum samples were diluted 1:100 for the ELISA assay. Data
represent the means = SD for four to five mice per group. *, P < 0.05
compared to pups from naive dams.

express CD1l1c, a molecule usually associated with dendritic
cells (14). To examine the presence of macrophages in the
BALF of pups and adults infected with Preumocystis, cells
were gated on large, granular cells by forward and side light
scatter and then on CD11c* cells as shown in Fig. 7A. Pneu-
mocystis-infected naive adult mice had both CD1l1c-positive
and -negative populations in the BALF (Fig. 7A). The CD11c™
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FIG. 6. No differences in the number of activated CD4* and CD8*
or B cells in the lungs or draining lymph nodes were observed between
pups born to either immunized or naive dams. Dams were given i.t.
inoculations of Pneumocystis on the day of breeding and boosted with
i.n. inoculums on day 16 of gestation. Control dams received inocula-
tions of PBS. Pups in both groups were then given i.n. inoculations of
Pneumocystis within 72 h of birth. Activated T cells in the BALF (A, B)
and B cells in the TBLN (C) and digested lung tissue (D) were deter-
mined by using fluorochrome-labeled antibodies specific for CD4,
CDS8, CD62L, CD19, and CD80 and flow cytometry at days 6, 14, 21,
28, and 35. Data represent the means = SD for three to five mice per

group.

cells were likely neutrophils since they were also mostly
CD11b" and F4/80 (reference 14 and data not shown). Dif-
ferential counts of BALF cells confirmed a large proportion of
neutrophils in pup lungs between 2 and 4 weeks postinfection.
Interestingly, pups from either naive or immune dams had a
single CD11c¢™ population of large cells in the BALF at days 5
and 12 postinfection, whereas naive adults had this CD11c™
CD11b" F4/80~ population in BALF as early as day 5 postin-
fection. In contrast, these cells were not found in any appre-
ciable amount in the BALF of immunized adults over the
course of the experiment (data not shown).

When the expression levels of CD11b and F4/80 were ex-
amined (both putative macrophage markers) on the CD11c™
cells, we found that almost all of the cells were also positive for
F4/80; however, very few of these cells isolated from BALF of
pups were positive for CD11b at early time points postinfection
(Fig. 7A). In the adult mice, there was a significant population
of cells that were CD11c" F4/80" CD11b™", whereas this cell
population was very small in the lungs of mice infected as
neonates at any of the time points examined (Fig. 7A and C).
There were significantly more F4/80" CD11c" alveolar mac-
rophages in the lungs of Prneumocystis-infected adult mice than
in neonates (data not shown); however, the proportion of cells
that were F4/80" CD11c" was greater in the pups over the first
3 weeks postinfection due to the lack of a lymphocytic response
to infection. Interestingly, previous immunization status did
not significantly alter the numbers or proportions of these cells
isolated from BALF of pups; however, a greater proportion of
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FIG. 7. The phenotype of alveolar macrophages was not changed in pups born to immune dams versus naive dams over time. Dams were given
i.t. inoculations of Pneumocystis on the day of breeding and boosted with i.n. inoculums on day 16 of gestation. Control dams received inoculations
of PBS. Pups in both groups were then given i.n. inoculations of Pneumocystis within 72 h of birth. BALF was collected at the indicated time points
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compared to immunized adults at the same time point.

BALF cells were F4/80" CD11c* CD11b™ in the immunized
adult lungs than in naive adult lungs (Fig. 7B). Interestingly,
the presence of maternal antibody did not result in changes in
CD11b expression on neonatal alveolar macrophages (Fig.
7C). In contrast, in previously immunized adult lungs, there
were reduced numbers of CD11b™" alveolar macrophages com-
pared to those in Prneumocystis-infected naive adults (Fig. 7C).

The clearance of organisms by opsonophagocytosis is depen-
dent on receptors for opsonins. As reported above, we found
that the aM integrin chain for complement receptor 3, CD11b,
is expressed on a reduced proportion of pup alveolar macro-
phages compared to adults. Since opsonization of Pneumocystis
organisms by specific antibody resulted in the control of or-
ganism growth, we examined Fcy receptor expression in mice
infected as neonates compared to that in uninfected mice. As
shown in Fig. 8B, all F4/80" alveolar macrophages isolated
from pups express FcyR on their surface. However, this pat-
tern changes after day 14 of infection with Prneumocystis. In-
terestingly, alveolar macrophages expressing FcyR both down-
regulate FcyR expression and upregulate CD11b expression by
day 21 postinfection (Fig. 8B). The proportion of cells in the
BALF that express F4/80, CD11b, and FcyR increases signif-
icantly at day 21 postinfection in pups (Fig. 8A), whereas there

is a significant increase in this population between days 5 and
10 postinfection in adult mice (data not shown). A similar
pattern of expression was seen with MHC class II expression in
that same experiment (Fig. 8C and D).

It was previously reported that the delayed clearance of
Pneumocystis infection seen in mice infected as neonates cor-
responds to delayed upregulation of proinflammatory cyto-
kines and chemokines (9, 33). Surprisingly, there was no dif-
ference in the concentrations of TNF-«, IFNy, MCP-1, and
IL-6 in the BALF of Pneumocystis-infected pups from immu-
nized dams compared to those of pups born to naive dams
through day 19 postinfection (Fig. 9). By day 27, TNF-a and
MCP-1 levels in the BALF of pups from naive dams had
increased significantly above those of BALF of pups from
immunized dams (Fig. 9A and B). Consistent with mRNA
expression in the lungs (references 9 and 33 and data not
shown), there was a significant delay in the appearance of
TNF-«, IFNvy, MCP-1, and IL-6 protein in the BALF of Preu-
mocystis-infected pups born to naive dams compared to in-
fected naive adults (Fig. 9). Interestingly, cytokine levels re-
mained very low in the BALF of previously immunized adults
even though Pneumocystis lung burden was approximately 30-
fold lower in the immune adults (4.0 = 0.5) than in the naive
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*, P < 0.05 compared to pups at the same time point.

adults (log,, Pneumocystis nuclei, 5.6 = 0.5) at day 12 postin-
fection. Together, these data indicate that Pneumocystis clear-
ance from either neonatal or adult lungs in the presence of
specific antibody takes place without stimulating significant
cytokine or chemokine production in the alveolar spaces.

DISCUSSION

Clearance of Pneumocystis is reliant on CD4" T cells as well
as B cells, (16, 24); however, the effector cells required for
killing and clearance of the organisms are likely alveolar mac-
rophages (23). It was previously shown that infiltration of
CD4™ T cells into the lungs of Pneumocystis-infected neonates
is considerably delayed compared to adults (8). Likewise, it was
shown that Pneumocystis-specific serum immunoglobulin does
not appear until 4 to 5 weeks postinfection in mice infected as
neonates (8). Here, we have shown that alveolar macrophage
activation is also delayed in Preumocystis-infected neonates
compared to adults. Additionally, we found that rather than
stimulating activation of alveolar macrophages, the opsoniza-
tion of organisms by specific antibody resulted in decreased
expression of activation markers on neonatal alveolar macro-
phages as well as reduced levels of cytokines associated with
macrophage activation. These data suggest that neonatal alve-
olar macrophages are unresponsive to Pneumocystis as mea-
sured by activation markers and cytokines; however, opsoniza-
tion did result in faster clearance kinetics of the organisms.

Specific immunoglobulin can facilitate clearance of Pneumo-
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FIG. 9. No differences in the concentrations of inflammatory cyto-
kines were seen in BALF of Prneumocystis-infected pups born to naive
dams compared to those seen in pups born to immune dams through
day 19 postinfection. Dams were given i.t. inoculations of Preumocystis
on the day of breeding and boosted with i.n. inoculums on day 16 of
gestation. Control dams received inoculations of PBS. Pups in both
groups were then given i.n. inoculations of P. carinii within 72 h of
birth. BALF was collected from pups from immunized and naive dams
and from immunized and naive adult mice. TNF-a, IFNvy, MCP-1, and
IL-6 (panels A, B, C, and D, respectively) concentrations were deter-
mined by flow cytometry using cytometric bead arrays. Data represent
the means = SD for four to five mice per group. *, P < 0.05 compared
to all other groups at the same time point, **, P < 0.05 compared to
adult groups at the same time point.
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cystis, presumably by opsonizing the organisms and targeting
them for phagocytosis and killing. However, we show here that
neonatal mice fail to mount B-cell responses to Prneumocystis
before the age of weaning. It was previously reported that
passive transfer of maternal antibody can facilitate clearance of
Pneumocystis (8). Clearance from neonatal mice born to im-
munized dams occurred prior to significant infiltration of
CD4™" T cells into the lungs. This clearance is surprising in that
the kinetics are very similar to those of naive adult mice chal-
lenged with Pneumocystis. It has been reported that in some
animal models, alveolar macrophage function, including
phagocytosis, is impaired in neonates (19, 27). However, other
studies have shown that neonatal alveolar macrophages are
even more phagocytic than adult cells but that the production
of reactive nitrogen and oxygen intermediates by neonatal al-
veolar macrophages is impaired (21, 22, 37). This contradictory
data may have to do with the infectious agent or assays used.
Although there are very little data regarding the function of
neonatal macrophages in the defense of fungal pathogens, it
has been reported that cord blood-derived macrophages were
as capable of phagocytosing and killing serum-opsonized Can-
dida albicans isolates as were macrophages derived from adult
peripheral blood (25). Our data suggest that there is a devel-
opmental lag in the function of alveolar macrophages in regard
to the phagocytosing and killing of Prneumocystis as well as in
stimulating an inflammatory response. This lag occurs in re-
gard to unopsonized phagocytosis as well as antibody-opso-
nized phagocytosis.

One possible reason for the lag in killing of opsonized Preu-
mocystis by neonatal alveolar macrophages is that they are
deficient in the expression of Fcy receptors, as has been re-
ported for human infants during the first week of life (18). In
this regard, we have found that adult mice that are deficient in
Fey receptors I and III have delayed Pneumocystis clearance
kinetics compared to wild-type mice (24). However, we found
that expression levels of FcyR were similar in alveolar macro-
phages isolated from adult and neonatal mice. Interestingly, it
has recently been suggested that granulocyte-macrophage col-
ony-stimulating factor is important in regulating Fcy receptor-
mediated opsonophagocytosis by stimulating IL-18 or IL-12
production by pathogen-stimulated murine alveolar macro-
phages (5). There are preliminary data that indicate that there
is reduced granulocyte-macrophage colony-stimulating factor
mRNA expression as well as reduced protein levels in the lungs
of Pneumocystis-infected neonates compared to those in the
lungs of adults, which may contribute to the inability of neo-
natal mice to clear opsonized Pneumocystis more quickly
(M. H. Qureshi and B. A. Garvy, unpublished data). Another
possibility is that neonatal alveolar macrophages require
strong costimulation which is missing in the neonatal lung
environment. Consistent with this notion, it was previously
found that there is a significant delay in the production of
TNF-a and IFNy in the lungs of Pneumocystis-infected neo-
nates compared to that in lungs of adults (9).

Interestingly, we found that the enhanced clearance seen in
neonates born to immunized dams compared to that seen in
pups born to naive dams was not a result of the activation of
alveolar macrophages resulting in inflammation. We found
that control of Pneumocystis occurred without causing in-
creased production of proinflammatory cytokines and without
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causing significantly increased expression of macrophage acti-
vation markers, particularly CD11b (CR3) and MHC class II.
This finding is in contrast to the studies that indicate that the
cross-linking of Fcy receptors on macrophages results in sig-
naling through mitogen-activated protein kinase and TNF-a
production (17, 35). However, the lack of inflammation in mice
with passive antibody is consistent with the notion that anti-
body responses can either enhance or reduce inflammation
depending on the interactions with cell-mediated immunity
and with the organisms (6). Passive antibody has been shown to
decrease airway inflammation in a murine model of respiratory
syncytial virus infection (28) and prolong survival of mice in-
fected with Cryptococcus neoformans by changing the charac-
teristics and intensity of the pulmonary cellular and cytokine
response (7). One explanation for the lack of generation of an
inflammatory response to Pneumocystis in neonatal mice might
be that there is likely transforming growth factor 8 present in
the postnatally developing lungs (33), which has been shown to
inhibit Fcy receptor signaling in murine macrophages (35).
However, a direct connection in this regard has not been
proven.

Opsonization of Pneumocystis by polyclonal antiserum prior
to inoculation into neonates resulted in a significant reduction
in the number of organisms in neonatal lungs compared to the
number of organisms in mice that were infected with either
unopsonized organisms or organisms opsonized with a MAb
specific for KEX1. The 4F11(G1) MAD has been previously
shown to be protective against an airborne challenge of Pneu-
mocystis infection in mice when infused in. into the lungs of
adult SCID mice (11, 20). Using a modified protocol, we found
that i.n. inoculations of MAD three times a week into neonatal
mice controlled the organism burden compared to mice receiv-
ing isotype-matched control antibody (data not shown) but did
not result in complete clearance. This was a different strategy
than that used for adult SCID mice in which the MADb was used
as prophylaxis against naturally acquired infection when in-
fused i.n. (11, 20). However, we were surprised that opsoniza-
tion of organisms with MAb did not result in control of infec-
tion, whereas a polyclonal antiserum caused a fourfold
reduction in the number of organisms as early as day 10 postin-
fection (Table 1). One possible explanation for this finding is
that murine IgGl, the isotype of the MAb, does not bind
complement as efficiently as the other isotypes in polyclonal
serum. Although C3-deficient mice are not susceptible to
Pneumocystis infection (24), polyclonal antiserum likely bound
complement, which may have contributed to the efficiency of
clearance by macrophages. Another possible explanation is
that the amount of antibody that coated the surface of the
organism was significantly reduced in the 4F11(G1) opsonized
group, resulting in reduced cross-linking of Fcy receptors. This
could occur if KEX1 is expressed at low levels compared to
gpA, the immunodominant glycoprotein, expressed on Pneu-
mocystis. It is likely that much of the specificity in the poly-
clonal antiserum was to gpA and several other known epitopes
making opsonization more efficient. If the polyclonal antisera
were more efficient at stimulating phagocytosis, we could not
detect this by examining the phenotype of alveolar macro-
phages. There was no difference in expression levels of MHC
class II, CD11b, and CD40 on alveolar macrophages in neo-
nates infected with Pneumocystis opsonized with polyclonal
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antiserum compared with those of neonates infected with ei-
ther unopsonized organisms or organisms opsonized with MAb
4F11(G1). This finding could be due to direct effects of poly-
clonal antibody on the organisms, as has been shown for other
organisms including C. neoformans (38), a possibility that can-
not be ruled out by our data.

Together, the data presented here indicate that specific an-
tibody has an important role in the clearance of Pneumocystis
from the lungs of mice infected as neonates. Passive transfer of
specific antibody might be a reasonable strategy for treating
infants with P. carinii pneumonia. However, it appears that
alveolar macrophage function develops over time in newborn
mice and that it takes several weeks until alveolar macrophages
efficiently phagocytose and kill opsonized Prneumocystis organ-
isms. Interestingly, alveolar macrophages in young mice that
do phagocytose Pneumocystis do not appear to become fully
activated, in that they do not express activation markers or
produce proinflammatory cytokines to the same degree as
adult alveolar macrophages do. We speculate that this ability
to quietly control Prneumocystis infection in the neonatal lung
may be an important factor in protecting the postnatally de-
veloping lungs from immune-mediated damage.
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