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Abstract
We have previously shown that Tc1 CD8+ T cells have in vitro and in vivo effector activity
against Pneumocystis (PC) infection in mice. Because these cells have preferential expression of
CXCR3, we investigated whether CXCR3 was required for host defense activity against PC. Mice
deficient in CXCR3 but CD4+ T cell intact, showed an initial delay but were able to clear the
infectious challenge, indicating that CXCR3 signaling is not essential for clearance of PC. CD4-
depleted mice had lower levels of monokine induced by IFN-γ, IFN protein-10 (IP-10), and IFN-
inducible T cell α-chemoattractant at day 7 of infection and are permissive to PC infection.
Overexpression of IP-10 in the lungs by adenoviral gene transfer did not accelerate clearance of
infection in control mice but accelerated clearance by day 28 in mice depleted of CD4+ T cells.
This effect was associated with increased recruitment of CD8+ T to the lungs with higher CXCR3+

expression levels and enhanced IFN-γ secretion upon in vitro activation compared with control
mice. These results indicate that the CXCR3 chemokines are part of the host defense response to
PC, and that IP-10 can direct Tc1 CD8+ T cell recruitment to the lungs and contribute to host
defense against PC even in the absence of CD4+ T cells.

The hallmark of HIV disease is the continuous depletion of CD4 T cells, leading to
progressive immunodeficiency, opportunistic diseases, and death. A clear inverse
relationship exists between the number of CD4 T cells in the patients’ peripheral blood and
their risk of opportunistic infection (1, 2). Thus, in asymptomatic HIV-infected patients,
total CD4+ T cell counts provide a major criterion for initiation and discontinuation of
primary prophylaxis against Pneumocystis (PC)3 jiroveci (3, 4). The prognosis of patients
infected with HIV type 1 has dramatically improved since the advent of highly active
antiretroviral therapies, which have enabled sustained suppression of HIV replication and
recovery of CD4 T cell counts. Despite this result, PC pneumonia remains a common
clinical problem (5, 6). Toward this end our laboratory has been investigating both CD4+ T
cell-dependent and -independent mechanisms of defense against PC. Previous studies from
our group have demonstrated that overexpression of IFN-γ can ameliorate PC infection in
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mice depleted of CD4+ T lymphocytes (7), and this clearance is associated with higher
levels of the CXCR3 ligands, monokine-induced by IFN-γ (MIG), and IFN protein-10
(IP-10) (8). Moreover, IFN overexpression in the lung resulted in the increased recruitment
of CXCR3+/IFN-secreting Tc1 CD8+ T cells, and these cells were critical effector cells
against PC (8). In this study, we examined whether CD4+ T cells regulate the expression of
the CXCR3 ligands, MIG, and IP-10, and IFN-inducible T cell α-chemoattractant (I-TAC)
in response to PC challenge and whether CXCR3 signaling is required for PC clearance in
the setting of IFN expression. Lastly, we examined whether overexpression of the CXCR3
ligand was sufficient to recruit Tc1 CD8+ T cells into the lung in response to PC and
whether this was sufficient to mediate clearance of PC in CD4+ T cell-depleted mice.

Materials and Methods
Mice

Male C57BL/6 wild-type (WT) mice and BALB/c WT mice were obtained from Charles
River Laboratories. Male C57BL/6 CXCR3-deficient mice were obtained from P. Noble
(Yale University, New Haven, CT; a gift from Dr. C. Gerard, Harvard Medical School,
Boston, MA). Mice were kept in our American Association for Laboratory Animal Science-
certified animal facility of the Rangos Research Center at the Children’s Hospital of Pitts-
burgh or Louisiana Health Sciences Center (New Orleans, LA) and housed in microisolator
caging within National Institutes of Health guidelines for animal care in a specific pathogen-
free environment. Animal protocols for this experiment were approved by the Children’s
Hospital of Pittsburgh Animal Research and Care Committee and the Louisiana State
University Health Sciences Center (LSUHSC) Institutional Animal Care and Use
Committee.

Adenovirus vectors
To selectively overexpress IP-10 in the lung, we used an E1-deleted adenovirus encoding
human IP-10 (9) (AdIP-10; provided by Dr. M. Jordana, McMaster University, Hamilton,
Ontario, Canada). Adenovirus encoding murine IFN-γ (AdIFN) and adenovirus encoding
enhanced GFP (Ad-EGFP) have been described in detail previously (7, 8). Viral stocks
contained <1 replication-competent adenovirus per 107 PFU (as determined by a lack of
cytopathic effect on A549 cells, at a multiplicity of infection of 10). The particle:PFU ratio
was <100:1, and virus stocks contained <0.01 ng/ml endotoxin as determined by the
QCL-1000 Limulus lysate assay (BioWhittaker).

PC inoculum
The PC inoculum was prepared as described previously (10, 11). Briefly, C.B-17 scid mice
with PC pneumonia were injected with a lethal dose of pentobarbital, and the lungs were
aseptically removed and frozen for 30 min in 1 ml of PBS at −70°C. Frozen lungs were
homogenized in 10 ml of PBS (model 80 stomacher; Tekmar Instruments), filtered through
sterile gauze, and pelleted at 500 × g for 10 min at 4°C. The pellet was resuspended in PBS,
and a 1/4 dilution was stained with modified Giemsa stain (Diff-Quik; Baxter). The number
of PC cysts was quantified microscopically (10), and the inoculum concentration was
adjusted to 2 × 106 cysts/ml. Gram stains were performed on the inoculum preparation to
exclude contamination with bacteria.

Depletion of CD4+ lymphocytes
Anti-CD4 Ab was prepared as described previously (12). Briefly, the hybridoma GK1.5,
which produces a rat IgG2b mAb against murine CD4 (13), was obtained from the American
Type Culture Collection (ATCC). Harvesting of the Ab as ascites from pristane-primed,
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uninfected athymic mice took place in the mAb Core Laboratory facility at LSUHSC. The
Ab was precipitated with an equal volume of saturated ammonium sulfate and dialyzed
against PBS overnight, and the IgG content was quantified by cellulose acetate
electrophoresis and densitometry. The Ab was stored at −80°C until use. All lots of Ab
contained <0.01 ng/ml endotoxin as determined by the QCL-1000 Limulus lysate assay.
Heat denaturation of the Ab ablates its CD4-depleting capacity as well as its ability to
modify lung host defenses (14). For CD4 depletion, mice received 0.3 mg of depleting anti-
CD4 Ab (GK1.5; ATCC) by i.p. injection. Control, CD4-competent mice received rat IgG
IP. We have previously shown that in both BALB/c and C57BL/6 mice, weekly GK1.5
maintains a continued state of >97% CD4 depletion in blood and lymphoid tissue for up to
14 wk (12).

Experimental manipulations
Mice were challenged with PC and sacrificed at day 0, 7, or 14 for the measurement of MIG,
IP-10, and I-TAC. For the overexpression studies, mice were CD4-depleted with GK1.5 or
remained CD4-competent (rat IgG), and 24 h later mice were randomized to receive 109

PFU of AdIP-10 or AdEGFP intratracheally. Three days after the vector administration,
animals were challenged with 2 × 105 PC cysts intratracheally. Mice continued to receive rat
IgG or GK1.5 weekly until sacrifice. The vector and PC inoculations were done on mice that
were anesthetized with Ketamine/Xylazine. Based on our prior studies of inflammatory cell
influx into the lung in response to PC (7), mice were sacrificed at day 3, 14, or 28 after PC
inoculation.

Bronchoalveolar lavage (BAL) and lung tissue RNA
Cells from the lower respiratory tract were obtained by BAL of mice anesthetized with i.p.
pentobarbital as described previously (7). Briefly, lungs were lavaged through an
intratracheal catheter with prewarmed (37°C) calcium and magnesium-free PBS
supplemented with 0.6 mM EDTA. The first milliliter was processed at 500 × g, and the
supernatant was stored at −80°C until use. The remaining cell pellet and the other 10 ml of
lavage fluid were pooled and centrifuged at 800 × g for 10 min, and the cells were collected
for flow cytometry and CD8+ T cell isolation. In another sub-group of animals, both lungs
were tied off at the bronchial airway and then removed with sterile scissors. The right lungs
were homogenized in 1 ml of TRIzol for total lung RNA isolation and stored at −80°C, and
the left lungs were kept in RPMI 1640 (Invitrogen Life Technologies) supplemented with
1% BSA (Sigma-Aldrich) for subsequent enzyme digestion.

FACS analysis of T cells from BAL fluid (BALF)
T cells from BALF collected at serial intervals after PC infection were stained with anti-
CXCR3, anti-CD8, and anti-CD3 Abs. Anti-CXCR3 Ab (Santa Cruz Biotechnology) was
FITC conjugated. Anti-CD8 and anti-CD3 Abs (BD Pharmingen) were PE conjugated.

Purification of CD8+ T cells
CD8+ T cells were isolated via MACS (Miltenyi Biotec) using positive selection, following
the manufacturer’s protocol. The cells were incubated with CD8a (Ly-2) MicroBeads
(Miltenyi Biotec) and incubated for 15 min at 6–12°C. After washing and resuspension in
buffer, cells were applied onto columns, and negative cells were allowed to pass through.
Columns were removed from the separator; an appropriate amount of buffer was added, and
positive fraction was flushed out. To determine purity of the separation, cells were stained
with PE-conjugated anti-CD8a (BD Pharmingen). The purity of positively selected cells was
>95% by flow cytometry.
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IFN-γ and IL-5 secretion by CD8+ T cells
Spontaneous or stimulated (with Con A) secretion of IFN-γ and IL-5 from CD8+ T cells
isolated from BALF 14 days after PC infection was analyzed after 24 h using Bioplex (Bio-
Rad) technology. CD8+ T cells were cultured for 24 h at 37°C (5% CO2 in medium alone;
spontaneous production) with Con A (0.5 µg/ml). At the end of the assay, IFN-γ and IL-5
were measured in supernatants using Bioplex arrays. Data are expressed in picograms of
cytokine per milliliter of medium.

ELISA
BALF and lung homogenates were assayed for MIG (CXCL9), IP-10 (CXCL10), and I-
TAC by ELISA using commercially available reagents (R&D Systems). The absorbance
values and concentrations of each cytokine were determined using a Beckman Coulter
automated microplate reader (Biomek FX) and Microplate Manager 5.2 software (Bio-Rad).
Data are expressed as picograms of cytokine per milliliter.

Histopathology
Mice were euthanized and exsanguinated. The trachea was exposed through a midline
incision and cannulated with a polyethylene catheter. The lungs were fixed by
administration of 10% neutral formalin to 20 cm H2O. Paraffin-embedded sections were
stained with H&E or Grocott’s Gomori methenamine silver and scored blindly for alveolar
and perivascular inflammation as described previously (15).

Real-time PCR analysis of PC rRNA in lung tissue
Total RNA was isolated from the right lung of infected mice by a single-step method using
TRIzol reagent (Invitrogen Life Technologies) per the manufacturer’s instructions.
Thereafter, RNA was transcribed to cDNA, and real-time PCR for PC rRNA was performed
as described previously (16 –18). This assay has a correlation coefficient of 0.98 with PC
rRNA copy number (17) and correlates with microscopic organism counts. Results were
expressed as PC copy number normalized to 18s rRNA content, also determined by real-
time RT-PCR.

Statistical analysis
Data were analyzed using GraphPad Prism 4 statistical software. Comparisons between
groups where data were normally distributed were made with Student’s t test, and
comparisons among multiple groups or nonparametric data were made with analyses of
variance. Scheffe’s test was the post hoc test used. Significance was accepted at a p value of
<0.05.

Results
CD4+ T cell depletion affects the levels of CXCR3 ligands in lungs after PC infection

To assess for the endogenous levels of CXCR3 ligands in response to PC infection and their
regulation by CD4+ T cells, control or CD4+ T cell-depleted BALB/c mice were infected
with PC and sacrificed 0, 7, and 14 days later for chemokine measurements in BALF and
lung homogenates. These time points were chosen because there is similar PC burden in
both control and T cell-depleted mice at these time points (19). Levels of MIG (CXCL9),
IP-10 (CXCL10), and I-TAC (CXCL11) were undetectable at day 0 (data not shown), but all
levels were detectable at day 7 and 14 after PC challenge in control mice (Fig. 1). In CD4-
depleted mice, levels of all three chemokines were significantly lower in BALF (Fig. 1A)
and lung homogenates (Fig. 1B) on day 7 of PC infection in CD4-depleted BALB/c mice
compared with control WT mice. However, by day 14 after PC inoculation, the
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concentrations of MIG in the BALF were higher in CD4-depleted mice than in control mice,
whereas there was no statistical difference in IP-10 or I-TAC. These results demonstrate that
CXCR3 ligands are part of the local inflammatory response to PC in both control and CD4-
depleted mice.

Clearance of PC in CXCR3-deficient mice
We have previously reported that overexpression of IFN-γ using AdIFN results in
significant organism clearance in CD4-depleted mice (7), and this clearance of PC is
associated with higher levels of the CXCR3 ligands, MIG, and IP-10, as well as the
increased recruitment of CXCR3+/CD8+ T cells to the lungs. Moreover, the recruited CD8+

T cells have a higher precursor frequency of Ag-specific IFN production consistent with Tc1
cells (8). However, the strict requirement for CXCR3 in clearance of PC is unknown. We
first assessed PC clearance in mice that lack CXCR3. We observed a significant difference
in organism burden as determined by PC rRNA copy number at day 14 after PC infection in
CXCR3-deficient mice (Fig. 2A). By day 28, both WT and CXCR3 knock-out (KO) mice
nearly resolved the infection. Experiments taken out to 6 wk also showed resolution of PC
infection at this time as well (data not shown). Analysis of CD4+ and CD8+ T cell
recruitment in the BALF demonstrated that CXCR3 KO mice recruited lower numbers of
CD4+ (Fig. 2B) and CD8+ (Fig. 2C) T cells at wk 2 of PC infection, but there was no
difference in T cell recruitment at wk 4, when infection was resolving in both WT and
CXCR3 KO mice. Thus, CXCR3 signaling contributes to T cell recruitment and PC
clearance, but it is not absolutely required to resolve the infection in CD4+ T cell-intact
mice. We next investigated clearance in CD4-depleted WT or CXCR3 KO mice (Fig. 2D).
In the setting of CD4-deficieny, there was no additional affect on PC organism burden in
CXCR3 KO mice.

However, we have previously shown that overexpression of IFN-γ, using AdIFN in CD4-
deficient mice, results in clearance of PC and augmented recruitment of CXCR3+ cells
including CXCR3+/CD8+ T cells (8). To investigate the requirement of CXCR3 in the
setting of AdIFN-induced clearance of PC in CD4-deficient mice, we overexpressed IFN in
CD4-depleted CXCR3 KO mice or control C57BL/6 mice. At day 28 after PC infection,
there was a >2.5-log reduction in organism burden in AdIFN-treated mice compared with
AdEGFP controls (Fig. 3A) as described previously (7); however, this effect was markedly
abrogated in CXCR3 KO mice, which only demonstrated a 0.5 log reduction, indicating a
requirement of CXCR3 in AdIFN-mediated clearance of PC (Fig. 3A). The clearance of PC
in this model is associated with augmented recruitment of CXCR3+ T cells (Fig. 3B), of
which >65% are CD8+/CXCR3+ T cells (Fig. 3C). Thus, CXCR3 expression is required for
optimal clearance in CD4+ T cell-intact mice as well as in the setting of IFN overexpression.
To investigate whether selective recruitment of CXCR3+ T cells is sufficient for PC
clearance in the absence of CD4+ T cells, we performed experiments with selective
pulmonary expression of the CXCR3 ligand, IP-10.

Pharmacokinetics of AdIP-10 in CD4-deficient and CD4-competent WT mice
Initially, a time course of IP-10 expression in BALF was performed after intratracheal
injection of 5 × 108 PFU of AdIP-10 3 days before PC inoculation in CD4-competent and
CD4-deficient BALB/c mice. Significant levels of IP-10 were detectable in BALF with a
peak at 3 days after PC infection and persistence to day 28 (Fig. 4). IP-10 levels remained
significantly higher in CD4-depleted mice as previously described for AdIFN (7).

AdIP-10-induced recruitment of T cells to the lungs in mice inoculated with PC
To determine the effect of AdIP-10 administration on pulmonary inflammatory cell influx
after PC infection in CD4-competent mice, numbers of lymphocyte subsets were quantified
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in BALF at day 7 and 14 after PC infection by flow cytometry (Fig. 5A). AdIP-10-treated
CD4-competent mice had significantly higher absolute numbers of CD4+ T cells and CD8+

T cells recruited to the lungs compared with AdEGFP-treated control mice at day 7 (Fig. 5A)
and 14 (data not shown) after PC infection. Furthermore, AdIP-10 significantly augmented
the numbers of CXCR3-expressing CD4+ and CD8+ T cells in BALF on day 7 and 14 after
PC infection, consistent with IP-10 as a chemotactic ligand for CXCR3+ cells (Fig. 5, B and
C). Similar increases in both CD3+ T cells (Fig. 6A) and CXCR3+ CD8+ T cells (Fig. 6B)
were also observed in CD4-depleted mice treated with AdIP-10 compared with AdEGFP
control mice. In this setting, the peak CXCR3+/CD8+ T cell recruitment in BALF was day 7
of PC infection (Fig. 6B), but cells were also significantly elevated on day 14. To investigate
whether these CXCR3+/CD8+ cells had augmented IFN-γ production consistent with a Tc1
phenotype, CD8+ T cells were isolated from BALF and stimulated overnight with Con A.
CD8+ T cells from AdIP-10-inoculated mice secreted significantly higher levels of IFN-γ
than CD8+ T cells from AdEGFP control mice (Fig. 6C). In contrast, CD8+ T cells from
AdEGFP control mice secreted greater amounts of IL-5 (Fig. 6D). We observed no IL-4
elaboration by purified CD8+ T cells (data no shown). These data suggest that AdIP-10
results in a selective recruitment of CXCR3+ Tc1 CD8+ T cells to the lungs in CD4-defcient
PC-infected mice.

Effects of AdIP-10 on clearance of PC and tissue inflammation
CD4-replete mice, administered AdIP-10 before challenge, had no significant differences in
PC organism burden on day 7 or 14 of infection (data not shown). However, in CD4-
depleted mice, overexpression of IP-10 was associated with comparable levels of PC burden
at days 7 and 14 after PC infection, but mice had significantly lower organism burdens at
day 28 (Fig. 7A). The levels of alveolar and perivascular inflammation in lungs were similar
in IP-10- and control-inoculated mice at early time points (days 3, 7 and 14), but levels were
significantly lower at day 28 (Fig. 7B). Finally, these data were corroborated by lung
histology, which showed lower PC intensity score in lungs from CD4−-depleted mice that
received IP-10 (Fig. 7C) and less inflammation in the alveolar space (Fig. 7C). These results
indicate that gene transfer of AdIP-10 did not affect clearance of PC in control mice but
augmented clearance in CD4-depleted mice.

Discussion
Host defense against infection is critically dependent upon recruitment into infected tissue of
immune effector cells. CD4+ and CD8+ T cells are an important part of the inflammatory
response to PC in patients as well as experimental animals (19, 20). We have previously
reported that overexpression of IFN into the lungs of CD4-depleted mice results in PC
pneumonia eradication (7), accompanied by the induction of the IFN-regulated chemokines
MIG and IP-10 by day 14, and recruitment of Tc1 CD8+ T cells to the lung with in vitro and
in vivo effector activity against PC (8). We have also recently shown that one of the
mechanisms for this effect may include activation of macrophages by GM-CSF secreted by
PC-specific Tc1 CD8+ T cells (21).

Several observations suggest that the interaction of IP-10 and CXCR3 play a critical role in
the recruitment and function of effector T cells at sites of inflammation. It has been shown
that neutralization of IP-10 in mice infected with Toxoplasma gondii inhibited the massive
influx of T cells into infected tissue, resulting in higher tissue parasite burden and a marked
increase in mortality compared with control Ab-treated mice (22). Moreover, in a model of
Bordetella bronchiseptica pneumonia, IP-10 was found to be increased in BALF, and its
expression was associated with increased levels of CXCR3+ lymphocytes, although IP-10
was not required for clearance of bacteria from the lung (23). CXCR3 has been reported to
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be expressed on Th1 cells (24), and in many systems including in autoimmunity, CXCR3
cells show higher levels of IFN-γ production (25) and is required for allograft rejection (26).
CXCR3 expression on T cells can be regulated by IL-2 as well as the CXCR3 ligand I-TAC
(27), and this effect may be one reason that recruitment of CXCR3+ T cells is lower in
response to PC infection in mice deficient of CD4+ T cells at day 7 of infection. At a later
time point (14 days), chemokines start to decrease in CD4-competent mice, in correlation
with the maximal concentration of T cells in BALF and the initiation of PC organism
clearance (19). In contrast, in CD4-depleted mice CXCR3 ligands are higher in BALF at day
14, possibly due to the failure of the immune system to control the infection in the absence
of CD4+ T cells.

Complete absence of CXCR3 resulted in delayed clearance of PC in CD4+ T cell-intact
mice, but CXCR3 is not essential for clearance at later time points (4 and 6 wk). The lack of
an absolute requirement for CXCR3 is not surprising, considering that redundancy is a well-
established and common phenomenon in chemokine biology (28). For example, Tc1 CD8+

T cells can coexpress CCR5, and this receptor could potentially compensate for the loss of
CXCR3 (29). The absence of CXCR3, however, did not increase susceptibility in the setting
of CD4+ T cell deficiency. This result is likely due to the fact that CD4+ T cell deficiency
already results in profound susceptibility to PC, and the addition of CXCR3 deficiency in
this setting fails to increase susceptibility any further.

However, the transient transgenic expression of IP-10 can augment recruitment of CXCR3+

T cells (both CD4 and CD8+ in CD4-intact mice) and CD8+T cells to the lung in the setting
of CD4 depletion. Consistent with lower levels of CXCR3 ligands, there was extremely low
numbers of CXCR3+/CD8+ in control virus-treated mice. However, AdIP-10 resulted in
augmented recruitment of CXCR3+/CD8+ T cells that secreted higher levels of IFN-γ after
in vitro activation and augment PC clearance by day 28 after infection. Furthermore, lung
inflammation was reduced in the IP-10-treated group; however, it remains unclear whether
this was secondary to a decrease in organism burden in this group by the end of the study
(28 days after PC infection). In contrast with IFN overexpression, there is an earlier
pulmonary recruitment of CD8+ T cells (day 7) with IP-10 overexpression as opposed to day
14 for IFN, presumably due to the more rapid expression of the CXCR3 ligand.
Interestingly, although IP-10 was elevated in BALF by day 3, we did not observe a
significant increase in CXCR3+ T cells until day 7. This may be due to the fact that T cells
may require other activation signals such as IL-2 to efficiently express CXCR3 (30).
Another difference with IP-10 overexpression compared with the IFN overexpression model
is the absence of preferential Tc1-polarizing conditions. Based on the idea that CD4+ T cell
response to PC involves both Th1 and Th2 subsets (31, 32), we postulate that a similar
situation might occur with CD8+ T cell subtypes, whereas Tc1 and Tc2 CD8+ T cells are
activated in lymph nodes in response to PC infection, and after IP-10 lung overexpression a
preferential recruitment of CD8+ T cells with a Tc1 phenotype is directed to the lungs.
Because IP-10 overexpression still resulted in the recruitment of IFN-producing CD8+ T
cells, we postulate that endogenous IL-12, IL-18, or IFN is likely required for the generation
of IFN-producing CD8+ T cells.

Although this study shows that CXCR3 is not required for pulmonary clearance of PC in
normal mice, our data indicate that CXCR3 contributes to host defense against this organism
in CD4-replete mice as well as mice deficient in CD4+ T cells. In the latter situation, this
was shown by the requirement of CXCR3 for optimal recruitment of Tc1 CD8+ T cells (as
defined by IFN-γ production) and an effect on PC clearance in mice depleted of CD4+ T
cells. In conclusion, our findings indicate that the CXCR3 ligands, and IP-10 in particular,
provide potent signals for the recruitment and activation of specific subsets of T cells in vivo
in response to PC infection. Further investigations will establish whether IP-10 and/or its
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receptor will be targets for therapeutic intervention to prevent or treat opportunistic infection
with PC.
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FIGURE 1.
Concentration of endogenous CXCR3 ligands in lung tissue after P. carinii challenge. CD4-
competent (WT) and CD4-depleted (CD4−/−) BALB/c mice were inoculated with P. carinii.
BALF (A) and lung homogenates (B) were assayed by ELISA for IP-10, MIG, and I-TAC at
serial intervals. Results are expressed as the mean ± SEM (n = 5–7; *, denotes p < 0.05
compared with WT).
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FIGURE 2.
PC clearance in CXCR3-deficient mice. A, PC rRNA copy number in CD4-competent
control C57BL/6 (WT) or CXCR3 KO mice (n = 5–7; *, denotes p < 0.05 compared with
WT). B, Recruitment of CD4+ T cells into BALF in WT and CXCR3 KO mice (n = 4–6; *,
denotes p < 0.05 compared with WT). C, Recruitment of CD8+ T cells into BALF in WT
and CXCR30 KO mice (n = 4–6; *, denotes p < 0.05 compared with WT). D, PC rRNA
copy number in CD4-depleted WT or CXCR3 KO mice (n = 5–7; *, denotes p < 0.05
compared with WT).
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FIGURE 3.
IFN-induced clearance of PC in CD4-depleted mice requires functional CXCR3. A, Effect of
IFN-γ overexpression (AdIFN) on PC organism burden in CD4-depleted mice. Male BALB/
c mice were CD4-depleted by i.p. administration of GK1.5 followed by transduction with
109 PFU of AdIFN or AdEGFP. Three days later, all mice were challenged with 2 × 105 PC
cysts and sacrificed at day 28 for organism burden. Data are expressed as PC rRNA copy
number per lung (n = 5; *, denotes p < 0.05 compared with AdEGFP mice). B, Total
recovered CD3+/CXCR3+ cells in BALF on day 14 of PC infection (n = 5; *, denotes p <
0.05 compared with AdEGFP mice). C, Total recovered CD8+/CXCR3+ cells in BALF on
day 14 of PC infection (n = 5; *, denotes p < 0.05 compared with AdEGFP mice).
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FIGURE 4.
Pharmacokinetics of AdIP-10 in CD4-competent vs CD4-depleted WT mice. Male, 6- to 8-
wk-old BALB/c mice CD4-competent and CD4-depleted were transduced with 5 × 108 PFU
of AdIP-10. Three days later, all mice were inoculated intratracheally with PC. IP-10
concentrations were assayed by ELISA in BALF at serial intervals (n = 6–8; *, denotes p <
0.05 compared with CD4 competent control).
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FIGURE 5.
Lymphocyte recruitment to the lungs by AdIP-10 in CD4-competent WT mice infected with
PC. Male, 6- to 8-wk-old BALB/c mice were transduced with 5 × 108 PFU of AdIP-10.
Three days later, all mice were inoculated intratracheally with PC and sacrificed at serial
intervals. Absolute number of CD4+ and CD8+ T cells present in BALF at day 7 after PC
infection (A) were determined by FACS. Absolute number of CD4+ (B) and CD8+ T cells
(C) expressing CXCR3 were determined by dual-color FACS on lung BAL cells (n = 5; *,
denotes p < 0.05 compared with AdEGFP).
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FIGURE 6.
Lymphocyte recruitment to the lungs by AdIP-10 in CD4-depleted mice infected with PC.
Male, 6- to 8-wk-old BALB/c mice were CD4-depleted by i.p. administration of GK1.5
followed by transduction with 5 × 108 PFU of AdIP-10 or AdEGFP. Three days later, all
mice were inoculated intratracheally with PC and sacrificed at serial intervals. Absolute
numbers of lymphocytes present in BALF were determined by CD3+ staining on FACS (A).
The absolute numbers of CXCR3+ CD8+ T cells were determined by dual-color FACS on
lung BAL cells (B). Levels of IFN-γ (C) or IL-5 (D) secreted in vitro in response to Con A
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by isolated CD8+ T cells from AdEGFP vs AdIP-10-treated mice were measured by ELISA
(n = 4–6 for all experiments; *, denotes p < 0.05 compared with AdEGFP).
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FIGURE 7.
AdIP-10-mediated reduction of PC organism burden in CD4-depleted mice. A, Male BALB/
c mice were CD4-depleted by i.p. administration of GK1.5 followed by transduction with 5
× 108 PFU of AdIFN or AdEGFP. Three days later, all mice were challenged with 2 × 105

PC cysts and sacrificed at serial intervals for organism burden quantification using TaqMan
PCR (n = 5–6; *, denotes p < 0.05 compared with AdEGFP). B, Levels of alveolar and
perivascular inflammation were scored by H&E staining of paraffin-embedded lung sections
(n = 5; *, denotes p < 0.05 compared with AdEGFP). C, Representative histology at day 28
after PC infection. Lung sections were stained with H&E for inflammation assessment and
with Gomori methenamine silver (GMS) for PC infection score.
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