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Pneumocystis spp. pneumonia (PCP) in humans and
in surrogate animal species typically occurs in the
absence of CD4 T cells, as takes place during acquired
immune deficiency syndrome. However, patients
treated with highly active anti-retroviral therapy
sometimes exhibit an exacerbation of diseases such
as PCP that coincides with resurgent CD4 T cells, a
phenomenon known as immune reconstitution dis-
ease. We used an animal model of PCP using the
B-cell-deficient uMT mouse together with antibody-
mediated depletion of various T-cell subsets to exam-
ine the role of CD4 and CD8 T cells in the develop-
ment of pathology in PCP. Although overt pathology
occurs in the presence of CD4 T cells only, CD8 T cells
only, or both, pulmonary injury occurs via different
paths, depending on the complement of T cells
present. Surprisingly, profound damage occurred
when only CD4 T cells were present, and this pathol-
ogy coincided with enhanced recruitment and activa-
tion of eosinophils and strong type 2 cytokine polar-
ization in the alveolar environment. In addition, CD8
T cells can act to moderate this CD4 T cell-mediated
pathology, possibly by increasing the ratio of putative
CD25" suppressor CD4 T cells to CD25~ effector
CD4 T cells. (A4m J Patbol 2006, 168:466—475; DOI:
10.2353/ajpath.2006.050724)

Because the respiratory system is constantly exposed to
potentially pathogenic microorganisms, it possesses the
capability of mounting vigorous innate and acquired im-
mune responses. However, it is these same vigorous
responses that are often the source of pulmonary impair-
ments and damage to the respiratory epithelium during
microbial infections.'® This type of inflammation-related
damage is evident in pneumonia caused by the oppor-
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tunistic pathogen Pneumocystis, which typically only oc-
curs in individuals with some form of immunosuppres-
sion.* In immunocompetent patients or experimental
animals, Pneumocystis infection is easily cleared without
significant ensuing pathology. However, in patients with
reduced CD4 lymphocyte numbers [such as acquired
immune deficiency syndrome (AIDS) patients], and in
mice in which CD4 lymphocytes have been experimen-
tally depleted, steady growth of Pneumocystis occurs in
the lung despite the accumulation of inflammatory cells,
including macrophages, CD8 lymphocytes, and, in later
stages, neutrophils.>” The considerable pathology that
ensues typically coincides with the accumulation of these
inflammatory cells; indeed SCID mice that are deficient in
lymphocytes demonstrate less respiratory impairment
than mice that are only deficient in CD4 cells, even
though they have comparable loads of Pneumocystis.?
These observations have led to studies that examined
the type(s) of inflammatory cells potentially involved in the
host tissue damage seen in Pneumocystis pneumonia
(PCP). Although the influx of neutrophils into the alveolar
space coincides with the onset of severe pathology in
PCP, we have recently presented evidence that this is
only correlational and that the neutrophil defense mech-
anisms may not be directly involved in the development
of lung pathology.® In contrast, there is stronger evidence
that the presence of CD8 lymphocytes is required for the
full development of respiratory impairment in PCP,'° al-
though the mechanisms by which this damage occurs
are not yet clear. It is overly simplistic, however, to think
of pulmonary damage in a disease state occurring be-
cause of the unmodulated actions of one cell type alone.
Not only are many types of inflammatory cell types capa-
ble of producing host tissue damage, but there is also
abundant evidence of significant interactions between
inflammatory cell types that can potentially enhance or
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depress the potential for inflammatory damage by one
the of cells in question.”™'? These types of interactions
may be relevant in immune reconstitution disease (IRD),
which occurs in some AIDS patients in whom highly
active anti-retroviral therapy results in markedly in-
creased levels of CD4 lymphocytes. In some of these
individuals, intense inflammatory responses can occur in
the lungs (involving CD4 cells and residual Pneumocystis
organisms'® ') and requires vigorous therapeutic inter-
vention. This clinical syndrome highlights the potential
interaction of multiple inflammatory cell types and mech-
anisms that may be involved in the pathology of PCP.
Furthermore, this scenario also points to the need for a
well-characterized animal model of PCP in which the
functions of CD4 lymphocytes can be investigated.

To address these questions we examined the onset of
Pneumocystis-related pathology in an animal model of PCP
using the B-cell-deficient uMT mouse. Because these mice
cannot produce functional antibodies, they develop full-
blown PCP despite the presence of CD4 lymphocytes.'® By
depletion of specific lymphocyte subsets using antibody-
mediated depletions, we examined the type and onset of
pathology during PCP in uMT mice that were deficient in
CD4 lymphocytes, CD8 lymphocytes, or both CD4 and CD8
lymphocytes, as well as mice that were replete in both CD4
and CD8 lymphocytes. We report here that significant in-
flammatory damage occurs in both CD4-depleted and
CD8-depleted uMT mice during Pneumocystis infection, al-
though it may occur via different mechanisms. We also
report evidence that there is interaction between CD4 and
CD8 cells when both are present during Pneumocystis in-
fection, which alters the subsets of lymphocytes present,
the cytokine profile, and the type of pathology present at the
inflammatory site.

Materials and Methods

Animals

Breeder mice (uMT; stock number 002249) were ob-
tained from Jackson Laboratories (Bar Harbor, ME) and
bred in our facility at Montana State University. Control
C57BL/6 mice were obtained from the National Cancer
Institute (Fredrick, MD). Mice were kept in ventilated
cages, so that incoming air was HEPA filtered, and given
autoclaved mouse chow and acidified water.

Depletion of T-Cell Subsets and Infection with
Pneumocystis

For depletion of CD4 T lymphocytes, mice were given in-
traperitoneal injections of 300 ug of the anti-CD4 antibody
GK1.5 (American Type Culture Collection, Manassas, VA)
twice weekly. Depletion of CD8 T cells was done using
twice weekly injection of 300 pg of the anti-CD8 antibody
TIB-210 (American Type Culture Collection). Some animals
received double depletions with twice weekly injections of
300 pg each of both GK1.5 and TIB-210.
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Respiratory Measurements

Before tissue sampling, respiratory rates and tidal vol-
umes were measured on conscious mice using a whole-
body plethysmograph (Buxco Electronics, Sharon, CT).
Arterial blood gases were determined after warming the
mice for 5 minutes at 39°C, carefully nicking the ventral
tail artery, and then collecting 150 wl of blood into a
heparinized capillary tube. The blood was mixed using a
small steel flea and magnet, and the samples were ana-
lyzed on a clinical blood gas analyzer (Omni AVL; Roche
Diagnostics, Indianapolis, IN) within 1 hour of sampling.

Bronchoalveolar Lavage

Mice were sacrificed by pentobarbital anesthesia (100
wg/g body weight) followed by exsanguination. The tra-
chea of each mouse was nicked with fine scissors, and
then a tube was inserted. Five 1-ml aliquots of Hanks’
balanced salt solution with 3 mmol/L ethylenediaminetet-
raacetic acid were then applied to lavage the alveolar
contents.'® Samples from each 5-ml pooled lavage were
spun onto a slide using a cytospin centrifuge and then
stained with Diff-Quick dye (Dade Behring, Newark, DE).
Proportions of each cell type were determined micro-
scopically using a X100 objective lens. The bronchoal-
veolar lavage fluid (BALF) supernatant was collected by
centrifugation at 200 X g for 10 minutes, and aliquots
were used for the following assays. Albumin and lactate
dehydrogenase (LDH) concentrations were determined
with commercial kits (631-2; Sigma Diagnostics, St.
Louis, MO, and CytoTox 96: Promega, Madison, WI).
Eosinophil peroxidase (EPQO) activity in the BALF was
measured using a modification of the method of Duguet
and colleagues'”: briefly, aliquots of BALF were incu-
bated either with O-phenylenediamine, H,O,, and the
specific inhibitor 3-amino-1,2,3-triazole or with O-phenyl-
enediamine and H,O, alone. After 30 minutes of incuba-
tion at room temperature, absorbance at 405 nm was
measured. EPO-specific activity was estimated as the
absorbance measured in wells without the inhibitor
3-amino-1,2,3-triazole minus the absorbance in wells
containing the same sample with 3-amino-1,2,3-triazole.

Flow Cytometry and Cytokine Analysis

Bronchoalveolar lavage (BAL) cells were resuspended in
a minimal volume of phosphate-buffered saline with 2%
calf serum and an anti-mouse Fc receptor antibody
(Trudeau Institute, Saranac Lake, NY) to block nonspe-
cific binding. These cells were then stained with a cock-
tail of fluorophore-conjugated antibodies against the
mouse CD antigens CD4, CD8, CD28, and either CD25 or
CD62L (PharMingen, San Diego, CA) and analyzed on a
FACSCalibur flow cytometer (Becton Dickinson, Moun-
tain View, CA). Lymphocytes obtained from spleens of
control uninfected mice were used as a basis of compar-
ison. Flow cytometry-based bead ELISA kits (mouse Th1-
Th2 and Mouse Inflammation; Becton Dickinson) were
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used to measure cytokine concentrations in undiluted
samples of BALF.

Enumeration of Pneumocystis

After lavage, the trachea was ligated and two-thirds of the
lung were removed, placed into 5 ml of sterile Hanks’
balanced salt solution, and homogenized by pushing
through a metal mesh screen. An aliquot of this material
was diluted 1:20 and applied to a glass slide using a
cytospin centrifuge. After drying, the slides were stained
for an extended period of time in Diff-Quick dye (40 to 60
minutes). Pneumocystis nuclei (both cysts and trophozo-
ites) were then enumerated in a minimum of five X60
fields, up to a maximum of 50 (if nuclei were not readily
apparent). The average counts were then converted to
log Pneumocystis nuclei per lung. With this technique in
this laboratory, the limit of detection was (log) 4.43 when
50 fields were counted. Although the previous lavage
removes some Pneumocystis organisms from the lung, it
is a small fraction of what is present in the lung (<10%),
and this was consistent among different groups of mice.

Histology

One-third of the lung (the large left lobe) was fixed for 24
hours in phosphate-buffered formalin, embedded in par-
affin, sectioned at 5 um, and stained with either hema-
toxylin and eosin (H&E) or Alcian Blue with periodic acid-
Schiff using standard histological techniques.

Statistical Analysis

The software program Graph Pad Prism (San Diego, CA)
was used for all statistical tests of significance (to P =
0.05). Where greater than two groups were being com-
pared, one-way analysis of variance with Tukey’s post
hoc pairwise comparisons were made. When only two
groups were compared, we used a two-sided t-test, with
Welch’s correction if the groups had unequal variances.
In cases in which a deviation from a normal distribution
was observed, a nonparametric test (Mann-Whitney test)
was also applied. In those cases, we found that both the
t-test and Mann-Whitney test indicated the same result
(ie, both indicated significance or nonsignificance); how-
ever, typically one test gave a more conservative P value
(larger, but still <0.05). The P values we report are always
the conservative values.

Results

Although the common mouse model of Pneumocystis pneu-
monia (PCP) is that of wild-type mice depleted of CD4
lymphocytes, it has previously been shown that uMT mice,
which are deficient in B-cell and antibody production, also
develop serious and progressive infections with Pneumo-
cystis, even with normal numbers of CD4 lymphocytes.'®
We first compared these two models and found that at 28
days after inoculation uMT mice exhibited a burden of
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Figure 1. Pneumocystis organism burden and inflammatory cell influx in
lungs of uMT and wild-type (WT; C57BL/6) mice. Top: Mice were inoculated
with 107 Pnreumocystis organisms, and 28 days later, lungs were homoge-
nized and aliquots were used for microscopic quantification. Groups with
—CD4 in the name were depleted of CD4 T cells before inoculation and
during the entire incubation period. CON indicates uninfected WT mice. A
log of 4.4 is the limit of detection of this technique. Bottom: Cell counts in
BALF from the same mice were multiplied by the percentage of each cell type
as determined from differential microscopic examination, with lymphocyte
subset percentages determined by flow cytometric evaluation. Cell types
shown are alveolar macrophages (MAC), total lymphocytes (LYM), CD8
lymphocytes (CD8), neutrophils (PMN), and eosinophils (EOS). Values are
means =SEM, n = 5; a = significantly lower than WT-CD4 mice; b =
significantly higher than WT-CD4 mice; ¢ = significantly higher than uMT-
CD4 mice (all at P =< 0.05).

Pneumocystis that is only slightly lower than that seen in
CD4" depleted wild-type mice infected at the same time
(Figure 1). However, there were some subtle differences in
the Pneumocystis-related pathology found in these two
models. Although there were no statistical differences in the
indicators of BAL albumin, BAL LDH, or respiratory rates,
arterial blood oxygen was significantly lower in uMT mice
(Table 1). uMT mice also recruited considerably more cells
into the alveolar compartment than did CD4-depleted wild-
type mice. These included lymphocytes (mostly CD8 lym-
phocytes) and most strikingly, large numbers of eosinophils
(Figure 1). The CD4-depleted wild-type mice had fewer
accumulated CD8 lymphocytes in their lungs and, as would
be expected, had no CD4 lymphocytes and few eosinophils
in the BAL during Pneumocystis infection (Figure 1). How-
ever, if CD4 lymphocytes were depleted from uMT mice,
then the Pneumocystis disease took on characteristics very
similar to that of CD4-depleted wild-type mice. This was true
with respect to Pneumocystis burden (Figure 1), physiolog-
ical impairments (Table 1), and cellular influx into the lung
(Figure 1).
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Table 1. Measurements of Pneumocystis-Related Pulmonary Pathology in uMT and Wild-Type Mice with CD4 T-Cell Depletion
Parameter uMT WT-CD4 uMT-CD4 Control
Respiratory rate (breaths/minute) 520.0 = 11.7 (4) 505.2 = 14.4 (5) 441.6 = 17.9 (5) 316.1 = 10.1 (5)
PaO, (mmHg) 42.33 £ 2.55 (4)* 63.72 = 2.16 (5) 54.78 + 4.37 (4) 87.40 £ 0.72 (5)
BAL albumin (mg/ml) 0.098 = 0.01 (4) 0.13 = 0.03 (4) 0.13 = 0.04 (5) 0.01 = 0.01 (5)
BAL LDH (U/ml) 0.125 = 0.034 (4) 0.195 + 0.062 (4) 0.100 = 0.008 (4) 0.060 = 0.008 (4)

uMT and wild-type (WT; C57BL/6) mice were inoculated with 107 Pneumocystis organisms. —CD4 groups were depleted of CD4" cells with twice
weekly injections of GK1.5. Control mice were neither inoculated nor depleted. Twenty-eight days after inoculation, respiratory rates were measured
and arterial blood was sampled for measurement of O, partial pressure (PaO,). Mice were sacrificed and bronchoalveolar lavage (BAL) performed to
obtain samples for measurement of albumin and LDH. Values are means = SEM (n). *Indicates value is significantly different from all other groups in

same row (P < 0.05).

Previous research has implicated CD8 lymphocytes as a
cause of host tissue damage in Pneumocystis, and this initial
study would seem to agree, as both B-cell-deficient and B-
and CD4-cell-deficient mice had extensive host tissue dam-
age. To examine further the role of the CD8 cells, we in-
fected uMT mice that were depleted of CD4 lymphocytes,
CD8 lymphocytes, or both CD4 and CD8 lymphocytes as
well as undepleted uMT mice with Pneumocystis. We found
that there was little significant difference in the burden of
Pneumocystis after 30 days of infection among any of the
groups of uMT mice; mice in which both CD4 T cells and
CD8 T cells were depleted had slightly lower levels of Pneu-
mocystis (Figure 2). However, there were some surprising
observations of physiological parameters in Pneumocystis-
infected mice within these groups. Although we expected
Pneumocystis-infected uMT mice that were CD8 depleted
to have reduced host tissue damage, they in fact exhibited
physiological indicators of damage (increased respiratory
rate, reduced tidal volume, and low Pa0O,), which were
equal to CD4 T-cell-depleted uMT mice, and actually
showed the greatest decrease in body mass throughout the
course of the infection (Figure 3). Conversely, when both
CD4 and CD8 lymphocytes were depleted in Pneumocystis-
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Figure 2. Pneumocystis organism burden in lungs of uMT mice with various
complements of T cells. Mice were inoculated with 107 Prewmocystis organ-
isms, and 28 days later, lungs were homogenized and aliquots were used for
microscopic quantification. Groups with —CD4 in the name were depleted of
CD4 T cells before inoculation and during the entire incubation period.
Groups with —CD8 in the name were depleted of CD8 cells before inocula-
tion and during the entire incubation period. CON indicates uninfected WT
mice. A log of 4.4 is the limit of detection of this technique. Values are the
mean Preumocystis organisms per lung = SEM, n = 5; a = significantly less
than uMT mice; b = significantly less than uMT-CD4 mice (all at P = 0.05).

infected uMT mice, there was very little physiological im-
pairment (despite a high Pneumocystis burden); PaO, and
tidal volumes were not statistically different from that of
uninfected control mice, although respiratory rates were
marginally higher than those of control mice (Figure 3).
The relative proportions of inflammatory cells in the
lung were also very different in the various depletion
models, as one would expect. When uMT mice were
depleted of CD4 lymphocytes during Pneumocystis infec-
tion, they had a total lack of CD4 T cells and eosinophils
in the BAL (Figure 4). Conversely, when uMT mice were
depleted of CD8 lymphocytes, there was a tendency for
higher levels of both CD4 lymphocytes and eosinophils to
be present in the BAL, compared to that seen in unde-
pleted uMT, (Figure 4), although the degree of elevation
of these cell types was somewhat variable between ex-
perimental replications. When both CD4 and CD8 lym-
phocytes were depleted, there were no eosinophils (and
of course no CD4 or CD8 cells), and the numbers of
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Figure 3. Physiological assessments of pulmonary damage in uMT mice with
various complements of T cells 28 days after inoculation with Preumocystis.
Experimental groups are as described in Figure 2. Respiratory rate (top left)
and tidal volume (top right) were measured using whole body plethysmog-
raphy and are expressed as breaths per minute and ml per breath, respec-
tively. Partial pressure of oxygen was measured in arterial blood taken from
the tail artery of mice, and is expressed in mm of mercury (mmHg; bottom
left). Body weight of experimental animals was measured at the time of
inoculation and at 28 days, and changes in weight are expressed as a percent
change of total body mass (bottom right). Values are means = SEM, n =
5. a = Control mice respiratory rates are significantly lower that all other
groups (P = 0.05); b = significantly different from the same parameter in
MMT-CD4-CD8 mice (P = 0.05); ¢ = significantly different from the same
parameter in control mice (P = 0.05); d = significantly lower than same
parameter in all other groups of mice (P = 0.01).
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Figure 4. Inflammatory cells in the BALF of uMT with various complements
of T cells 28 days after inoculation with Preumocystis. See Figure 1 legend for
methodology. Experimental groups are as described in Figure 2. Top: Cell
types shown are CD8 lymphocytes (CD8) and CD4 lymphocytes (CD4).
Middle: Cell types shown are neutrophils and eosinophils. Bottom: Ratio of
putative CD4 suppressor T cells to CD4 effector T cells (total numbers of
CD25" CD4 lymphocytes divided by total numbers of CD25-CD4 lympho-
cytes) in the BALF of uMT mice with and without CD8 T cells being present
28 days after inoculation with Preumocystis. Values are means * SEM, n =
5 for each group; a = significantly greater than in uMT mice (P = 0.05); b =
significantly greater than in uMT mice (P = 0.05).

neutrophils (Figure 4) and macrophages (data not
shown) were similar to that of undepleted uMT mice. Flow
cytometry was also used to probe for the presence of
putative regulatory T cells (CD28~CD8* T cells and
CD25"* CD4™ T cells). Although the CD8 T cells exhibited
a spectrum of CD28 staining, there were no clearly de-
marcated populations of CD28-negative and -positive
cells, although the CD28 staining for some of these cells
was at or below the level of background staining, indicat-
ing that CD28~CD8" T cells were present (data not
shown). However, CD25*CD4™" T cells could be clearly
demarcated from CD25 CD4" cells. Although both
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Figure 5. Cytokine profiles of BALF in uMT with various complements of T
cells 28 days after inoculation with Preumocystis. Experimental groups are as
described in Figure 2. Values are mean cytokine concentrations (in pg per ml
of lavage fluid) = SEM, n = 5. a = Significantly different from levels in uMT
mice; b = significantly different from levels in uMT-CD8 mice; ¢ = signifi-
cantly different from levels in uMT-CD4 mice; d = significantly different from
levels in uMT-CD8-CD4 mice (all at P = 0.05).

Pneumocystis-infected uMT mice and Pneumocystis-in-
fected CD8 T-cell-depleted uMT mice had similar num-
bers of CD257CD4* T cells, the mice that were depleted
of CD8 T cells had greater numbers of CD25-CD4* T
cells, so that the ratio of CD4 T cells that includes poten-
tial regulatory cells (CD25"CD4%) and putative effector
cells (CD25-CD4™) was significantly lower in Pneumo-
cystis-infected CD8 T-cell-depleted uMT mice (Figure 4).

Additionally, the profile of some important inflammatory
cytokines in the BAL of Pneumocystis-infected mice was
very dissimilar in the different depletion models. In unde-
pleted, Pneumocystis-infected uMT mice, BAL samples
contained elevated levels of both type 1 [tumor necrosis
factor (TNF)-a and interferon (IFN)-y] and type 2 [interleukin
(IL)-4 and IL-5] cytokines (Figure 5). When the uMT mice
were depleted of CD4 lymphocytes, the levels of IL-4, IL-5,
and IL-6 in the BALF were reduced, while TNF-a and IFN-y
remained elevated (Figure 5). An opposite change occurs
with CD8 depletion: IL-4, IL-5, and IL-6 were elevated, while
IFN-y was decreased (Figure 5). When CD4 and CD8 lym-
phocytes were depleted, IL-4, IL-5, and IFN-y were all low,
while TNF-a remained at levels similar to undepleted, in-
fected uMT mice (Figure 5).

It is apparent that there are different conditions leading
up to similar levels of pathology in CD8-depleted versus
CD4-depleted uMT mice. Albumin in the BAL, indicative
of increased permeability, was moderately elevated in all
of the infected groups (Figure 6; although the albumin in
pMT mice with CD4 T cells depleted was significantly
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Figure 6. Biochemical indicators of pulmonary pathology in uMT mice with
various complements of T cells 28 days after inoculation with Preumocystis.
Experimental design is as described in Figure 2. Albumin (a marker of
endothelial and/or epithelial leakage) is expressed as mg per ml of lavage
fluid (top). LDH (a marker of local cell death) is expressed as U of dehy-
drogenase activity per ml of lavage fluid (bottom). Values are means = SEM,
n = 5. a = significantly different from the same indicator in uMT mice; b =
significantly different from the same indicator in uMT-CD8 mice; ¢ = signif-
icantly different from the same indicator in uMT-CD4 mice (all at P = 0.05).

higher in the experiment shown, this was not always the
case). However, LDH in the BAL, indicative of local cell
death, was consistently twofold higher in CD8-depleted
mice than in uMT and CD4-depleted uMT mice (Figure
6). The different forms of pathology were also evident
histologically: multinucleated giant cells were visible in
the alveoli of Pneumocystis-infected, undepleted uMT
mice and were present in even greater numbers in CD8-
depleted uMT mice (Figure 7). However, they were ab-
sentin all other groups. It is also noteworthy that, whereas
all of the uMT groups had moderate mucous cell hyper-
trophy in their airways after Pneumocystis infection,
wMT mice depleted of both CD8 and CD4 T cells exhib-
ited marked mucous cell hyperplasia in their airways
(Figure 7).

Finally, because of the high numbers of eosinophils in
CD8-depleted uMT mice and their potential role as effec-
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tor cells in host tissue damage, we examined whether
these cells had been activated and undergone degran-
ulation. Levels of the enzyme EPO were measured in the
BALF of all groups, and the activity was significantly
elevated only in CD8-depleted uMT mice (Figure 8).

Discussion

A variety of studies in animal models have implicated the
host inflammatory response as a major cause of pathol-
ogy in PCP.#*~® Some of these studies have shown that
neutrophils may have a correlative but not a causative
relationship to this pathology,® whereas other studies
have pointed to a causative role for CD8 T cells in pul-
monary damage.'®'® Because CD4 T cells are deficient
in many humans with Pneumocystis and absent in com-
mon animal models of PCP, their involvement in Pneumo-
cystis-related pathology has not been addressed. How-
ever, the clinical syndrome of IRD, during which AIDS
patients being treated with highly active anti-retroviral
therapy develop serious pulmonary inflammation (often
Pneumocystis related) that coincides with resurgent CD4
lymphocytes, raises some interesting questions. For ex-
ample, can CD4 T cells, if present at sufficient levels, also
be involved in pulmonary damage in PCP? Or, can inter-
actions between CD8 and CD4 lymphocytes occur to
potentiate the damaging actions of CD8 cells? To begin
to address these questions, we have examined Pneumo-
cystis-related pathology in uMT mice in which the ab-
sence of antibody-producing B cells allows for the devel-
opment of PCP in the presence of various combinations
of CD4 and CD8 T cells. Our results show that there can
be multiple pathways of host tissue damage, depending
on the complement of T cells present, and that interac-
tions between CD4 and CD8 T cells probably occur in
these models of PCP, but such interactions are more
complex than we initially envisioned.

Our results with uMT mice in which both CD4 and CD8
T cells have been depleted throughout the course of
infection with Pneumocystis reaffirms previous observa-
tions that lymphocyte-related inflammatory responses
cause much of the pulmonary pathology, as evidenced
by physiological lung function that is only marginally
worse than uninfected animals, despite a high PC bur-
den. This lack of damage occurs even in the presence of
moderately elevated TNF-«; this confirms previous obser-
vations that the TNF-a receptor is implicated in the de-
velopment of pathology in PCP, although much of this
pathology occurs through T-cell-related pathways.'®

That CD8 T cells are essential to host tissue damage in
mice in which CD4 T cells have been depleted was also
confirmed in this study; Pneumocystis-infected uMT mice
that were depleted of CD4 but not CD8 T cells show
almost identical pathology as wild-type mice in which
CD4 T cells were depleted. It was somewhat of a surprise
to find that equivalent pathology (or more severe, if
weight loss is taken into account) occurred in uMT mice
in which CD8 T cells but not CD4 T cells had been
depleted. However, it was also apparent that although
the physiological outcomes of the inflammatory damage
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Figure 7. Histological assessment of pulmonary pathology in uMT mice with various complements of T cells 28 days after inoculation with Preumocystis. A=E:
H&E-stained sections. F-I: Alcian Blue/PAS-stained sections (to highlight mucus-containing airway cells). Lungs from uMT mice are shown in A and F, B and G
are from uMT-CD8 mice, C and H are from uMT-CD4 mice, and D and I are from pMT-CD8-CD4 mice. A section from the lung of an uninfected control mouse
is shown for comparison in E. Large pink clumps of Preumocystis organisms can be seen in A-D; multinucleate giant cells can also be seen in uMT and uMT-CD8
mice (A, B). Airway cells staining positive for mucus can be found in all of the Preumocystis-infected groups, although they are consistently more numerous in
MMT-CD8-CD4 mice. Original magnifications: X600 (A=E); X200 (F-I).

(increased respiratory rate, reduced tidal volumes, re- there were elevated concentrations of albumin in the
duced Pa0,) were qualitatively the same in uMT mice BALF, indicative of leakage of the endothelial and/or
whether they possessed only CD4 T cells or only CD8 T epithelial barrier of the alveoli. Furthermore, the cytokine
cells, the pathways to this damage were somewhat dif- analysis of the BALF indicated a type1 cytokine skewed

ferent. In uMT mice that possessed only CD8 T cells, profile, in which TNF-a and IFN-y were elevated while
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Figure 8. Activity of the EPO enzyme in BALF in uMT mice with various
complements of T cells 28 days after inoculation with Preumocystis. Exper-
imental design is as described in Figure 3. Specific EPO activity is expressed
as the absorbance at 405 nm of the peroxidase substrate O-phenylenedi-
amine of aliquots of BALF. Values are means * SEM, n = 5; a = significantly
different from all other groups (P = 0.05).

IL-4 and IL-5 were absent. However, in uMT mice pos-
sessing only CD4 T cells, BALF albumin levels were
modestly elevated, and BALF LDH was sharply elevated
(and this was only observed in this group), indicating
local cell death. The cytokine profile of BALF in these
mice indicated type 2 cytokine skewing, with elevated
IL-4, IL-5, and IL-6.

In the case of uMT mice with only CD4 T cells, there
are diverse effector mechanisms that could account for
increased local cell death. A skewed Th2 phenotype has
been implicated with pathology in allergic disorders'"®
and parasitic infections.?® Eosinophilia is sometimes
present in those conditions as well, as it was in CD8
T-cell-depleted uMT mice in this report. Not only did
these mice have abundant eosinophils in the alveolar
space, there was also greater activation and degranula-
tion of the eosinophils, as indicated by higher levels of
EPO in the BALF. Eosinophil granule proteins such as
EPO and MBP are known to be cytotoxic in vitro,?" and
there is also some evidence for their involvement in pul-
monary pathology in vivo (although at least in asthma
models, there are clear differences in this respect be-
tween mice and humans®+2°).1722.23 The possible effec-
tor mechanisms in uMT mice in which only CD8 T cells
were present are not as clear. Although perforin/gran-
zyme-mediated cell lysis has been shown to be a cyto-
toxic mechanism used by some CD8 cells, this pathway
is probably not important in PCP?® (N.N. Meissner, manu-
script submitted).

In many pulmonary pathologies, including cryptococ-
cal infection®” and respiratory allergies,>2° eosinophil
influx into the alveolar space is CD4 T cell-dependent,
and this is obviously the case here, as indicated by the
absence of alveolar eosinophils in WMT mice that were
CD4 depleted. However, it is apparent from our data that
the CD4-dependent recruitment and activation of eosin-
ophils, as well as type 2 cytokine skewing, is moderated
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during Pneumocystis infection when CD8 T cells are
present. This is most evident in the group of uMT mice
that have been depleted of CD8 T cells, resulting in a
twofold greater recruitment of eosinophils as well as in-
creased eosinophil degranulation. The possibility that
CD8 T cells (or more likely, a subpopulation of CD8 T
cells) could modulate CD4 T cell functions is well estab-
lished. Exacerbation of inflammatory damage has been
shown to occur with CD8 depletion in murine Mycoplasma
pneumonia.?® Th2-associated pathology found in exper-
imental transplantation models is also enhanced when
CD8 T cells are depleted.?® Additionally, accumulation of
eosinophils in the lung is exacerbated by CD8 depletion
in mouse models of RSV infection®® and allergic asth-
ma.3" Observations such as these have lead to a resur-
gence in the study of putative CD8-positive regulatory or
suppressor cells.®273* A major focus in these studies has
been CD28~CD8™ cells, which are believed to induce
tolerance in transplantation models via contact-depen-
dent mechanisms involving antigen-presenting cells and
subsequently T helper CD4 cells.3%%°

Whether or not CD8 suppressor cells are involved in
this modulation, it is clear that when CD8 T cells are
absent in Pneumocystis-infected uMT mice, a relative
deficit of CD25"CD4* T cells occurs. Extensive research
into this subset of T cells in recent years has shown them
to have complex suppressive effects in a variety of dis-
ease states,**738 some of which have similar character-
istics to Pneumocystis infection. For example, the type 2
cytokine polarization and alveolar influx of eosinophils
that is seen in Pneumocystis-infected uMT mice, which
possess CD4 T cells, is also seen in mouse models of
ovalbumin-induced asthma, and these responses are
modulated by CD25"CD4" T cells.®*® And, in a study of
PCP in RAG-2~/~ mice, transfer of CD25-CD4" T cells
alone resulted in much more severe pathology than when
both CD25-CD4* and CD25*CD4™ T cells are trans-
ferred (although eosinophil levels were not reported in
that study).*° These observations, together with data we
report here, support the hypothesis that the ratio of
CD25-CD4" to CD25"CD4™ T cells is instrumental in the
enhanced eosinophil-related pathology seen in Pneumo-
cystis-infected CD8-depleted uMT mice.

If a subset of CD8 T cells is modulating CD4 T-cell
effector functions in our model of PCP, either directly or
via CD25%7CD4™ T cells, the question arises as to the
mechanism of interaction of this modulation. In some
instances, such as with CD8*CD28~ suppressor cells
discussed above, it is believed that a physical interaction
must occur between the CD8 suppressors and other cells
(APCs and CD4 T cells).?>**" However, in other experi-
mental models, it is believed that soluble mediators se-
creted from a group of CD8 T cells are sufficient to
change CD4 T cell function at sites of inflammation. Stud-
ies in several disease models have provided evidence
that reduction in secretion of IFN-vy (at least in part from
CD8 T cells) is associated with CD4-related eosinophilia
occurring in the lung.?%3"4243 |n our system, IFN-vy se-
cretion is markedly reduced when CD8 cells are depleted
and lung eosinophilia is greatest, so it is feasible that this
mechanism of interaction is what is occurring in our ex-
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perimental model. Studies are currently underway to ex-
plore this possibility.

One caveat that must be considered in the interpreta-
tion of this study is the absence of B cells in the uMT
mice. This immunological defect is of course what makes
these mice susceptible to Pneumocystis disease in the
presence of CD4 cells because an effective acquired
immune response against Pneumocystis cannot be
mounted without antibody production. In AIDS, an effec-
tive acquired immune response against Pneumocystis is
also absent, but this is due to the lack of CD4 cells (as in
the conventional mouse model of Pneumocystis disease,
in which CD4 cells are depleted). It is well known that, in
addition to antibody production, B cells also have other
important immunological functions such antigen pres-
entation and modulation of other lymphocyte func-
tions.**~*7 However, because several aspects of B-cell
function are perturbed in varying degrees in HIV infec-
tion,*® the model presented here remains useful in ex-
ploring the development of pathology in PCP, even
though it is not a complete recreation of what is occurring
in HIV-infected humans.

Indeed, although we show here that host pulmonary
damage can occur via both CD8-mediated and CD4-
mediated pathways during PCP in uMT mice, these mod-
els represent, by necessity, extremes as far as relative
proportions of CD4 and CD8 T cells present during PCP.
In humans with Pneumocystis-related IRD, there is prob-
ably a wide range of proportions of CD4 versus CD8 T
cells at the sites of inflammation. Clinical reports make
clear that IRD is a syndrome involving many pathogen-
specific inflammatory responses, as well as other nonin-
fectious processes.'®“° Even in cases in which there is
clear evidence of involvement of Pneumocystis, there is a
diverse range of findings regarding the types of inflam-
matory processes occurring in the lungs.’*®°7%2 The
common factor in all these cases is that symptoms coin-
cide with the reoccurrence of CD4 T cells, and that, when
examined, CD4 T cells are present in the lung at sites of
inflammation. The proportions of inflammatory cells are
quite variable in those cases in which this was examined
and may indicate a preponderance of lymphocytes or
alveolar macrophages; however, in only one case were
significant numbers of eosinophils reported in the
BALF." Because none of these cases reported dramatic
reductions of CD8 T cells, they do not approach the
extreme case of PCP in the presence of CD4 T cells with
absence of CD8 T cells in which we found severe pathol-
ogy in our uMT mice. Therefore, there is no evidence to
suggest that the inflammatory pathology seen in IRD is
due exclusively to products from activated eosinophils.
What this does suggest is that the presence of CD4 T
cells influences pathology in IRD through other mecha-
nisms. One possibility is via antibody-mediated mecha-
nisms, which would not be reflected in our B-cell-defi-
cient mouse model. Another possibility that would be
relevant to the uMT model is that the presence of CD4 T
cells influences the pathology by promoting a type 2
cytokine polarization. Although this has not been exam-
ined in Pneumocystis-related reconstitution disease,
there is evidence that this occurs in IRD associated with

other pathogens. For example, patients with a history of
IRD related to cytomegalovirus exhibit both a predomi-
nant Th2 cytokine environment and a delayed recovery of
CD8 T-cell numbers.>® Another study looking at patients
with IRD related to a variety of pathogens showed that
individuals susceptible to IRD had significantly higher
levels of IL-6 (which was also consistently high in Pneu-
mocystis-infected uMT mice possessing CD4 T cells).®*

In summary, although CD8 T cells are believed to be
the primary effector cell in host tissue inflammatory dam-
age in PCP, we have shown that when CD4 T cells are
present, but CD8 T cells and antibody production is
absent, CD4 T cells will mediate significant host damage,
although the path to this damage may be different from
when only CD8 T cells are present. This pathology is
associated with increased production of type 2 cytokines
(IL-4, IL-5, and IL-6). Another likely effector in this CD4
T-cell-dependent response is BAL eosinophils, which are
only recruited and activated to the alveolar space in the
presence of CD4 T cells. Interestingly, CD8 T cells (or a
subset thereof) actually moderate these CD4 T-cell-de-
pendent processes, in part by increasing the ratio of
CD25"CD4™ regulatory/suppressor to CD25-CD4™ ef-
fector T cells. Therefore, host tissue damage in PCP can
occur through several pathways, but there are also nat-
urally occurring mechanisms of modulation of these pro-
cesses. Elucidating what these mechanisms are may
provide potential strategies for ameliorating inflammatory
pulmonary damage in PCP and other pulmonary
diseases.
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