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Severe combined immunodeficient (SCID) mice lack functional lymphocytes and therefore develop Pneu-
mocystis carinii pneumonia. However, when infected SCID mice are immunologically reconstituted with con-
genic spleen cells, a protective inflammatory cascade is initiated. Proinflammatory cytokines are produced, and
lymphocytes and macrophages are recruited specifically to alveolar sites of infection. Importantly, uninfected
regions of the lung remain free from inflammatory involvement, suggesting that there are specific mechanisms
that limit inflammation in the infected lung. Therefore, to determine whether chemokines are involved in
targeting the P. carinii-driven inflammatory response, steady-state mRNA levels of several chemokines were
measured in the lungs of both reconstituted and nonreconstituted P. carinii-infected SCID mice. Despite
significant organism burdens in the lungs of 8- and 10-week-old SCID mice, there was no evidence of elevated
chemokine gene expression, which is consistent with the lack of an inflammatory response in these animals.
However, when 8-week-old infected SCID mice were immunologically reconstituted, signs of focal pulmonary
inflammation were observed, and levels of RANTES, MCP-1, lymphotactin, MIP-1a, MIP-1b, and MIP-2
mRNAs were all significantly elevated. Chemokine mRNA abundance was elevated at day 10 postreconstitution
(PR), was maximal at day 12 PR, and returned to baseline by day 22 PR. In situ hybridization demonstrated
that during the peak of inflammation, RANTES gene expression was localized to sites of inflammatory cell
infiltration and P. carinii infection. Thus, these observations indicate that chemokines play a role in the focal
targeting of inflammatory cell recruitment to sites of P. carinii infection after the passive transfer of lympho-
cytes to the host.

Pneumocystis carinii is an opportunistic pulmonary pathogen
that causes life-threatening pneumonia in patients suffering
from a variety of immunocompromising conditions, including
AIDS (34, 46). Despite the dramatic increase in prevalence of
P. carinii pneumonia (PCP) during the past 25 years, the spe-
cific mechanisms of pulmonary defense contributing to host
resistance against this organism remain vaguely understood.
The SCID mouse model of PCP has provided a valuable tool
for defining specific lymphocyte populations and host factors
that are critical for resistance (7, 35). SCID mice lack func-
tional CD41 T lymphocytes and therefore develop noticeable
P. carinii infections by 3 weeks of age. Initially, focal infection
of scattered alveoli distal to the terminal airways is observed.
Despite the presence of functional macrophages and granulo-
cytes, the infection progresses with minimal host response
against the organism (7). However, if infected SCID mice are
immunologically reconstituted with congenic spleen cells or
fractionated CD41 T lymphocytes, they mount an intense pul-
monary inflammatory response and resolve the infection (7,
36). This P. carinii-driven inflammatory response is dependent
on CD41 T lymphocytes (36), interleukin-1 (IL-1) (8), and
tumor necrosis factor alpha (TNF-a) (9) and is characterized
by the expression of proinflammatory cytokines and the accu-
mulation of T lymphocytes and activated macrophages in the
lung (7, 47). Recently we have reported that inflammatory cell
recruitment is specifically targeted to alveolar sites of P. carinii

infection, while uninfected alveoli remain free from inflamma-
tion (47). Thus, signals generated at sites of P. carinii-epithelial
cell interactions must function to initiate a focal inflammatory
response.

Differential recruitment of appropriate inflammatory cell
populations is an important initial step in the host defense
against pulmonary infections of bacterial (12), fungal (16), and
viral (39) origin. Recent studies have identified a growing su-
perfamily of chemotactic peptides, termed chemokines, which
play a role in the recruitment and activation of specific leuko-
cyte populations (1). These molecules have been implicated in
the initiation and amplification of a variety of pulmonary in-
flammatory responses, including those associated with infec-
tion (41), inhaled toxicants (10), irradiation (18), and autoim-
mune disorders (32). The chemokines have been subdivided
into three classes based on target cell specificity and the orga-
nization of the conserved N-terminal cysteine motif (1, 14).
The C-X-C or a chemokines include IL-8, macrophage inflam-
matory protein 2 (MIP-2), and interferon-inducible protein 10
(IP-10) and are generally chemoattractant for neutrophils, but
not monocytes. The C-C or b chemokines include RANTES
(regulated on activation normal T cell expressed and secreted),
monocyte chemotactic protein 1 (MCP-1), T-cell activation
gene 3 (TCA3), macrophage inflammatory proteins 1a and 1b
(MIP-1a and -1b), and are generally chemoattractant for
monocytes and certain lymphocyte subsets, but not neutro-
phils. Additionally, the one recently characterized C chemo-
kine, lymphotactin, is apparently a potent chemoattractant for
T lymphocytes (19). Thus, depending upon the nature of the
injury and the cell types injured, a specific type of inflammatory
response may be mounted based on which chemokines are
secreted at the site of insult.
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The focal, cell-specific nature of the P. carinii-driven inflam-
matory response in reconstituted SCID mice suggests that che-
mokines may play a role in this model of pulmonary inflam-
mation. In particular, the C-C or b chemokines are attractive
candidates for mediating P. carinii-induced inflammatory cell
recruitment, because this infection is associated with a pre-
dominantly mononuclear cell infiltration (21). Certain b che-
mokines are chemoattractant for CD41 T lymphocytes and
monocytes/macrophages, the main cellular infiltrates in the
lungs of reconstituted SCID mice (1). b chemokines can be
secreted by alveolar epithelial cells (20, 30), macrophages (6,
25), and CD41 T lymphocytes (38), three cell populations that
interact with P. carinii in the lung. Finally, b chemokine ex-
pression and secretion by alveolar epithelial cells and macro-
phages is upregulated in response to IL-1 and TNF-a stimu-
lation, proinflammatory cytokines that are required for
induction of the P. carinii-driven inflammatory response in
reconstituted SCID mice (6, 20, 25, 40). Therefore, pulmonary
chemokine expression in P. carinii-infected SCID mice was
examined before and after the passive transfer of critical CD41

T lymphocytes to the host.

MATERIALS AND METHODS

Animals. Male CB.171/1 and CB.17 scid/scid mice were obtained from a
colony at the Trudeau Institute Animal Breeding Facility (Saranac Lake, N.Y.).
The mice were bred and housed in microisolator cages and were free of common
murine pathogens. The foundation stock was originally obtained from Leonard
Schultz of The Jackson Laboratory (Bar Harbor, Maine). In order to induce
infection, 3-week-old SCID mice were cohoused with P. carinii-infected SCID
mice for 5 weeks. At 8 weeks of age, 30 P. carinii-infected SCID mice were
immunologically reconstituted as previously described (8). Briefly, spleens were
asceptically removed from 6-week-old male CB.171/1 donor mice, gently pushed
through stainless steel screens into Hanks balanced salt solution, and then trit-
urated with a Pasteur pipette. The cells were washed twice with phosphate-
buffered saline (pH 7.2), counted, and then resuspended in phosphate-buffered
saline at a concentration of 3.5 3 107 splenocytes/ml. P. carinii-infected SCID
mice were reconstituted with a 1-ml tail vein injection of the cell suspension.

Lung tissue preparation. At predetermined time points, mice were sacrificed
by cervical dislocation. The chest cavity and surrounding connective tissue were
cut open to expose the lungs and trachea. The lower left lung lobe was tied off
at the bronchial airway with surgical string and then removed with sterile scissors.
The isolated lung tissue was immediately quick-frozen in liquid nitrogen and
stored at 280°C for subsequent RNA isolation. For tissue fixation, a 20-gauge, 1
1/4 in. intravenous catheter unit was then inserted into the trachea and tied in
place with surgical string. The lungs were inflated with 30-cm gravity flow pres-
sure of 2% gluteraldehyde–100 mM cacodylic acid fixative (Sigma, St. Louis,
Mo.). The lungs were fixed for 10 min under gravity flow pressure and then
removed from the animal and placed in fixative for 16 h at 4°C. The lungs were
stored at 4°C in 100 mM cacodylic acid, pH 7.4. Prior to embedding, the fixed
lungs were dehydrated in sequential 15-min washes of 30, 50, 70, 80, 90, 95, and
99% ethanol. At this time the lower right lung lobe of each animal was removed,
snapped into a tissue cassette, and then placed in xylene. Each lung lobe was
embedded in parafin, and 4-mm-thick sections were cut from the tissue blocks.

RPA. Total RNA was isolated from lung tissue with TRIzol reagent (Life
Technologies, Grand Island, N.Y.) according to the manufacturer’s instructions.
Each frozen lung lobe (50 to 100 mg) was homogenized in 1 ml of TRIzol
reagent. Each final RNA pellet was resuspended in 50 ml of diethylpyrocarbon-
ate-treated water. The RNA concentration and purity were quantified with the
GeneQuant RNA/DNA calculator (Pharmacia Biotech, Piscataway, N.J.). Quan-
titation of steady-state cytokine mRNA levels was performed by a previously
described multicytokine RNase protection assay (RPA) (15, 47). The mCK-5
template set (PharMingen) was used to transcribe radiolabelled, antisense ribo-
probes for murine lymphotactin, RANTES, eotaxin, MIP-1b, MIP-1a, MIP-2,
IP-10, MCP-1, TCA-3, the murine ribosomal protein L32, and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). The protected RNA duplexes were pu-
rified by phenol-chloroform extraction and ethanol precipitation, and the pellets
were resuspended in 5-ml portions of RPA loading buffer (80% formamide, 0.53
TBE [Tris-borate-EDTA], 0.05% bromphenol blue [Sigma]). The protected,
radiolabelled RNA fragments were electrophoresed on a 5% acrylamide–8 M
urea sequencing gel, and the dried gel was used to expose X-AR film (Kodak,
Rochester, N.Y.). For quantitation, the dried gels were placed against Phosphor-
Imager screens (Molecular Dynamics, Sunnyvale, Calif.). The intensity of each
specific chemokine band was measured with a computer-linked PhosphorImager
and ImageQuant software (Molecular Dynamics). To correct for RNA loading,
each intensity score was normalized to the intensity of hybridization for the L32
gene. A one-way analysis of variance was performed with the SigmaStat 2.0

software (Jandel, San Rafael, Calif.) to determine the confidence intervals of
observed variations in chemokine mRNA levels in the experimental animals. The
Student-Newmann-Keuls method was used for all pairwise multiple comparisons
of experimental groups.

In situ hybridization. A cDNA clone for murine RANTES was obtained from
E. G. Neilson at the University of Pennsylvania, Philadelphia (28). The RANTES
cDNA was subcloned into the plasmid vector pBluescript II SK1 (Stratagene, La
Jolla, Calif.) for the in vitro transcription of RNA (27). Sense and antisense
orientations were confirmed by DNA sequencing. RANTES antisense RNA was
transcribed from 1 mg of linearized plasmid template by the procedure described
above. Full-length transcripts for RANTES were approximately 0.5 kb long.
Prior to hybridization, limited alkaline hydrolysis was performed to create ribo-
probes ranging in length from 0.1 to 0.3 kb. Hydrolyzed transcripts were sized by
denaturing agarose gel electrophoresis.

Tissue sections were treated by the method of Angerer et al. (2) with modi-
fications. In situ hybridization was performed as previously described (47). Slides
were counterstained with hematoxylin and eosin to visualize lung architecture.
After photodocumentation of the in situ hybridization slides, the coverslips were
removed by xylene treatment. The slides were then subjected to Gomori’s methe-
namine silver staining with fast green counterstain to visualize P. carinii organ-
isms. Microscope coordinates were recorded for all photographs taken, and
identical lung regions were examined for hybridization signal and P. carinii
infection.

RESULTS

Pulmonary chemokine gene expression in SCID mice.
Groups of three P. carinii-infected SCID mice were sacrificed
at 8, 10, and 13 weeks of age. In addition, three pathogen-free
SCID mice were sacrificed as controls. Lung sections from
these animals were stained with Gomori’s methenamine silver.
The control animals were found to be free of infection, while
the exposed animals demonstrated increasing P. carinii infec-
tion with increasing age (data not shown). To determine
whether P. carinii infection induces elevated pulmonary che-
mokine expression in the absence of CD41 T cells, steady-state
levels of chemokine mRNAs were measured in these SCID
mice by a RPA (Fig. 1). Despite the presence of P. carinii
organisms in the lungs of 8-, 10-, and 13-week-old SCID mice,
there was no statistically significant increase in the steady-state
mRNA levels of any of the chemokines measured (Table 1).
However, the mRNA levels for RANTES (2.4-fold), MIP-1a
(2.4-fold), and MIP-2 (3.2-fold) were elevated in 13-week-old
P. carinii-infected SCID mice compared to those in the P.
carinii-free SCID controls (Table 1). These increases did not
reach statistical significance at this sample size but may be
relevant observations (Table 1). Furthermore, it appears that
RANTES mRNA levels were elevated in the lungs of 10-week-
old SCID mice (Fig. 1). However, when the mean RANTES
mRNA levels of three mice at this time point were normalized
to L32 mRNA levels, there was no difference between the
control and experimental group (Table 1).

Pulmonary chemokine expression in immunologically re-
constituted P. carinii-infected SCID mice. P. carinii-infected,
8-week-old SCID mice were immunologically reconstituted
with a single tail vein injection of unfractionated, congenic
spleen cells from an immunocompetent donor animal. Groups
of three mice were sacrificed at 3, 4, 5, 7, 10, 12, 15, 18, 22, and
27 days postreconstitution (PR). In addition, P. carinii-free
SCID mice were also immunologically reconstituted to study
the effects of reconstitution alone on chemokine expression.
Gomori’s methenamine silver staining of infected mice dem-
onstrated a moderate P. carinii infection up to 12 days PR, but
no organisms were detected at days 22 and 27 PR (data not
shown). To determine whether chemokines played a role in
inflammatory cell recruitment and the resolution of P. carinii
infection in reconstituted SCID mice, RPAs were performed
on RNA isolated from the lungs of these mice (Fig. 2). No
significant changes in the mRNA levels of any of the chemo-
kines assayed were observed prior to day 10 PR. However,
levels of RANTES, MCP-1, MIP-1b, MIP-1a, and MIP-2
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mRNAs were all elevated at day 10 PR, was maximal at day 12
PR, and returned to control levels by day 22 PR when the P.
carinii organisms had been cleared (Fig. 2 and Table 2). Lym-
photactin mRNA levels were not elevated at day 10 PR but
were significantly elevated at days 12 and 15 PR. MCP-1,
MIP-1a, MIP-1b, and MIP-2 mRNA levels were increased
approximately fivefold, and RANTES and lymphotactin levels
were increased approximately threefold over control mRNA
levels at day 12 PR (Table 2). In contrast, at 12 days PR, the
immunologically reconstituted P. carinii-free SCID mice dem-
onstrated no significant increases in the pulmonary expression
of any of the chemokines studied. A comparison of chemokine

mRNA expression profiles in immunologically reconstituted
and nonreconstituted P. carinii-infected SCID mice was de-
picted graphically in Fig. 3. The time course data demonstrated
that after reconstitution SCID mice mounted a sharp chemo-
kine response against P. carinii, while nonreconstituted SCID
mice with similar organism burdens did not respond to infec-
tion with chemokine expression.

Localization of RANTES mRNA expression in situ. To iden-
tify regions of elevated chemokine mRNA expression in the
lungs of immunologically reconstituted, P. carinii-infected
SCID mice, in situ RNA-RNA hybridization was performed
with a radiolabelled RANTES antisense riboprobe. Lung sec-
tions from pathogen-free SCID mice, 8-week-old P. carinii-
infected SCID mice, and 8-week-old reconstituted P. carinii-
infected SCID mice (12 days PR) were analyzed. In the P.
carinii-free control and P. carinii-infected 8-week-old SCID
mice, light background hybridization of the probe was ob-
served throughout the lung (Fig. 4A and C). This finding was
consistent with the RPA data demonstrating that there are
only minimal background levels of RANTES mRNA in the
lungs of P. carinii-free, 8- and 10-week-old infected SCID mice
(Fig. 1). Gomori’s methenamine silver staining of the same
lung sections posthybridization confirmed the absence of in-
fection in the P. carinii-free control mice and demonstrated the
presence of focal P. carinii organisms in the alveoli of 8-week-
old SCID mice (Fig. 4D). In contrast, focal regions of alveolar
inflammation corresponded to regions of intense RANTES
hybridization in 8-week-old reconstituted P. carinii-infected
mice (Fig. 5C and E). Gomori’s methenamine silver staining of
the identical lung sections posthybridization indicated that
these focal regions of elevated chemokine expression and in-
flammatory cell recruitment corresponded to sites of P. carinii
infection (Fig. 5D and F). It was difficult to conclusively iden-
tify the cell types responsible for RANTES expression in the
inflammatory regions because of the dense cellular infiltration.
However, cells with morphology consistent with that of mac-
rophages, lymphocytes, and alveolar epithelial cells were
present at sites of inflammation and may contribute to RAN-
TES gene expression. Neither the airway epithelium nor the
endothelium appeared to be involved in P. carinii-induced
RANTES expression. Furthermore, not all of the alveoli were
involved in the response. Certain regions of the alveoli ap-
peared normal and devoid of inflammation. These regions
were not sites of RANTES expression, and no P. carinii organ-
isms were detected by Gomori’s methenamine silver staining
(Fig. 5A and B).

DISCUSSION

When P. carinii-infected SCID mice are immunologically
reconstituted, distinct populations of inflammatory cells are
recruited specifically to infected alveoli, while uninfected re-
gions of the lung remain relatively free from the effects of
inflammation (47). Therefore, given the differential chemoat-
tractant properties of chemokines and the potential of T lym-
phocytes, alveolar macrophages, and alveolar epithelial cells to
produce chemokines, their role in host defense against P. ca-
rinii in the reconstituted SCID mouse model was examined. In
8- and 10-week-old infected SCID mice, no inflammatory re-
sponse was mounted against the organism, and pulmonary
chemokine mRNA abundance was not elevated above control
levels. However, when 8-week-old infected SCID mice were
immunologically reconstituted, focal inflammatory cell infiltra-
tion was observed specifically at sites of infection. The onset
and duration of the P. carinii-driven inflammatory response
correlated temporally with increased chemokine mRNA levels.

FIG. 1. Pulmonary chemokine mRNA abundance in P. carinii-infected SCID
mice. Steady-state mRNA levels in the lungs of infected 8-, 10-, and 13-week-old
SCID mice and P. carinii-free SCID mice were measured by a multitemplate
RPA. The migration position of each chemokine-specific protected fragment, as
determined from a standard curve based on the migration of RNA of known
molecular weight, is denoted to the left. Samples from the lungs of a P. carinii-
free SCID control (C) mouse and SCID mice infected with P. carinii (Pc) (age in
weeks [wks]) were used. Each lane contains a representative sample of three
mice studied at each time point. Ltn, lymphotactin; Eotxn, eotaxin.
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The chemokines lymphotactin, RANTES, MCP-1, MIP-1a,
MIP-1b, and MIP-2 were all significantly elevated during the
peak inflammatory stage PR (10 to 15 days PR). Pulmonary
chemokine mRNA levels returned to baseline levels coincident

with clearance of P. carinii from the lungs and the resolution of
pulmonary inflammation. In addition, in situ hybridization
demonstrated that RANTES mRNA expression was restricted
to regions of P. carinii-induced inflammatory cell infiltration.

FIG. 2. Pulmonary chemokine mRNA abundance in immunologically reconstituted, P. carinii-infected SCID mice. Eight-week-old, infected SCID mice were
reconstituted with spleen cells from a healthy (CB.171/1) donor, and steady-state mRNA levels in the lungs were measured at various times PR by a multitemplate
RPA. As controls for the effects of reconstitution on chemokine expression, reconstituted P. carinii-free SCID mice were also examined. The number of days
postreconstitution (DPR) and the infection status (infected [1] or not infected [2] with P. carinii [Pc]) of the mice are indicated above each lane. Each lane contains
a representative sample of three mice studied at each time point. The migration position of each cytokine-specific protected fragment, as determined from a standard
curve based on the migration of RNA of known molecular weight, is denoted to the left. Ltn, lymphotactin; Eotxn, eotaxin.

TABLE 1. Relative chemokine mRNA abundance in P. carinii-infected SCID mice

Mouse and
age (wk)

Relative chemokine mRNA abundancea (mean 6 SEM [n 5 3])

Ltnb RANTES MIP-1a MIP-1b MIP-2 MCP-1

Controlc 0.30 6 0.06 1.20 6 0.38 0.53 6 0.15 0.53 6 0.15 0.53 6 0.15 0.50 6 0.12

Infected
8 0.37 6 0.07 1.37 6 0.48 0.57 6 0.03 0.53 6 0.07 0.7 6 0.06 0.57 6 0.07
10 0.4 6 0.10 1.60 6 0.46 0.6 6 0.06 0.6 6 0.06 0.67 6 0.07 0.63 6 0.13
13 0.47 6 0.12 2.57 6 0.90 1.27 6 0.37 1.0 6 0.25 1.7 6 0.65 1.33 6 0.32

a mRNA values are expressed as ratio of each chemokine band to the murine L32 band divided by 0.1.
b Ltn, lymphotactin.
c Control mice are P. carinii-free SCID mice.
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Uninfected alveoli were not sites of elevated in situ RANTES
gene expression. Thus, the presence of T lymphocytes initiates
an inflammatory cascade that includes the pulmonary expres-
sion of chemokines in reconstituted SCID mice. Chemokines

may play a role in specifically targeting the host inflammatory
response to infected alveoli, thereby providing a mechanism
for clearing infected alveoli, while preserving the critical func-
tion of the uninfected regions of the lung.

TABLE 2. Relative chemokine mRNA abundance in immunologically reconstituted P. carinii-infected SCID mice

Days
PR

Relative chemokine mRNA abundancea (mean 6 SEM [n 5 3])

Ltnb RANTES MIP-1a MIP-1b MIP-2 MCP-1

3 0.44 6 0.015 1.60 6 0.06 0.83 6 0.063 0.73 6 0.054 1.09 6 0.01 0.73 6 0.042
4 0.49 6 0.067 1.32 6 0.22 0.92 6 0.14 0.80 6 0.093 1.04 6 0.13 1.10 6 0.33
5 0.46 6 0.01 1.53 6 0.29 1.09 6 0.08 0.96 6 0.084 1.19 6 0.06 1.18 6 0.04
7 0.52 6 0.06 1.76 6 0.41 0.97 6 0.088 0.87 6 0.067 1.06 6 0.08 1.52 6 0.10
10 0.61 6 0.15 2.65 6 1.4 1.8 6 0.29c 1.5 6 0.31c 2.0 6 0.29c 4.3 6 0.65c

12 1.0 6 0.01c 7.9 6 0.59c 2.5 6 0.28c 2.5 6 0.22c 2.8 6 0.51c 5.9 6 0.47c

15 0.78 6 0.13c 5.2 6 1.5c 1.8 6 0.03c 1.7 6 0.4c 1.68 6 0.12 3.8 6 0.27c

18 0.52 6 0.07 2.57 6 0.52 1.23 6 0.20 1.12 6 0.19 1.34 6 0.26 1.88 6 0.50
22 0.66 6 0.15 1.29 6 0.16 0.88 6 0.13 0.85 6 0.14 0.92 6 0.14 1.07 6 0.21
27 0.55 6 0.014 2.13 6 0.60 0.95 6 0.084 0.87 6 0.079 0.92 6 0.044 1.03 6 0.08

a mRNA values are expressed as ratio of each chemokine band to the murine L32 band divided by 0.1.
b Ltn, lymphotactin.
c Statistically significantly different from the values obtained with the controls (P , 0.05).

FIG. 3. Time course of RANTES, MCP-1, MIP-2, and lymphotactin mRNA abundance in the lungs of immunologically reconstituted and nonreconstituted P.
carinii-infected SCID mice. Eight-week-old P. carinii-infected SCID mice were either left nonreconstituted (open circles) or were reconstituted with spleen cells from
a congenic donor (closed diamonds). The time points are expressed as days postreconstitution for both groups of mice. The relative mRNA abundance at each time
point is expressed as a ratio of each chemokine mRNA to the murine L32 mRNA divided by 0.1.
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T lymphocytes, alveolar epithelial cells, and alveolar macro-
phages all interact with P. carinii (29, 31), and all are capable
of secreting chemotactic cytokines. However, because of the
intense focal nature of the P. carinii-driven inflammatory re-
sponse in immunologically reconstituted SCID mice, it was
difficult to definitively identify the cells responsible for chemo-
kine production. Previous studies have demonstrated that the
macrophage-derived proinflammatory mediators IL-1 and
TNF-a are required for initiation of the T-lymphocyte-depen-
dent inflammatory response against P. carinii and the clearance
of organisms from the lung (8, 9). Interestingly, IL-1 and
TNF-a induce the secretion of several chemokines from a
variety of cell populations, including macrophages (6) and pul-
monary epithelial cells (20). Roles for IL-1 and/or TNF-a in
the induction of RANTES, MCP-1, MIP-1a, MIP-1b, and
MIP-2 expression have been demonstrated (11, 20, 37, 40), and
mRNA levels for all of these chemokines were significantly
elevated in the lungs of reconstituted SCID mice coincident
with IL-1 and TNF-a expression and inflammatory cell recruit-
ment. Thus, T lymphocytes at sites of infection may (i) secrete
chemokines themselves (RANTES and lymphotactin), (ii) ac-
tivate macrophages to secrete chemokines (RANTES, MCP-1,
MIP-1a, MIP-1b, and MIP-2), (iii) activate macrophages to
secrete IL-1 and TNF-a which in turn cause alveolar epithelial
cells to secrete chemokines (RANTES, MCP-1, and MIP-2), or
(iv) all of the above. Together, these mechanisms of chemo-
kine induction may cooperate to recruit the appropriate in-

flammatory cells specifically to sites of P. carinii infection in
reconstituted SCID mice.

Since the main cellular infiltrates in response to P. carinii
infection in immunologically reconstituted SCID mice are T
lymphocytes and macrophages, the expression pattern of C-C
chemokines was of particular interest. Pulmonary mRNA lev-
els of RANTES, MCP-1, MIP-1a, and MIP-1b were all ele-
vated during the acute inflammatory stage following immune
reconstitution. Each of these chemokines can be secreted by
one or more of the cell populations that interact with P. carinii
in the lung, and each are chemoattractant for CD41 T lym-
phocytes, monocytes/macrophages or both. The C-C chemo-
kines have distinct but partially overlapping roles in the gen-
eration of antigen-specific T-cell responses by exhibiting direct
effects on T lymphocytes, antigen-presenting cells, and macro-
phage effector functions (22, 43, 44). RANTES, MCP-1, MIP-
1a, and MIP-1b are involved in the recruitment of CD41 T
lymphocytes by promoting their adhesion to extracellular ma-
trix (ECM) proteins and inducing their directional migration
across a chemokine concentration gradient (16, 24, 42).
RANTES, MCP-1, MIP-1a, and MIP-1b also augment anti-
gen-specific CD41 T cell proliferation and lymphokine pro-
duction through direct costimulatory effects on T cells and
through the induction of the costimulatory molecule B7 on the
surfaces of antigen-presenting cells (43, 44). In addition, C-C
chemokines exert direct effects on monocyte/macrophage popu-
lations. RANTES, MCP-1, MIP-1a, and MIP-1b all induce the

FIG. 4. RANTES mRNA expression in the lungs of P. carinii-infected SCID mice. In situ hybridization with a RANTES antisense riboprobe was performed on lung
sections from P. carinii-free (A and B), and 8-week-old P. carinii-infected SCID mice (C and D). Dark-field microscopy showing only background levels of RANTES
hybridization is shown in panels A and C. Panel B is the same field shown in panel A but stained with hematoxylin and eosin. Panel D is the same tissue section shown
in panel C but treated with Gomori’s methenamine silver stain, demonstrating P. carinii infection. Original magnification of all panels, 3400.
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directional migration of monocytes/macrophages (1), and RAN-
TES and MCP-1 also facilitate macrophage adhesion to ECM
proteins by inducing expression of the b integrins CD11b/CD18
and CD11c/CD18 on the macrophage surface (17, 45). RANTES
and MIP-1b activate macrophages for the uptake and intracellu-
lar destruction of parasitic organisms (22), and MCP-1 induces
proinflammatory cytokine production in macrophages (17). Thus,

C-C chemokines may play a role in the targeting of T lymphocytes
and macrophages specifically to sites of P. carinii infection in
reconstituted SCID mice. In addition, they may also facilitate
antigen-specific T-cell responses and macrophage effector func-
tions against P. carinii.

The C chemokine lymphotactin and the C-X-C chemokine
MIP-2 were also examined. The recently identified chemokine

FIG. 5. RANTES gene expression in the lungs of immunologically reconstituted P. carinii-infected SCID mice. In situ hybridization with a RANTES antisense
riboprobe was performed on lung sections from reconstituted 8-week-old P. carinii-infected SCID mice at 12 days PR (A, C, and E). Background RANTES
hybridization was observed in alveolar regions that were devoid of inflammation (A). Gomori’s methenamine silver staining revealed that these regions of the lung were
also devoid of P. carinii infection (B). Panels C and E demonstrate elevated RANTES expression in regions of inflammatory cell infiltration. Panels D and F show
Gomori’s methenamine silver staining of the identical microscope fields, in panels C and E, respectively, demonstrating that regions of cellular recruitment and
RANTES expression correspond to regions of P. carinii infection. Arrows serve as landmarks to identify the regions of panels C and E shown in panels D and F,
respectively. Arrowheads denote P. carinii cysts and portions of organisms present in inflammatory regions. Original magnification of panels A, B, C, and E, 3400;
original magnification of panels D and F, 31,000.
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lymphotactin is unique among the chemokine superfamily in
that its chemotactic effects appear limited to lymphocyte sub-
sets, with no discernible effects on macrophages or neutrophils
(19). Lymphotactin mRNA levels were elevated during the
acute inflammatory response in immunologically reconstituted
SCID mice. Lymphotactin is secreted by activated T lympho-
cytes and is also chemotactic for T lymphocytes (19). Thus,
activated T cells at sites of infection may secrete lymphotactin
to amplify the T-cell-mediated inflammatory response. MIP-2
is a C-X-C chemokine that is a murine functional homologue
of human and rabbit IL-8 (11). MIP-2 contains a glutamic
acid-leucine-arginine (ELR) motif and is therefore a potent
chemoattractant and activator of neutrophils (13, 33). Despite
the lack of noticeable neutrophil infiltration in reconstituted P.
carinii-infected SCID mice, there was a statistically significant
increase in MIP-2 mRNA levels at 10 and 12 days PR. The
functional significance of this is unknown, although it has been
suggested that MIP-2 and IL-8 may exhibit T-lymphocyte che-
moattractant properties (3). In addition, a threefold increase in
MIP-2 mRNA abundance was observed in the 13-week-old
SCID mice suffering from severe PCP. Although this value did
not reach statistical significance at this sample size, it is con-
sistent with previous observations regarding its human homo-
logue, IL-8, in PCP patients. Increased bronchoalveolar lavage
fluid IL-8 levels correlated with increased BALF neutrophil
counts and a poorer patient prognosis (4, 23). These data
suggest that in the late stages of PCP, neutrophil recruitment
independent of CD41 T cells may occur.

Although T lymphocytes are required for P. carinii-induced
chemokine mRNA expression at sites of infection in SCID
mice, we did observe elevated chemokine mRNA levels in the
lungs of heavily infected SCID mice in the absence of T cells.
However, these animals were nearing death, and severe lung
injury had occurred. It is unknown whether elevated chemo-
kine mRNA levels at this time are in response to P. carinii or
are a consequence of lung injury. Lung injury can cause the
breakdown of ECM proteins into biologically active fragments
that can activate alveolar macrophages and induce the expres-
sion of several chemokine genes (26). Even though SCID mice
lack functional lymphocytes, they do have functional alveolar
macrophages. Thus, lung injury incurred during the latter
stages of PCP may result in the generation of biologically
active ECM fragments that bind receptors on alveolar macro-
phages and induce chemokine gene expression. Furthermore, a
surface glycoprotein of P. carinii directly stimulates IL-8 and
TNF-a release from human monocytes in vitro (5), and ele-
vated TNF-a gene expression in the absence of T lymphocytes
has been observed during the latter stages of PCP in a SCID
mouse model of infection (47). TNF-a induces chemokine
gene expression in a variety of cell types, including alveolar
macrophages and pulmonary epithelial cells (20, 25, 40). To-
gether, these mechanisms may contribute to increased chemo-
kine mRNA levels in heavily infected SCID mice lacking
CD41 T cells.

In summary, the results of this study indicate that in the
absence of lymphocytes, moderately infected SCID mice dem-
onstrate neither increased pulmonary chemokine expression
nor detectable pulmonary inflammation in response to P. ca-
rinii infection. However, when SCID mice carrying a compa-
rable burden of organisms were immunologically reconsti-
tuted, both elevated pulmonary chemokine mRNA levels and
acute alveolar inflammation were observed. Alveolar sites of
infection were identified as regions of focal RANTES expres-
sion and inflammation. Thus, lymphocytes play a critical role in
the induction of pulmonary inflammation in response to P.

carinii infection by inducing pulmonary chemokine expression
at sites of infection.
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