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Improved treatment regimens have reduced fatalities
from opportunistic diseases, such as Pneumocystis
pneumonia, in AIDS patients. However, serious
chronic conditions, including pulmonary hyperten-
sion (PH), are increasing in this group. We report
here that when CD4 T cells in Pneumocystis-infected
mice are temporally depleted and then allowed to
return, the extended inflammation results in PH that
persists after Pneumocystis is eliminated. Using this
model of PH, we have found that i) the onset of PH is
correlated with the return of CD4 T cells, but PH
persists after CD4 levels diminish; ii) vascular remod-
eling accompanies PH, but whereas temporary me-
dial hypertrophy is evident with transient PH in im-
munocompetent mice, persistent PH is associated
with perivascular fibrosis; iii) elevated levels of the
fibrotic mediator FIZZ1 are found in bronchoalveolar
lavage fluid of mice with persistent PH; and iv) al-
though Th2-related mechanisms may be involved in
PH etiology, PH still occurs in interleukin-4 receptor-
deficient mice under these conditions. Overall, the
data presented here demonstrate that the immune
response to an infectious disease pathogen, such as
Pneumocystis , can, when perturbed and prolonged,
lead to later development of a serious chronic condi-
tion such as PH. (A4m J Pathol 2007, 171:790-799; DOI:
10.2353/ajpath.2007.070178)

Recent treatment advances, such as customized antibi-
otic regimens and highly active anti-retroviral therapy,
have reduced fatalities in acquired immune deficiency
syndrome (AIDS) patients from opportunistic infectious
diseases such as Pneumocystis pneumonia (PCP). At the
same time, however, there has been a corresponding
increase in other types of pathological conditions in AIDS
patients. This includes rapidly developing conditions
such as immune reconstitution inflammatory syndrome, in
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which elements of the reconstituted immune function,
typically CD4 T cells, initiate an exuberant and some-
times dangerous response to an immune stimulus, in-
cluding residual pathogens from previous infections.™?
More common are chronic complications, often pulmo-
nary in nature, including malignancies (notably Kaposi
sarcoma and AlDS-related lymphoma with pulmonary in-
volvement) and pulmonary hypertension (PH), which oc-
curs 1000 times more frequently in HIV-infected individ-
uals than in the general population.®* AlDS-related PH
shares the same histological signs of pulmonary vascular
remodeling as idiopathic PH, including plexogenic and
thrombotic arteriopathy.® AlDS-related PH also carries
the same poor prognosis as idiopathic PH: one study
found that PH was the final cause of death in 72% of the
patients diagnosed with the condition, and 3-year post-
diagnosis survival rates ranged from 28 to 47%, depend-
ing on the condition of the patients at presentation.®

Although there have been a variety of theories put
forward, including cytokine imbalance, alteration of ad-
renergic tone, and concurrent autoimmune disease,’ the
cause of AlDS-related PH is not clear. We wished to
examine the hypothesis that previously resolved pulmo-
nary infections create conditions that will predispose to
the development of PH. In particular, we wanted to ex-
amine the role of prior Pneumocystis infections in the
etiology of AlIDS-related PH.

In the early years of the AIDS epidemic, PCP was often
the heralding event of an AIDS diagnosis, and although
various treatments have reduced PCP from its peak levels in
1990, it is still one of the most common opportunistic infec-
tions,® and may represent an early and perhaps pattern-
setting chapter in the patient’s pulmonary history. Patholog-
ical mechanisms of PCP are typically studied in mice
deficient in CD4 T cells (as are untreated AIDS patients, to
varying degrees), either via antibody-mediated depletion or
the use of genetically modified animals.®'° In those mice,
there is a strong inflammatory response to Pneumocystis
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that is T1 in nature, characterized by accumulation of mac-
rophages, neutrophils, and CD8 T cells, and host tissue
damage is associated with those cells, in particular CD8 T
cells.”” However, in view of immune reconstitution inflam-
matory syndrome, it is becoming evident that experimental
explorations of Pneumocystis-related pathology in which
CD4 T cells are present are relevant. We have previously
shown that when CD4 T cells are present during PCP, such
as in B-cell-deficient mice, there is extensive CD4 T-cell-
mediated pulmonary damage. ' Even in immunocompetent
mice there is a vigorous T2 inflammatory response, charac-
terized by an infiltrate of macrophages, multinucleate giant
cells, neutrophils, eosinophils, B cells, and both CD4 and
CD8 T cells,"™ as well as Th2 cytokine production and
hyperplasia of epithelial and mucus-producing cells.™® Al-
though this type of inflammation is typically very effective at
clearing Pneumocystis, it also has potential for collateral or
long-term changes in the lung. For example, Th2 skewing of
responses to subsequent exposure to PC has been ob-
served in humans.' In other pulmonary conditions, overex-
uberant Th2 responses are implicated in chronic patholog-
ical developments, including asthma' and fibrotic
interstitial lung disease.'® Further, when inflammation is pro-
longed during PCP that is eventually resolved, as in mice
deficient in type | interferon signaling, it results in extensive
fibrotic remodeling of the lung.™®

These observations have led us to speculate whether a
prolonged or delayed CD4 T-cell response to PCP, such
as what occurs in AIDS patients in which CD4 function
improves in the course of therapy, might cause inflam-
matory changes in the lung sufficient to initiate vascular
remodeling that persists after the infection has been
cleared. We report here that when mice are briefly de-
pleted of CD4 T cells and infected with Pneumocystis, and
the CD4 cells are then allowed to return, the infection is
cleared, but there is indeed lingering PH as determined
by significantly elevated right ventricular pressure, and
significant increase in right ventricle (RV) mass. In addi-
tion, although there is significant medial hypertrophy in
pulmonary arterioles early in PCP, the long-term form of
vascular remodeling associated with this PH seems to be
increased fibrotic perivascular remodeling.

Materials and Methods

Animals

Mice used in this study came from two sources. Many of
the BALB/c mice and all of the interleukin (IL)-4 receptor
knockout mice (which were on a BALB/c background)
were bred in the research animal facility at Montana State
University from stock originally obtained from Jackson
Laboratories (Bar Harbor, ME). In some cases, BALB/c
mice were purchased from the National Cancer Institute
(Fredrick, MD). During the course of experimental incu-
bations, mice were kept in isolation rooms, inside venti-
lated cages receiving HEPA-filtered air, and given auto-
claved mouse chow and acidified water.
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Depletion of CD4 T Cells and Infection with
Pneumocystis: Experimental Model

For depletion of CD4 T lymphocytes, mice were given
intraperitoneal injections of 300 ug of the anti-CD4 anti-
body GK1.5 (American Type Culture Collection, Manas-
sas, VA). The timing of these depletions was such that
mice received an injection of GK1.5 2 days before inoc-
ulation with Pneumocystis, again at 2 to 3 days after
inoculation, and then two to three more times at 3- to
4-day intervals. Inoculation with Pneumocystis was per-
formed with intratracheal inoculation of lightly anesthe-
tized mice with aliquots of lung homogenates from Pneu-
mocystis-infected severe combined immunodeficient mice.'”
Evaluations of inflammation, infection, and PH were made
at various times after the infection. We found that CD4 T
cells slowly began to reappear at 25 to 38 days after
infection, Pneumocystis was cleared at 30 to 40 days after
infection, PH began to appear at 30 to 42 days after infec-
tion, and was persistent at the latest time points measured
(50 to 63 days). Once the timing of these events was de-
termined, additional experiments were performed within
these time frames.

Right Ventricular Pressure Measurements

Measurements of blood pressure in the RVs of mice
were obtained by transthoracic insertion of a fluid-filled
cannula.'® Briefly, a hubless 25-gauge needle was in-
serted into a 20-cm length of Micro-Line tubing [inner
diameter (i.d.), 0.02 inches], which was then attached to
a Cobe CDXIII pressure transducer (Argon Medical De-
vices, Athens, TX). The transducer was in turn connected
to a Buxco MAX2270 preamplifier and BioSystem XA
software (Wilmington, NC). The cannula was filled with
heparinized, degassed normal saline, and then before
each experiment, the pressure measurement system was
calibrated against a mercury sphygmomanometer. At the
time of measurement, mice were weighed and injected
with 60 ug/g body weight of pentobarbital. As soon as
anesthesia was reached (loss of pedal reflex), a small
incision was made in the chest fur, the pectoralis muscle
was partially cut and retracted, and the needle was in-
serted while pressure was constantly monitored. When
appropriate placement was confirmed, eight 5-second
intervals of pressure measurements were recorded. On
later analysis, digital recordings of the measurements
were carefully examined, and all of the eight record-
ings in which the pressure waveform was consistent for
the 5-second period were averaged, using the param-
eters of average peak pressure, and average pressure
(maximum-minimum).

Bronchoalveolar Lavage (BAL)

After pressure measurements, the anesthetized mice
were sacrificed by exsanguination. The trachea of each
mouse was nicked with fine scissors, and then a 16-cm
length of Micro-Line tubing attached to a 5-ml syringe
was inserted. Five 1-ml aliquots of sterile Hanks’ bal-
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anced salt solution with 3 mmol/L ethylenediaminetet-
raacetic acid were then applied to lavage the alveolar
contents.'® Aliquots (100 wl) from each lavage were spun
onto a slide using a cytospin centrifuge and then stained
with Diff-Quick dye (Dade Behring, Newark, DE). Propor-
tions of each cell type were later determined microscop-
ically using a X100 objective lens. Additional aliquots
were taken to count total BAL cells using a hemocytom-
eter. The bronchoalveolar lavage fluid (BALF) superna-
tant was collected by centrifugation at 900 X g for 10
minutes, and aliquots were saved at —80°C for subse-
quent assays.

Cardiac Mass Measurements

After lavage, the relative mass of the RV to the left ven-
tricle (LV) plus septum (LV + S) was determined accord-
ing to standard methodology.?® In brief, the atria were
trimmed away from the heart, which was then weighed,
after which the RV was cut away from the heart and
weighed, as was the remaining LV + S. RV mass is
expressed as the percentage LV + S[(RV/LV + S) X
100].

Flow Cytometry and Enzyme-Linked
Immunosorbent Assay (ELISA) Analysis

BAL cells were resuspended in a minimal volume (100 to
200 ul) of phosphate-buffered saline with 2% calf serum
and an anti-mouse Fc receptor antibody (Trudeau Insti-
tute, Saranac Lake, NY) to block nonspecific binding. The
cells were then stained with a mixture of fluorophore-conju-
gated antibodies against the mouse CD antigens CD4,
CD8, CD25, and either CD28 or CD19 (PharMingen, San
Diego, CA) and then examined on a FACSCalibur flow
cytometer (Becton Dickinson, Mountain View, CA). Lym-
phocytes obtained from the spleens of control uninfected
mice were used as a basis of comparison and instrument
setup. Analysis of cytometry data was performed with
CellQuest software (Becton Dickinson), and numbers of
relevant cell types (eg, CD4 lymphocytes) was determined
by combining flow cytometry data (percentage of a given
cell type) with BAL cell counts. Cytokine concentrations in
undiluted samples of BALF were measured in some cases
using cytometry-based bead ELISA kits (mouse Th1-Th2
and mouse inflammation; Becton Dickinson). A standard
ELISA was used to measure the levels of the putative fibrotic
mediator FIZZ1 (found in inflammatory zone 1),2"#? using a
polyclonal antibody from Alpha Diagnostic International
(San Antonio, TX). To quantify the ELISA, known concentra-
tions of a control peptide that represents a 14-amino acid
segment of FIZZ1 (Alpha Diagnostic International) was
used, and results are thus expressed as nanograms of
peptide equivalent.

Enumeration of Pneumocystis

After lavage, the airway was ligated, and two thirds of the
lung was removed, placed into 5 ml of sterile Hanks’

balanced salt solution, and homogenized by pushing
through a metal mesh screen with a sterile rubber pestle.
An aliquot of this material was diluted 1:20 and applied to
a glass slide with a cytospin centrifuge. After drying, the
slides were stained in Diff-Quick dye (with 20 to 40 min-
utes in the final nuclear stain). Pneumocystis (cysts and
trophozoites) were then enumerated as described'® by
counting nuclei until 500 organisms were counted, within
a minimum of five X60 fields. If less than 500 nuclei were
observed, a maximum of 50 fields were examined. The
average counts were then converted to log Pneumocystis
nuclei/lung; with this technique on the microscope used,
the limit of detection was (log) 4.43 when 50 fields were
counted. Although prior lavage does remove some Pneu-
mocystis organisms from the lung, it is a small fraction of
what is present in the lung (<10%), and this was consis-
tent among different groups of mice.

Histology and Morphometry

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 wm, and stained with either hema-
toxylin and eosin (H&E) or Masson’s trichrome stain using
standard histological techniques. Morphometry of pulmo-
nary vasculature was performed using methods similar to
those previously published.?® Sections were examined
using differential interference contrast optics on a Axio-
vert M microscope (Carl Zeiss, Thornwood, NY). Pictures
were taken of 20 arterial/arteriolar vessels in the 10 to 100
wm range in each section. These images were then an-
alyzed using the Imaged version of NIH Image (W.S.
Rasband; Imaged; National Institutes of Health, Be-
thesda, MD; http.//rsb.info.nih.gov/jj/, accessed Novem-
ber 2006).2* On each vessel profile, three measurements
were taken of the vessel outer diameter (0.d.), i.d., and
thickness of the medial smooth muscle layer (SM; defined
as between the internal and external elastic lamina). The
percentage of vessel diameter that is medial smooth
muscle was calculated as (average SM X 2/average
0.d.) X 100 and expressed as a percentage of o.d.

Pulmonary Soluble Collagen Content

In some experiments, aliquots of the lung homogenate
used for Pneumocystis counts were quick frozen for later
analysis of soluble collagen content using the Sircol dye
method.2® A kit from Biocolor Ltd. (Newtonabby, UK) was
used for this procedure: lung homogenates were thawed,
centrifuged, and filtered and then subjected to extraction
with 0.5 mol/L acetic acid, after which the extracted sam-
ples were analyzed for soluble collagen according to the
manufacturer’s instructions. The samples were also as-
sayed for total protein using a bicinchoninic acid assay
(Pierce, Rockford, IL). Results are expressed as micro-
grams of collagen per milligrams of total protein.

Statistical Analysis

The software program GraphPad Prism (San Diego, CA)
was used for all statistical tests of significance (ie, P =



0.05). When more than two groups were being com-
pared, one-way analysis of variance followed by Tukey’s
post hoc pairwise comparisons was performed. 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 used. In those cases, we found
that both the t-test and Mann-Whitney test indicated the
same result (ie, both indicated significance or nonsignifi-
cance); however, typically one test gave a more conser-
vative (larger, but still <0.05) P value. The P values we
report are always the conservative values.

Results

Transient Vascular Remodeling and PH in
Immunocompetent Pneumocystis-infected Mice

Although immunocompetent mice will clear a Pneumo-
cystis infection in 21 to 28 days, there are often signs of
residual perivascular inflammation (Figure 1, A-C). To
determine whether this inflammation was sufficient to
cause vascular remodeling that results in PH, we infected
normal immunocompetent male BALB/c mice with Pneu-
mocystis and measured RVP and RV mass at various
intervals after infection. In immunocompetent mice, the
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peak inflammatory response occurred at ~14 days after
infection; at this time there was significant involvement of
both lymphocytes (CD4* and CD8™) and granulocytes,
especially eosinophils (Figure 1G). Interestingly, there
was also hypertrophy of both epithelial and vascular
structures, with an obvious thickening of arteriolar smooth
muscle in areas of active inflammation (Figure 1A). Alter-
ation to the pulmonary vasculature was accompanied by
significantly elevated RVP, compared with control nonin-
fected mice; as seen in Figure 1D, control mice at the
altitude of Bozeman, MT (1550 meters) exhibited RVP of
23.19 = 1.15 mmHg (although this can be higher in aged
control mice), whereas after 14 days of infection with
Pneumocystis, mean RVP was 36.03 = 2.25 mmHg.
There was also a tendency toward increased right ven-
tricular mass (expressed as the ratio of right ventricular
mass to LV + septum mass) in these animals; however,
this trend was not significant (Figure 1E). When these
same assessments were made at 30 days after infection,
after clearance of Pneumocystis, it was apparent that in
immunocompetent animals, effects of Pneumocystis in-
fection on the function of the pulmonary vasculature were
transient. Histological observations showed that although
there was still some residual perivascular inflammation,
there was no longer the dramatic thickening of the medial
layer of the smaller arteries that was seen at 14 days
(Figure 1, A-C). Furthermore, RVP in mice after 30 days
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Figure 1. PH and perivascular inflammation is transient in immunocompetent mice. A: Pulmonary tissue in an immunocompetent mouse 14 days after inoculation
with Preumocystis showing marked perivascular inflammation (arrowhead) and enlarged medial layers of small pulmonary arteries (arrow). B: Similar view at
30 days after infection with limited residual perivascular inflammation and reduced medial hypertrophy in small arteries. C: Comparable view in an uninfected
control. D and E: At 14 days after inoculation with Preumocystis, mean peak right ventricular pressure (RVP) is significantly elevated, whereas the mass of the
RV, expressed as the percentage RV mass is of the combined mass of the left ventricle + septum (LV + S), is slightly, but not significantly higher; 72 = 9 (infected)
or 6 (control). F: At 30 days after infection, RVP is no longer significantly elevated [#z = 6 (infected) or 7 (controD]. NS, nonsignificant. G: Inflammatory cells in
the BALF are greatly reduced at 30 days compared with 14 days (Macs, macrophages; CD4s and CD8s are lymphocytes only; PMNs, neutrophils; EOS, eosinophils).
Values are means * SEM; P is probability that value is statistically equal to control animals. Original magnifications, X400.
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of Pneumocystis infection was no longer statistically
higher than what was seen in control animals (Figure 1F),
and there was also no significant long-term effect on right
ventricular mass (not shown). This corresponded with
significant changes in the proportions of inflammatory
cells in the lung; the inflammatory cell influx into the
alveolar compartment was sharply reduced, with gran-
ulocytes now being almost absent, macrophages be-
ing the dominant cell type, and approximately equal
but reduced numbers of CD4 and CD8 lymphocytes
(Figure 1G).

Extended Inflammatory Responses to
Pneumocystis Infection Results in Persistent PH

Unlike the situation in immunocompetent patients, when
immunocompromised patients contract PCP, the disease
is typically prolonged, and there is an extended inflam-
matory process in the lung. This is also the case in
various models of PCP in immunocompromised mice.
The particular scenario in which we wanted to examine
pulmonary vascular changes during prolonged inflam-
mation in PCP was that of depletion followed by gradual
reconstitution of CD4 T cells. To do so, we depleted
BALB/c mice of their CD4 T cells early during the period
of Pneumocystis infection and then stopped the deple-
tions to allow the CD4 T cells to return. When mice were
assessed at 28 to 40 days after infection, RVP was highly
variable, ranging from 20 to 45 mmHg, and there was no
linear relationship to time after infection. There was also a
lack of correlation between RVP and the levels of Pneu-
mocystis organisms, suggesting that elevated pressures
are not simply because of the physical presence of large
numbers of pathogens exerting pressure on the pulmo-
nary vasculature and increasing resistance to blood flow
(Figure 2A). What did appear to be related to higher
levels of RVP, during this same period, was the degree to
which CD4 T cells were recovering; although the number
of CD4 T cells found in the BALF was highly variable,
there was a statistically significant correlation between
the levels of CD4 T cells and RVP values (Figure 2B).
When mice that had been given this short-term depletion
of CD4 cells were assessed at later time points (50 days
or more after inoculation), the development of PH was
clear: although the Pneumocystis had been totally
cleared (data not shown), RVP values were consistently
elevated, as were relative right ventricular masses (Fig-
ure 3, A and B). Furthermore, once PH had been estab-
lished, the relationship with inflammatory cells was no
longer pertinent. Indeed, in the period of 50 to 63 days
after infection, the levels of inflammatory cells were dra-
matically decreasing; total BAL cells at 51 days were
265 = 1.14 X 10° (n = 11), whereas at 63 days this
figure had dropped to 0.35 + 0.38 X 10° (n = 8), which
is near control levels. Granulocytes no longer comprised
substantial percentages of the BAL cells at this time
(<6% total), and there were approximately equal num-
bers of lymphocytes and macrophages (data not shown).
What was clear is that PH was persistent during this
period, despite the decline in CD4 T-cell numbers (Figure
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Figure 2. Mean peak RVP at 28 to 38 days after Pneumocystis inoculation
with short-term CD4 depletion and Preumocystis infection were evaluated
(20 to 30 days after last anti-CD4 treatment). Recovery of CD4 T cells is highly
variable, as was measured RVP. RVP is not correlated to Preumocystis, but a
correlation exists between RVP and CD4 levels. Points represent individual
animals (12 = 16) pooled from three separate experiments.

3C), suggesting that although CD4 cells are required for
the initiation of vascular changes resulting in PH, they are
not necessary for PH to continue. Although the drop in
total cell number during this period is dramatic, we have
observed similar rapid changes in cell numbers through-
outa 10 to 15 day period in immunocompetent mice once
Pneumocystis has been cleared (not shown). The major
notable difference in this case is that CD8 T cells seem to
the last inflammatory cell to linger in higher numbers.

Medial Smooth Muscle Hypertrophy of Small
Pulmonary Arteries Does Not Seem to Be
Related to PH that Occurs in Response to a
Prolonged Pneumocystis Infection

As described above, during the peak inflammatory re-
sponse to Pneumocystis in immunocompetent mice (at 14
days), there is pronounced medial smooth muscle hyper-
trophy in many pulmonary arterial vessels. Surprisingly,
when the inflammatory response to Pneumocystis was
extended by short-term depletion of CD4 T cells, medial
vessel hypertrophy at the time of persistent PH was not
consistently evident in H&E tissue sections (Figure 4,
A-D). These subjective observations were confirmed by
a detailed quantitative assessment of medial vascular
thickness, which also indicated that although there may
have been slight medial hypertrophy at 53 days after
infection, there was no longer a significant difference in
the medial smooth muscle layer between mice at 63 days
after infection and control, noninfected animals (Figure 4,
E and F).
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Figure 3. PH persists in BALB/c mice after Preumocystis infection is cleared, when CD4 T cells have been temporally depleted. Prewmocystis-infected mice were
depleted of CD4 cells for the first 10 days of infection; CD4 cells were then allowed to return. Both mean maximum RVP (A) and RV mass (B) remain elevated
at 51 and 63 days after infection, even as the numbers of inflammatory cells decrease during this period (C). CD4"* and CD8™ are single positive lymphocyte
populations, whereas DP lymphocytes are double positive for both CD4 and CD8. Values are means = SEM, n = 12 (PC-infected 51 days and control) or n =

9 (infected 63 days); P is probability that value is statistically equal to control, noninfected mice.

Increased Perivascular Fibrosis Occurs in
Pneumocystis-Infected Mice that Have Been
Subjected to Short-Term CD4 T-Cell Depletion

Although the H&E sections in Figure 4 show only slight
residual perivascular inflammation at the time of persis-
tent PH, similar sections stained with Masson’s trichrome
show that fibrotic changes, including increased deposi-
tion of collagen, have occurred in many perivascular
areas (Figure 5, A-D). Quantitative assessment of pulmo-
nary fibrosis, in the form of total soluble pulmonary col-
lagen, suggests that this fibrosis is progressive because
there is moderate but not significant increases in total
collagen at 51 days after infection and higher and statis-
tically significant increases in total collagen at 63 days
(Figure 5E). We also explored the possible implication of
known fibrotic mediators; for example, the cytokine IL-13
has been implicated in the development of fibrosis, and
elevated levels of IL-13 are present in the early stages of
Pneumocystis infection.’® However, we did not detect

term CD4-depleted and PC-infected mice at 53 and 61
days after infection (not shown). We did, however, find
elevated concentrations of the putative fibrotic mediator
FIZZ1 (found in inflammatory zone 1), which may act
downstream of other inflammatory agents, including IL-
13, in the BALF of the Pneumocystis-infected, short-term
CD4-depleted mice with PH and perivascular fibrosis
(Figure 5F).

IL-4 Signaling Is Not Required for PH to

Develop in Pneumocystis-Infected Mice that
Have Been Subjected to Short-Term CD4 T-Cell
Depletion

Because pulmonary fibrosis is associated with events
such as the production of Th2-type cytokine by Th2 cells
(including CD4 cells), and the formation of alternatively
activated macrophages that may be instrumental in col-

lagen production,?®

significantly elevated levels of IL-13 in the BALF of short- we hypothesized that IL-4 signaling
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Figure 4. Medial hypertrophy and inflammation in BALB/c mice subsides after Preumocystis infection has been cleared. In mice with short-term CD4 depletion,
perivascular inflammation (arrowhead) and thickness of the medial smooth muscle layer (arrows) are reduced from what was seen in 14-day infected
immunocompetent mice (Figure 1A) at 51 (A) and 63 (B) days after infection, although both of these still have slightly greater area than in immunocompetent
mice 45 days after infection (C) or control noninfected animals (D). Quantification of the smooth muscle layer confirms these observations (E and F); values
represent the percentage of the diameter of the vessels that is medial smooth muscle (see Materials and Methods for details on calculations). E: Vessels larger than
50 wm but smaller than 100 wm in o.d. F: Vessels smaller than 50 pm. Values are means * SEM, n = 12 (51 days infected and control) or 9 (63 and 14 days
infected); P is probability that value is statistically equal to control. NS, nonsignificant.
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Figure 5. Perivascular fibrosis in BALB/c mice after Prneumocystis infec-
tion has been cleared. Masson trichrome stains of sections of pulmonary
tissue of Pneumocystis-infected (A and C) and control (B and D) BALB/c
mice. Infected mice were CD4 depleted for the first 10 days of infection;
samples were taken 63 days after inoculation. Increased staining density
of extracellular matrix proteins is evident both in the cross section (A) and
tangential section (C) of the infected lung (arrowheads, collagen stains
blue with this procedure). Quantification of soluble collagen levels in
short-term CD4-depleted mice at 51 and 62 days after inoculation con-
firms the higher levels of extracellular matrix protein in lung tissue. E:
Lung homogenates were assayed for soluble collagen as described in
Materials and Methods. Results are expressed as micrograms of soluble
collagen per milligram of total protein in the sample, means £ SEM, n =
7 per group. Increases in BALF levels of the fibrotic mediator FIZZ1
coincided with increased fibrosis (F); aliquots of BALF were tested by
ELISA for the presence of the putative fibrotic mediator and quantified
against standards of FIZZ1 peptide. Values are means £ SEM, n = 8to 11.
Original magnifications, X400.

would be required for the development of PH in our
model. Surprisingly, we found that when mice deficient in
the IL-4 receptor, and therefore refractory to Th2 skew-
ing, are subjected to the short-term depletion and Pneu-
mocystis infection regimen, they also develop persistent
PH, in the form of elevated RVP and RV/LV + S (Figure 6,
A and B). This occurred despite the differences in inflam-

matory cell recruitment throughout the period of infection,
most notably a total lack of eosinophils, compared with
observations in wild-type mice (Figure 6C).

Discussion

We report here that PH is a sequelae of PCP in mice when
natural inflammatory responses to Pneumocystis are pro-
longed because of temporary depletion followed by re-
establishment of CD4 T cells. In addition, although PH
can occur in the course of an active Pneumocystis infec-
tion, our results show that in this model, Pneumocystis-
related PH persists after the pathogen has been cleared
and most aspects of PCP-related inflammation have sub-
sided. Furthermore, it seems that in our experimental
system, the CD4 cells themselves are instrumental in
initiating the processes that result in persistent PH.

These experimental observations are particularly rele-
vant in light of the increased incidence of noninfectious
pulmonary complications, including PH, in AIDS patients
after partial reconstitution of their own immune func-
tion.?”~2° Several reviews have examined cases of HIV-
related PH, and speculated that there are multiple causes
and factors involved in the development of this condi-
tion,®°=32 but the role of prior pulmonary infections in
these cases has not been clearly resolved. Although
many of these reviews show a lack of correlation of PH
with active pulmonary infections, only one presented in-
formation related to previous infections with opportunistic
lung infections and also found a lack of correlation®?;
however, that study was based on a single patient. These
investigations also point out that there is not a correlation
between CD4 cell counts at the time of presentation with
PH and the incidence of PH.3°3" This does not contradict
our study, however, because we show that PH is persis-
tent after CD4 T-cell levels have decreased, and it is only
during the onset of PH in Pneumocystis-related PH that a
correlation with the reoccurrence of CD4 T cells is
relevant.

Furthermore, some of the mechanisms that have been
proposed as potential factors in the etiology of HIV-asso-
ciated PH are also part of the inflammatory processes
occurring in the course of Pneumocystis infection. For
example, altered secretion of cytokines such as IL-1B,
IL-6, and tumor necrosis factor-a are speculated as a
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Figure 6. Persistent PH does not depend on IL-4 signaling. IL-4 KO mice were Preumocystis-infected and depleted of CD4 cells for 10 days and then sampled
at 57 days after inoculation. A: RVP of infected and control IL-4 KO mice. B: Relative right ventricular mass of infected and control IL-4 KO mice. These events
occur despite different cellular response to Preumocystis, as indicated by the profile of BAL cells seen 14 days after infection (C); when compared with
immunocompetent mice (see Figure 1G), there is no eosinophil response but a higher recruitment of neutrophils. Values are means = SEM, n = 5; Pis probability

that value is statistically equal to control.



causal factor in HIV-associated PH,” and these cytokines
are also involved in host defense against Pneumocys-
tis.®*~3% It has also been suggested that chronic hypoxia
and elevated norepinephrine present during active AIDS
infections may result in elevated «-1 adrenergic tone via
stimulation of vascular smooth muscle tone.”3” This may
be true during Pneumocystis infections as well because
reduced blood oxygen occurs in PCP in both mice'"38
and humans.®*®“° Unfortunately, because of a lack of
sufficient data, these mechanisms of HIV-associated PH
are only speculative at present; however, they are similar
to those proposed for other forms of PH in which inflam-
mation is an important factor. For example, inflammatory
cytokines (IL-1, IL-6, tumor necrosis factor-a) are ele-
vated in patients with the rare POEMS syndrome (poly-
neuropathy, organomegaly, endocrinopathy, monoclonal
gammopathy, and skin changes) in which PH invariably
occurs.*! Histological examination of pulmonary lesions
revealed perivascular accumulation of inflammatory cells,
presumed to be a source of inflammatory cytokines, in
both primary plexogenic PH in humans,*® and in PH
related to systemic sclerosis.*® In addition, the occur-
rence of PH in Gaucher disease in humans is correlated
with markers of inflammation, including C-reactive pro-
tein.** Potential roles for some of these same inflamma-
tory mediators in the development of PH have been de-
finitively shown in the monocrotaline inflammatory model
of PH in rodents. These include IL-6,%° IL-1,%¢ leukotri-
enes,*” and tumor necrosis factor-a.*® Overall then, our
evidence that inflammation associated with prior Pneu-
mocystis infections in mice may create conditions leading
to the development of PH suggests that previous history
of Pneumocystis infections in HIV patients should be con-
sidered as a possible factor in the pathological underpin-
nings of HIV-related PH.

Vascular remodeling is an essential component of
PH, and we present here a somewhat surprising pat-
tern of remodeling concomitant with the development
of PH in mice that have had a transitory depletion of
their CD4 T cells. We did not observe vascular plexi-
form lesions in any of our mice. However, although
these lesions are frequently observed in lung samples
from humans with PH, including HIV-PH, they are only
very rarely seen in mouse models of PH.*° In addition,
although pronounced medial hypertrophy of vascular
smooth muscle was a prominent development in immu-
nocompetent mice, this development was not a persis-
tent feature in our short-term depletion model. Rather,
what persisted were fibrotic changes in the perivascu-
lar areas of the lung, including increased deposition of
collagens near the smaller intrapulmonary arteries.
Both of these types of remodeling can contribute to
increased pulmonary blood pressure. With medial hy-
pertrophy, increased smooth muscle in the precapillary
vessels results in increased vascular tone and reduced
vessel lumen diameter, increasing vascular resistance
and resulting in elevated pressures.®® The fibrotic
changes we observed are probably related to vascular
adventitial remodeling, which reduces distensibility
and compliance of the vessels, which in turn contrib-
utes to increased vessel pressures.®'%2
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Perivascular fibrotic remodeling may be a response to
vascular changes such as medial hypertrophy because
there is evidence that increased intravascular pressures
will induce connective tissue synthesis®® or it may arise in
response to inflammation through related and/or inde-
pendent mechanisms. Indeed, there is substantial evi-
dence from other animal models that changes occur in
adventitial cells (including extracellular matrix protein
production) as an early response to perturbations that
cause PH, including hypoxia,>* monocrotaline expo-
sure,®® and even with ex vivo exposure to cadmium and
transforming growth factor-B.°¢ Furthermore, the type of
perivascular fibrosis we report here is also seen in some
human patients with chronic bronchiolar inflammation.®”
Therefore, in our report the sustained PH that persists
after clearance of both the Pneumocystis infection and
most of the inflammatory cells may be attributable to
quantitative rather than qualitative differences of the dis-
ease process. Specifically, if the inflammation has been
prolonged, because of deficiency of CD4 T cells, then as
the CD4 cells return, the fibrosis and armoring of the
perivascular areas may be extensive, maintaining the
elevated pulmonary blood pressures.

We also demonstrate the importance of a subset of the
acquired immune system, specifically CD4 T cells, in the
onset of Pneumocystis-induced PH. There are of course,
many possible functions of CD4 T cells that may contrib-
ute to the development of PH. In response to Pneumo-
cystis, there is a greater tendency for CD4 cells to be-
come Th2-type cells, rather than Th1.%8 Furthermore, the
Th2 cytokines IL-4 and IL-13 are involved in the develop-
ment of fibrotic changes in the lung.®®-¢° Our observation
of elevated FIZZ1 in the BALF suggested a possible
mechanism of CD4 Th2 cells in the onset of perivascular
fibrosis via IL-4-mediated promotion of alternatively acti-
vated macrophages,®' and FIZZ1,525% which in turn pro-
motes pulmonary fibrosis.®* We were somewhat sur-
prised to find that in the absence of IL-4 signaling, there
was no significant difference in Pneumocystis-related PH
after short-term CD4 T-cell depletion. Clearly, there are
many other possible CD4 T-cell-related actions that bear
investigation; one possibility is the cytokine IL-13, which
is implicated in the development of pulmonary fibrosis.®®
Most importantly, some of the profibrotic effects of IL-13
occur independently from IL-4-related pathways.®® Al-
though we did not find IL-13 in the lungs of mice that
exhibit PH during the persistent state of the disease,
when Pneumocystis organisms have been cleared and
inflammation has receded, IL-13 is produced in the lung
early in the response to Pneumocystis inoculation.’
Therefore, it is possible that secretion of IL-13 at a par-
ticular stage of PCP might initiate processes that result in
fibrosis that continues well after IL-13 secretion has di-
minished. We are currently pursing studies to investigate
this possibility.

Overall, these experiments demonstrate how an infec-
tious disease can be instrumental in the etiology of a
chronic and potentially deadly noninfectious disease pro-
cess when the normal immune mechanisms of defense
against that pathogen are disrupted. It is notable that in
this experimental model, the onset of the chronic condi-
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tion (PH) is associated with the reconstitution of the im-
mune system component that is required for the elimina-
tion of the acute infectious disease (CD4 T cells). These
findings may help to highlight the need for potential an-
cillary therapeutics when normal immune mechanisms
are reconstituted in the course of treatment, such as is
the case with HIV patients receiving highly active anti-
retroviral therapy.
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