J c I The Journal of Clinical Investigation

Neutralization of interferon-gamma exacerbates pneumocystis-
driven interstitial pneumonitis after bone marrow
transplantation in mice.

B A Garvy, ..., F Gigliotti, A G Harmsen

J Clin Invest. 1997;99(7):1637-1644. https://doi.org/10.1172/JCI119326.

Research Article

The role of IFNgamma in the development of infection-driven interstitial pneumonitis in a model of murine graft-versus-
host disease was investigated. Mice were given either syngeneic or allogeneic bone marrow transplants along with lung
Pneumocystis carinii infections and were treated with either control mAb or anti-IFNgamma mAb. At day 21 after
transplant, lung weights were elevated nearly twofold in all groups. By day 41, mice in all groups had cleared the P. carinii
but only the mice given allogeneic transplants and anti-IFNgamma had increased lung weights. Increased lung weights in
the anti-IFNgamma-treated mice corresponded to alveolar infiltration of eosinophils, neutrophils, and multinucleated giant
cells and exacerbated interstitial pneumonitis compared with mice treated with control antibody. Intracellular staining
indicated that there were 3- to 10-fold more CD4+ cells producing IFNgamma than those producing IL-4 in the lung
lavages of mice given either syngeneic or allogeneic transplant. Treatment of transplanted mice with anti-IFNgamma
resulted in a significant decrease in IFN-gamma-producing CD4+ and CD8+ cells in the lung lavages but no change in
the number of IL-4-producing CD4+ cells. These data indicate that IFNgamma is critical for controlling the development of
P. carinii-driven interstitial pneumonia after either syngeneic or allogeneic bone marrow transplant in mice.

Find the latest version:

https://jci.me/119326/pdf



http://www.jci.org
http://www.jci.org/99/7?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI119326
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/119326/pdf
https://jci.me/119326/pdf?utm_content=qrcode

Neutralization of Interferon-

v Exacerbates Pneumocystis-driven Interstitial

Pneumonitis After Bone Marrow Transplantation in Mice

Beth A. Garvy,* Francis Gigliotti, *and Allen G. Harmsen*

*The Trudeau Institute, Saranac Lake, New York 12983, and *University of Rochester School of Medicine, Rochester, New York 14642

Abstract

The role of IFNv in the development of infection-driven in-
terstitial pneumonitis in a model of murine graft-versus-
host disease was investigated. Mice were given either synge-
neic or allogeneic bone marrow transplants along with lung
Pneumocystis carinii infections and were treated with either
control mAb or anti-IFNy mAb. At day 21 after transplant,
lung weights were elevated nearly twofold in all groups. By
day 41, mice in all groups had cleared the P. carinii but only
the mice given allogeneic transplants and anti-IFN+y had in-
creased lung weights. Increased lung weights in the anti-
IFN+vy-treated mice corresponded to alveolar infiltration of
eosinophils, neutrophils, and multinucleated giant cells and
exacerbated interstitial pneumonitis compared with mice
treated with control antibody. Intracellular staining indi-
cated that there were 3- to 10-fold more CD4" cells produc-
ing IFN+ than those producing IL-4 in the lung lavages of
mice given either syngeneic or allogeneic transplant. Treat-
ment of transplanted mice with anti-IFNv resulted in a sig-
nificant decrease in IFNvy-producing CD4* and CD8" cells
in the lung lavages but no change in the number of IL-4—
producing CD4" cells. These data indicate that IFNy is crit-
ical for controlling the development of P. carinii—driven in-
terstitial pneumonia after either syngeneic or allogeneic
bone marrow transplant in mice. (J. Clin. Invest. 1997. 99:
1637-1644.) Key words: T cells « immunity  pneumonitis «
opportunistic infection « inflammation

Introduction

Graft-versus-host disease (GVHD)! and interstitial pneumoni-
tis are the most serious complications of clinical bone marrow
transplantation (BMT) and together account for the majority
of deaths after BMT (1). Interstitial pneumonitis is most often
associated with an infectious etiology, particularly viral or fun-
gal (2, 3). In this regard, we have recently reported that Preu-
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mocystis carinii is capable of driving the development of inter-
stitial pneumonitis after whole body irradiation and bone
marrow transplantation in mice (4). Furthermore, the pneu-
monitis was CD4" T cell dependent and exacerbated by
GVHD, which suggested that severity of interstitial pneumoni-
tis after BMT may be mediated by cytokines produced by al-
loreactive T cells.

It has recently been reported that Thl-like cytokine re-
sponses (IL-2, IFNvy) are predominant in acute forms of
GVHD whereas Th2-like cytokine profiles (IL-4, IL-10) are
predominant in chronic forms of GVHD (5-10). Furthermore,
IFNv, a cytokine secreted by Th1 cells (10), has been shown to
be secreted by alloreactive T cells in a minor Mls antigen
model of murine acute GVHD (11). IFNy has been implicated
in immunosuppression characterized by the ability of cells
from mice with GVHD to suppress both in vitro activation of
normal T cells (12-14) and bone marrow B cell development
(15). Neutralization of IFNy either in vivo or in vitro has been
shown to remove immunosuppression associated with allore-
active cells (14, 15). However, it is unclear if neutralization of
IFNw is capable of altering the course of GVHD since it has
been reported to either reverse (14) or exacerbate (12) the se-
verity of the disease.

It is currently thought that the “cytokine storm” released
during the onset of acute GVHD is responsible for the organ
injury that makes this a life-threatening disease (reviewed in
reference 7). Similarly, it has been found that the pulmonary
fibrosis associated with exposure to high doses of irradiation is
associated with a persistent cascade of cytokine release (16).
Furthermore, Wilkes et al. reported that instillation of alloge-
neic bronchoalveolar lavage cells into the lungs of mice re-
sulted in the generation of local Thl type cytokine responses
(IFNvy and IL-2 production) and histological changes consis-
tent with lung allograft rejection (17). It is clear that cytokines
are an integral part of the pathological changes in the lung as-
sociated with irradiation and transplantation. The experiments
presented in this paper were designed to determine the role
of IFNvy in P. carinii-driven development of interstitial pneu-
monitis using a minor Mls antigen disparate model of GVHD.
Neutralization of IFNy in vivo after BMT resulted in exacer-
bated inflammatory responses in the lungs and severe intersti-
tial pneumonitis that persisted after clearance of P. carinii in-
fection.

Methods

Mice. Donor B10.D20SnJ (H-2¢, Mls 1°2°3%) female mice were ob-
tained from the Jackson Laboratories (Bar Harbor, ME) and bred at
the Trudeau Institute Animal Breeding Facility. Recipient BALB/
cBailey] (H-2¢, Mls 1°223%) female mice were obtained from the
Trudeau Institute Animal Breeding Facility. C.B-17 severe combined
immunodeficiency (SCID) mice infected with P. carinii were ob-
tained from a colony maintained at the Trudeau Institute (18). Mice
were routinely used at about 8 wk of age and were maintained on
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acidified water or, in some experiments, water containing tetracycline
after transplantation. Animal housing facilities at the Trudeau Insti-
tute are routinely screened for common mouse pathogens by serology
of sentinels. The mice used in these experiments were housed in
rooms determined to be free of common pathogens.

Bone marrow transplants and IFNy neutralization. Bone marrow
was flushed from femurs and tibias of donor B10.D2 mice and spleens
pushed through mesh to form single cell suspensions in HBSS. To in-
duce GVHD, whole body-irradiated (7.5 Gy) recipient BALB/c mice
were given 107 bone marrow cells along with 107 splenocytes by intra-
venous injection. As controls, some irradiated BALB/c mice received
syngeneic transplants (BALB/c bone marrow and splenocytes). Rat
anti-mouse IFNy mAb (IgG1) from clone R4-6A2 (19) was partially
purified from ascites and tested for neutralizing activity in an in vitro
assay in which the neutralizing titer was expressed as the reciprocal of
the highest mAb dilution, which neutralized 50% or more of the anti-
viral activity of IFNvy (20 U/ml) on vesicular stomatitis virus-infected
L929B cells. IFN+y was neutralized in vivo by intraperitoneal injection
of 2 X 10* neutralizing units (200 pg) three times per week (20). As a
control, some mice were injected with equal quantities of an isotype-
matched mAbD specific for horseradish peroxidase (a gift from Dr.
C.J. Dean, ICR, Sutton, Surrey, United Kingdom).

Infection with Pneumocystis carinii. C.B-17 SCID mice were used
as a source of P. carinii. Lungs were removed from infected mice and
pushed through screens into 5 ml PBS. P. carinii, in these homoge-
nates were enumerated, adjusted to 10® P. carinii nuclei per milliliter
in PBS containing gentamicin and recipient BALB/c mice were lightly
anaesthetized with halothane gas and inoculated intratracheally (21)
with 107 P. carinii nuclei.

Lung lavage and FACS analysis of cells. Lungs were lavaged as
previously described (21) with 5 ml PBS containing 0.3 mM EDTA.
Cells were placed into tubes for subsequent surface staining and anal-
ysis using FACS®. Splenocytes were obtained by pushing spleens
through mesh screens in PBS to obtain single cell suspensions. Cells were
incubated with anti-CD4-FITC (clone GK1.5), anti-CD8-phycoeryth-
rin (clone 53-6.7; PharMingen, San Diego, CA), and anti-CD45RB-
biotin (clone 16A; PharMingen) or anti-Ig-FITC (H&L) (South-
ern Biotech, Birmingham, AL) and anti-B220-phycoerythrin (clone
RA3.6B2; PharMingen). Streptavidin-Cy-Chrome (PharMingen) was
used to label biotinylated antibodies. Fluorescence-labeled cells were
analyzed using a FACScan® (Becton Dickinson and Co., Mountain
View, CA) and 4,000-5,000 events were routinely acquired.

Intracellular cytokine staining for FACS® analysis. Staining for intra-
cellular cytokines was performed using a modification of the protocol
of Openshaw et al. (22). Lung lavage cells were cultured in Iscove’s
modified Dulbecco’s media (GIBCO BRL, Grand Island, NY) with
10% FCS, antibiotics, and 5 X 107> M 2-mercaptoethanol and stimu-
lated for 4 h with 50 ng/ml PMA (Sigma Chemical Co., St. Louis,
MO) and 500 ng/ml ionomycin (Sigma Chemical Co.) in the presence
of 10 pg/ml brefeldin A (Sigma Chemical Co.) for the final 2 h. After
washing, cells were stained for surface markers as described above
but in the presence of 10 wg/ml brefeldin A. Cells were washed by
centrifugation and fixed for 20 min in 2% formaldehyde. After exten-
sive washing, cells were suspended in PBS and refrigerated overnight.
Cells were pelleted and resuspended in permeabilization buffer
(0.05% saponin in HBSS) for 10 min at room temperature, pelleted,
and resuspended in 1 pg rat anti-mouse Fcy receptor (clone 2.4G2)
for 10 min. The appropriate dilution of phycoerythrin (PE)-conju-
gated anti-IL-4 (clone 11B11; PharMingen), PE-conjugated anti-IFN~y
(clone XMG1.2; PharMingen), or an isotype-matched PE-conjugated
rat IgG1 (PharMingen) was added to the cells and incubated for 20
min. Cells were washed with permeabilization buffer followed by
PBS containing 0.1% BSA and 0.02% NaNj. Cells were resuspended
in PBS for FACS® analysis. Splenocytes were used to set a lympho-
cyte gate on the forward versus side scatter plot and the percentage of
fluorescence-positive lymphocytes was determined. Nonspecific bind-
ing of PE-conjugated rat IgG (always < 0.5%) for each individual
sample was subtracted from the IL-4 or IFNvy-positive cells and data
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expressed as the number of fluorescence positive cells for each lung
lavage sample.

Enumeration of P. carinii in the lungs. Mice were anaesthetized
deeply and the right bronchi were tied off and the right lobes of the
lungs were excised, blotted and weighed, and pushed through stain-
less steel screens in 3 ml PBS. Aliquots of the homogenates were di-
luted and spun onto glass slides using a cytocentrifuge. The smear was
stained with Diff-Quik and the number of P. carinii nuclei per 25-50
oil emersion fields determined (18). Data are reported as P. carinii
nuclei per right lungs and the limit of detectability was 10°3 nuclei.

Lung histopathology. Left lobes of the lungs were inflated with
10% neutral buffered formalin through a tracheal catheter as previ-
ously described (23). Left lobes were removed en bloc and embedded
in paraffin using standard techniques. Sections were cut 4 pm thick
and stained with hematoxylin and eosin. All sections were examined
microscopically for the presence of cellular infiltrates.

Statistics. Statistical analysis was performed using Whitney rank
sum test or Kruskall-Wallis analysis of variance on ranks followed by
Dunn’s post hoc tests where appropriate. Differences were consid-
ered significant at P < 0.05.

Results

P. carinii infection is cleared from the lungs by day 41 after
transplant. BALB/c mice were irradiated and given either syn-
geneic or allogeneic BMT along with lung P. carinii infections.
Subsequently, they were given triweekly injections of either
anti-IFNy mAb or a control rat IgG1 mADbD specific for horse-
radish peroxidase. At day 21 after BMT, mice that had re-
ceived either BMT and anti-IFNy or allogeneic BMT and con-
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Figure 1. Resolution of P. carinii lung infection is complete by 41 d
after BMT. Aliquots of right lung lobe homogenates from mice given
either syngeneic or allogeneic BMT and treated with either anti-IFNvy
or control mAb were spun onto glass slides, stained with Diff-Quik,
and P. carinii nuclei enumerated microscopically. The limit of detec-
tion of P. carinii nuclei was log;, 3.84. The number of mice in each
group with detectible P. carinii nuclei per total in the group is indi-
cated above each bar. Data are expressed as the mean=SEM and are
representative of two separate experiments. *Significantly different
than similarly treated BMT mice given control mAb at the same time
point, P < 0.05. *Significantly different than similarly treated mice at
day 21 after BMT, P < 0.05.



Figure 2. Lung histopathology 41 days after BMT is more severe in mice treated with anti-IFNy than in similarly treated BMT mice given con-
trol mAb. Sections from paraffin-embedded left lung lobes were stained with hematoxylin and eosin. Sections shown are from P. carinii-infected
mice given (A) syngeneic BMT and control mAb, (B) syngeneic BMT and anti-IFNw, (C) allogeneic BMT and control mAb, (D) allogeneic
BMT and anti-IFNvy. Sections are representative of four to five mice per group and two separate experiments. X100.

trol mAb had > 10° P. carinii nuclei in their lungs (Fig. 1).
However, two of four mice given syngeneic BMT and control
mADb had no detectable P. carinii in the lungs at day 21. Signif-
icantly, by day 41 after BMT P. carinii had been almost com-
pletely cleared from the lungs of mice in all of the experimen-
tal groups (Fig. 1).

Interstitial pneumonitis in mice given anti-IFNy was more
severe than those given control mAb. Wet weights of the right
lobes of the lungs were determined at death as an indication of
lung pathology. Lung histopathologic changes were deter-
mined from hematoxylin and eosin-stained 4-wm sections of
the lung left lobes. At day 21 after BMT, mice of all groups
that had received P. carinii infection had elevated lung weights
compared to a group of mice that were given allogeneic BMT
and anti-IFNy but were not infected with P. carinii (Table I).
Increased lung weights in syngeneic BMT-mice corresponded
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to perivascular and peribronchiolar cuffing and focal areas of
macrophage, lymphocyte, and PMN infiltration in the alveoli
(not shown). In mice given syngeneic BMT and anti-IFNy, the
cellular infiltration occurred in the alveolar spaces and within
alveolar septa and was more intense and widespread compared
with that in mice given syngeneic BMT and control mAb (not
shown). There were also large numbers of multinucleated gi-
ant cells (MNGC) and eosinophils in the alveoli of mice given
syngeneic BMT and anti-IFNvy. At day 21 after BMT, cellular
infiltration in the alveolar spaces and within alveolar septa of
mice given allogeneic BMT and control mAb was similar in in-
tensity to that of mice given syngeneic BMT and anti-IFNy
(not shown). However, the presence of MNGC and eosino-
phils was not as widespread in the lungs of mice given control
mAb compared with those given anti-IFNvy. In this regard,
there was widespread cellular infiltration consisting of lympho-
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Table I. Wet Lung Weights after BMT

Right lung weights (g)

Treatment! Day 21* Day 41
Syngeneic BMT 0.33£0.05 0.21=0.01*
Syngeneic BMT + anti-IFNvy 0.44=0.01% 0.29%0.02*
Allogeneic BMT 0.35+0.03 0.25+0.03*

Allogeneic BMT + anti-IFNvy 0.38+0.03 0.41x0.08
Allogeneic BMT + anti-IFNvy (no P. carinii) 0.24*0.01 0.19%+0.03

*Days after transplant. Data are expressed as the mean*SEM, n = §
mice. *Significantly different than similarly treated group at day 21, P <
0.05. §Significantly different than similarly treated group given control
mAb, P < 0.05. 1All groups were infected with P. carinii but the last
group in the column, which received allogeneic BMT and anti-IFNy,
was not infected.

cytes, macrophages, and PMN in the alveolar spaces and
within alveolar septa of mice given allogeneic BMT and anti-
IFNw as well as large numbers of MNGC in the alveolar spaces.
It should be noted that, as has been previously published (4),
mice given allogeneic BMT but not P. carinii infections did not
develop interstitial pneumonia. Indeed, the lungs of mice given
anti-IFNvy and allogeneic BMT but not P. carinii infections did
not have any abnormal histopathology (not shown) indicating
that the interstitial pneumonia observed after BMT was driven
by P. carinii infection.

At day 41 after BMT, the lung weights of mice given synge-
neic BMT and anti-IFNy as well as those of both groups of
mice given control mAb had decreased significantly. This de-
crease in lung weights corresponded to clearance of P. carinii
(Table I and Fig. 1). However, even though mice that had been
given allogeneic BMT and anti-IFNy had also nearly cleared
their P. carinii infection, three of four of these mice still had
very high lung weights (though not statistically different than
the mice given syngeneic BMT and control mAb) at day 41 af-
ter BMT indicating the presence of a pathological state. Con-
sistent with decreased lung weight, the lungs of mice given syn-
geneic BMT and control mAb were cleared of inflammatory
cell infiltrates and histologically resembled those of uninfected
mice given allogeneic BMT (Fig. 2). Although lung weights
had decreased significantly by day 41 in mice given syngeneic
BMT and anti-IFNy as well as in those given allogeneic BMT
and control mAb, lung weights for these mice were still higher
than those in mice given syngeneic BMT and control mAb
(Table I). In this regard, focal areas of cellular infiltrates in the
alveolar septa as well as light perivascular and peribronchiolar
cuffing was still visible in the lungs of mice given either synge-
neic BMT and anti-IFNvy or allogeneic BMT and control mAb
(Fig. 2). Furthermore, modest numbers of MNGC were still
found in the alveoli of these two groups of mice. In contrast, el-
evated lung weights in the mice given allogeneic BMT and
anti-IFNy corresponded to intense and widespread cellular in-
filtration, consisting of lymphocytes, macrophages, neutro-
phils, and eosinophils in both the alveolar spaces and within al-
veolar septa (Fig. 2). Large numbers of MNGC were also
found in the alveoli giving the sections the appearance of being
consolidated (Fig. 2). Additionally, close examination of the
lung sections from these mice revealed evidence of epithelial
cell damage in the form of fibrous material sloughed off into
the alveolar spaces.
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Inflammatory response detected in lung lavages was more
intense in mice given BMT and treated with anti-IFNvy than in
those treated with control mAb. Lung lavage cell types were
identified using differential counting of Diff-Quik—stained cells
spun onto glass slides or by FACS® analysis. At day 21 after
BMT, > 10° neutrophils were found in the alveoli of all of the
groups of mice that had been infected with P. carinii (Fig. 3).
There were no significant differences between the experimen-
tal groups at day 21. It should be noted that in uninfected mice,
macrophages make up > 98% and neutrophils < 2% of the
cells in lung lavages (data not shown). At day 41 after BMT,
neutrophil numbers in the lung lavage fluids had decreased to
near background levels in all of the groups except the mice
given allogeneic BMT and anti-IFNy. These mice had > 9 X
10° neutrophils in their alveoli at day 41 compared with < 5 X
10 in each of the other experimental groups (Fig. 3).

At day 21 after BMT, lung lavage eosinophils were signifi-
cantly higher in the mice given anti-IFNy than in the mice
given control mAb (Fig. 3). However, by day 41, the number
of eosinophils in the alveoli of mice given allogeneic or synge-
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Figure 3. Infiltration of PMN into the alveolar spaces is exacerbated
with treatment with anti-IFNy. Aliquots of lung lavage fluids were
spun onto glass slides, stained with Diff-Quik, and neutrophils (A)
and eosinophils (B) enumerated microscopically. Data are expressed
as the mean*SEM of four to five mice per group and are representa-
tive of two separate experiments. *Significantly different than simi-
larly treated BMT mice given control mAb at the same time point,

P < 0.05. *Significantly different than similarly treated mice at day 21
after BMT, P < 0.05.
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Figure 4. Formation of multinucleated giant cells in the alveolar
spaces is exacerbated by treatment with anti-IFNvy in mice given allo-
geneic BMT. Aliquots of lung lavage fluids were spun onto glass
slides, stained with Diff-Quik, and MNGC (two or more nuclei) enu-
merated microscopically. Data are expressed as the mean=SEM of
four to five mice per group and are representative of two separate ex-
periments. *Significantly different than similarly treated BMT mice
given control mAb at the same time point, P < 0.05. *Significantly
different than similarly treated mice at day 21 after BMT, P < 0.05.

neic BMT and anti-IFNy had decreased three to eightfold, re-
spectively. Eosinophil numbers did not change from day 21-41
after BMT in the groups of mice given control mAb.

At day 21 after BMT, the number of MNGC (defined as
having two or more nuclei) in the lung lavage fluids of all the
experiment groups was ~ 103 (Fig. 4). By day 41, the number
of MNGC had decreased significantly in the alveoli of mice
given syngeneic BMT and control mAb and remained un-
changed in the mice given either syngeneic BMT and anti-
IFNv or allogeneic BMT and control mAb (Fig. 4). However,
there was an approximately fivefold increase in the number of
MNGC in the lung lavages of mice given allogeneic BMT and
anti-IFNy (Fig. 4) consistent with the presence of chronic lung
inflammation (24).

The number of CD4* T cells in the lung lavage fluids hav-
ing a phenotype consistent with activation (CD45RB") (25) was
determined using FACS®. There was a significant infiltration
of CD4*CD45RBP cells in the alveoli of mice from all experi-
mental groups at day 21 after BMT, which persisted through
day 41 (Fig. 5). There was a twofold decrease in the number of
CD4*CD45RBP cells in the mice given syngeneic BMT and
control mAb from day 21-41 after BMT, however this was not
a statistically significant difference. There was also an upward
trend in the number of CD4"CD45RB™ cells in the lung lav-
ages of mice given allogeneic BMT, though these increases
were not statistically significant. Notably, lymphocytes are nor-
mally undetectable in the lung lavage fluids of uninfected mice
(data not shown).

The number of IL-4 or IFNvy-producing CD4" cells in lung
lavage is not different in mice given syngeneic as compared with
allogeneic BMT. To determine if there was a relationship be-
tween the severity of lung disease and the type of T helper cy-
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Figure 5. The number of activated CD4*CD45RB" cells in the alveo-
lar spaces was not affected by treatment with anti-IFNy. FACS® anal-
ysis was used to enumerate the CD4*CD45RBP" cells in the lung lav-
ages fluids at 21 and 41 days after BMT. Data are expressed as the
mean*SEM of four to five mice per group and are representative of
two separate experiments. There were no statistically significant dif-
ferences detected between groups at the same time point or between
time points.

tokine responses after BMT, FACS® analysis was used to de-
termine the presence of IL-4 or IFNy in lymphocytes after
BMT. Lung lavage cells were stimulated nonspecifically with
ionomycin and PMA for 4 h in the presence of brefeldin A to
prevent protein secretion and labeled with fluorescent anti-
bodies specific to IL-4 or IFNy. Data are expressed as the
number of CD4" (Fig. 6 A) or CD8" (Fig. 6 B) cells with intra-
cellular IFNy or IL-4-specific fluorescence. At day 32 after
BMT, there was no significant difference between experimen-
tal groups in the numbers of CD4* cells producing IL-4. There
was also no difference in the numbers of CD4* cells producing
IFN+y between the mice given syngeneic or allogeneic BMT
and control mAb (Fig. 6). However, there was a significant re-
duction in the number of IFNy-producing CD4" cells in the
mice given syngeneic or allogeneic BMT and anti-IFNy result-
ing in a decreased IFNvy/IL-4 ratio. This decreased number of
CD4" cells producing IFNy was associated with elevated lung
weights and a significant interstitial inflammatory response in
the lungs. Mice given syngeneic or allogeneic BMT and control
mAD had significantly more lung lavage CD8" cells producing
IFN+y compared with those given anti-IFNy. Notably, in mice
given allogeneic BMT and anti-IFNy but no P. carinii infection
(inoculated with uninfected C.B-17 mouse lung homogenate),
the number of CD4* and CD8" cells in the lung lavages was
< 0.3 X 10° which is near the limit of detection (not shown).

Discussion
In previous studies, we reported that P. carinii infection after

allogeneic BMT (B10.D2 into BALB/c) led to persistent inter-
stitial pneumonitis (4). Furthermore, development of this pneu-
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Figure 6. The number of CD4" and CD8" cells in the alveolar spaces
of P. carinii-infected mice given BMT which produce IL-4 or IFNy ex
vivo. Lung lavage cells were stimulated for 4 h with 50 ng/ml PMA
and 500 ng/ml ionomycin and stained for production of intracellular
cytokines analyzed by FACS®. Data represent the number of CD4*
(A) or CD8" (B) cells which exhibited positive fluorescence when
stained with PE-conjugated antibodies specific for IL-4 or IFNy.
Lung lavage samples were also stained with a PE-conjugated rat IgG
as a nonspecific control. Fluorescence from the nonspecific staining
was < 0.5% and was subtracted from the specific fluorescence. Data
are representative of three separate experiments and are expressed as
the mean=SEM of four to five mice per group. *Significantly differ-
ent than mice given similar BMT and control mAb, P < 0.05.

monitis was infection and CD4" T cell dependent (4). IFNy
has been shown to be secreted by alloreactive CD4" T cells ex-
pressing VB3 of the T cell receptor in this same Mls-mis-
matched model of murine GVHD (11). In an effort to discover
the mechanism involved in development of this infection-
driven pneumonitis, in the present investigation, IFNy was
neutralized in mice after BMT. Neutralization of IFNy led to
severe and prolonged interstitial pneumonitis in mice undergo-
ing GVHD. Furthermore, neutralization of IFNy in mice given
syngeneic BMT also led to exacerbation of the lung inflamma-
tory response compared to that of mice given syngeneic BMT
and control mAb. Therefore, IFNy appears to be important in
the control of the inflammatory responses that lead to intersti-
tial pneumonitis after BMT. In this regard, it has been recently
reported that stimulation of inflammation in IFNy receptor
knockout mice by exogenous IL-12 led to the development of
pulmonary pathology similar to that reported here (26). Ap-
parently, endogenous IFNvy is critical for controlling severe
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pulmonary pathology caused by inflammation induced by a
number of stimuli (26).

Interestingly, neutralization of IFNy in mice given alloge-
neic BMT did not abrogate the development of GVHD. These
mice had signs of GVHD that were similar to mice given allo-
geneic BMT and control mAb. These signs included cellular
infiltrates in the skin, scaly tails and ears, and loss of body
weight. In contrast, Klimpel et al. found that neutralization of
IFNv in this same B10.D2 into BALB/c model of BMT led to
amelioration of the clinical signs of GVHD (14). However, in
that model recipient mice were given a sublethal dose of irradi-
ation (6 Gy) and were reconstituted with splenocytes and not
bone marrow (14).

As we have previously reported, mice did not develop
pneumonitis after BMT unless they were infected with P. cari-
nii (4). Interestingly, although infection was necessary to drive
the initiation of pneumonitis after BMT, clearance of P. carinii
did not necessarily lead to resolution of interstitial pneumoni-
tis. Mice from all experimental groups had cleared the infec-
tion by day 41 after BMT. However, all groups of mice, except
the mice given syngeneic BMT and control mAb still had cel-
lular infiltrates in the alveolar septa. Indeed, mice given alloge-
neic BMT and anti-IFNvy had severe interstitial pneumonitis at
41 days after BMT although only one of four of these mice had
detectable P. carinii in their lungs. This indicated that in this
group of mice, once initiated, interstitial pneumonitis devel-
oped uncontrollably in the absence of further stimulus. The
limit of detection in the lung homogenates was 10*>% P. carinii
nuclei and, therefore, it is possible that there were some P. ca-
rinii left in the lungs which were undetected. However, the ex-
acerbated interstitial pneumonia was prolonged even while the
P. carinii was being actively cleared from the lungs.

The presence of CD4" T cells has been shown previously to
be required for the development of P. carinii—driven intersti-
tial pneumonitis after BMT in this model (4). It is evident that
alloreactive T cells exacerbate the pneumonitis compared to
syngeneic T cells because by day 41 after BMT, mice given
syngeneic BMT had largely resolved the P. carinii-induced
pneumonitis whereas mice given allogeneic BMT had an in-
tense interstitial pneumonitis. Neutralization of IFNy, that was
likely secreted by engrafted T cells, appeared to result in dys-
regulation of the inflammatory response and exacerbated in-
terstitial pneumonitis in both the syngeneic and allogeneic
BMT groups compared with similarly treated mice given con-
trol mAb. However, mice given allogeneic BMT and anti-IFNy
had more severe lung histopathology at day 41 after BMT than
did mice given syngeneic BMT and anti-IFNy. This suggests
that there was a significant difference in the response of alloge-
neic T cells as opposed to syngeneic T cells. This was not the
result of a difference in the number of T cells that accumulated
in the lungs of the two groups nor in their activation state
(CD45RB"/CD45RB") or CD4/CDS ratio of the cells. It is,
therefore, possible that the syngeneic and alloreactive T cells
differed in either the types of signals or the cytokines they pro-
duced. In this regard, it has been reported that the cytokine
profiles of T cells from syngeneic versus allogeneic transplants
differ significantly (8, 11).

Intracellular cytokine staining of lung lavage CD4" and
CD8" cells indicated that at days 32 and 41 after BMT mice
given either syngeneic or allogeneic BMT had 3 to 10 times the
number of cells producing IFN+y than IL-4, indicative of a pre-
dominant Th1 response in both groups. Neutralization of IFNy



in vivo resulted in a decrease in the number of IFNy-produc-
ing CD4* and CD8" cells in the lung lavages although the ab-
solute number of IL-4—producing CD4" cells was not different
than in the lung lavages of mice receiving control mAb. There
was not a compensatory increase in IL-4—producing cells when
the number of IFNy-producing cells was greatly decreased.
Thus, whether treatment of BMT mice with anti-IFNy drove a
more effective Th2 response is not clear. In other studies, de-
pletion of IFNvy in vivo in mice infected with Listeria monocy-
togenes resulted in a compensatory increase in serum IL-4
compared with mice given control antibody (27). Similarly,
mice with disrupted IFNy receptor genes and challenged with
Schistosoma mansoni cercariae had increased levels of 1L-4,
IL-5, and IL-10 in their lungs compared to wild-type mice (28).
Although, in the experiment presented herein, the ratio of
IFN+/IL-4 producing cells was significantly decreased by neu-
tralization of IFN, it is not clear that this resulted in a Th2-
type response since the amount of IL-4 acting locally was not
measured.

Clearly, the presence of IFNy is critical in controlling the
inflammatory response to P. carinii and so the development of
interstitial pneumonia after BMT. In this regard, it was re-
cently found in this laboratory that mice with disrupted IFNy
genes resolve P. carinii lung infections but have a protracted
inflammatory response in the lungs (29). It is not clear, how-
ever, whether IL-4 or other Th2 cytokines (IL-5, IL-10) are re-
sponsible for exacerbated interstitial pneumonia in the ab-
sence of IFNv. It is possible that the number of cells secreting
IL-5 and/or IL-10 was elevated in the mice treated with anti-
IFNy or in mice given allogeneic BMT compared with those
given syngeneic BMT. Although there was not a consistent dif-
ference in the number of IL-4—producing CD4* cells between
the mice given syngeneic BMT and allogeneic BMT, in some
experiments the number of IL-4 producing cells in the lung la-
vages was significantly elevated in the mice given allogeneic
BMT. It is possible that at earlier time points there may be
more Th2-type cells responding to P. carinii in the lungs of
mice given allogeneic BMT compared with syngeneic BMT.
However, it is evident that the mechanism responsible for ex-
acerbated P. carinii-driven interstitial pneumonia in mice
given allogeneic BMT compared with syngeneic BMT is more
complex than a simple difference between Thl and Th2 re-
sponses.

The development of abnormal lung pathology in the mice
treated with anti-IFNy was characterized by a large influx of
PMN and MNGC. Notably, large numbers of eosinophils were
present at day 21 after BMT in the mice given syngeneic or al-
logeneic BMT and anti-IFNy, which then decreased by day 41.
Eosinophil accumulation generally occurs in the lungs as a re-
sult of Th2-type responses characteristic of airway hyperreac-
tivity (30). Furthermore, IFNy receptor knockout mice have
been shown to develop generalized alveolar and interstitial
pneumonitis with predominant eosinophilia in response to S.
mansoni infection that normally produces a Th1 response (28).
Since IL-5 is associated with eosinophilia in the airways, it is
possible that the number of IL-5-secreting cells was elevated
in the lungs of mice given either allogeneic BMT or BMT and
anti-IFNy as compared with mice given syngeneic BMT and
control mAb that do not develop eosinophilia (30).

The studies presented here clearly indicate that IFNy is
critical in controlling the P. carinii—driven lung inflammatory
response that leads to interstitial pneumonitis after BMT. How-

IFNy Neutralization Exacerbates Interstitial Pneumonitis in Mice

ever, the presence of IFNy-producing cells was not sufficient
to control the development of pneumonitis since mice given al-
logeneic BMT had numerous IFNy-producing cells as well as
interstitial pneumonitis at day 41 after BMT. However, neu-
tralization of IFNvy resulted in dysregulation of the inflamma-
tory response and severe interstitial pneumonitis in mice
undergoing GVHD. Although IFNy is associated with immu-
nosuppression after BMT (12-15), it is clear from the studies
presented here that the presence of IFNy after allogeneic
BMT is beneficial in controlling P. carinii—-driven inflamma-
tion in the lungs.

Acknowledgments

The authors wish to acknowledge the expert technical assistance of
Jean Brennan, Michael Tighe, Sharon Bresnahan, and Margaret Cho-
vaniec.

This work was supported by Public Health Service grants
HL55002 and AI-23302 from the National Institutes of Health.

References

1. Wingard, J.R., E.D. Mellits, M.B Sostrin, D.Y.H. Chen, W.H. Burns,
G.W. Santos, H.M. Vriesendorp, W.E. Beschorner, and R. Saral. 1988. Intersti-
tial pneumonia after allogeneic bone marrow transplantation. Medicine (Balti-
more). 67:175-186.

2. Krowka, M.J., E.C. Rosenow, and H.C. Hoagland. 1985. Pulmonary com-
plications of bone marrow transplantation. Chest. 87:237-246.

3. Meyers, J.D., N. Flournoy, and E.D. Thomas. 1982. Nonbacterial pneu-
monia after allogeneic marrow transplantation: a review of ten years experi-
ence. Rev. Infect. Dis. 4:1119-1132.

4. Garvy, B.A., and A.G. Harmsen. 1996. The role of T cells in infection-
driven interstitial pneumonitis after bone marrow transplantation in mice.
Transplantation (Baltimore). 62:517-525.

5. DeWit, D., M. Van Mechelen, C. Zanin, J.M. Doutrelepont, T. Velu, C.
Gerard, D. Abramowicz, J.-P. Scheerlinck, P. De Baetselier, J. Urbain, et al.
1993. Preferential activation of Th2 cells in chronic graft-versus-host-reaction.
J. Immunol. 150:361-366.

6. Troutt, A.B., and A. Kelso. 1992. Enumeration of lymphokine mRNA-
containing cells in vivo in murine graft-versus-host reaction using the PCR.
Proc. Natl. Acad. Sci. USA. 89:5276-5280.

7. Antin, J.H., and J.L.M. Ferrara. 1992. Cytokine dysregulation and acute
graft-versus-host disease. Blood. 80:2964-2968.

8. Allen, R.D., T.A. Staley, and C.L. Sidman. 1993. Differential cytokine
expression in acute and chronic murine graft-versus-host-disease. Eur. J. Immu-
nol. 23:333-337.

9. Rus, V., A. Svetic, P. Nguyen, W.C. Gause, and C.S. Via. 1995. Kinetics
of Thl and Th2 cytokine production during the early course of acute and
chronic murine graft-versus-host disease. J. Immunol. 155:2396-2406.

10. Mosmann, T.R., and S. Sad. 1996. The expanding universe of T-cell sub-
sets: Th1, Th2 and more. Immunol. Today. 17:138-146.

11. Jones, M., R. Riley, B.L. Hamilton, J. Paupe, D. Perez, and R.B. Levy.
1994. Endogenous superantigens in allogeneic bone marrow transplant recipi-
ents rapidly and selectively expand donor T cells which can produce IFN-
gamma. Bone Marrow Transpl. 14:725-735.

12. Wall, D.A., and K.C.F. Sheehan. 1994. The role of tumor necrosis factor
and interferon gamma in graft-versus-host disease and related immunodefi-
ciency. Transplantation (Baltimore). 57:273-279.

13. Holda, J.H., T. Maier, and H.N. Claman. 1988. Evidence that IFN-y is
responsible for natural suppressor activity in GVHD spleen and normal bone
marrow. Transplantation (Baltimore). 45:772-777.

14. Klimpel, G.R., C.R. Annable, M.G. Cleveland, T.R. Jerrells, J.C. Patter-
son. 1990. Immunosuppression and lymphoid hypoplasia associated with chronic
graft versus host disease is dependent upon IFN-gamma production. J. Immu-
nol. 144:84-93.

15. Garvy, B.A., J.M. Elia, B.L. Hamilton, and R.L. Riley. 1993. Suppres-
sion of B cell development as a result of selective expansion of donor T cells
during the minor H antigen graft-versus-host reaction. Blood. 82:2758-2766.

16. Rubin, P., C.J. Johnston, J.P. Williams, S. McDonald, and J.N. Finkel-
stein. 1995. A perpetual cascade of cytokines postirradiation leads to pulmo-
nary fibrosis. Int. J. Radiat. Oncol. Biol. Phys. 33:99-109.

17. Wilkes, D.S., K.M. Heidler, L.K. Bowen, W.M. Quinlan, N.A. Doyle,
O.W. Cummings, and C.M. Doerschuk. 1995. Allogeneic bronchoalveolar lav-
age cells induce the histology of acute lung allograft rejection, and deposition of
IgG2a in recipient murine lungs. J. Immunol. 155:2775-2783.

1643



18. Harmsen, A.G., and M. Stankiewicz. 1990. Requirement for CD4" cells
in resistance to Pneumocystis carinii pneumonia in mice. J. Exp. Med. 172:937-945.

19. Havell, E.A. 1986. Purification and further characterization of anti-murine
interferon-y monoclonal neutralizing antibody. J. Interferon Res. 6:489-497.

20. Chen, W., E.A. Havell, and A.G. Harmsen. 1992. Importance of endog-
enous tumor necrosis factor alpha and gamma interferon in host resistance
against Pneumocystis carinii infection. Infect. Immun. 60:1279-1284.

21. Harmsen, A.G. 1988. Role of alveolar macrophages in lipopolysaccha-
ride-induced neutrophil accumulation. Infect. Immun. 56:1858.

22. Openshaw, P., E.E. Murphy, N.A. Hosken, V. Maino, K. Davis, K. Mur-
phy, and A. O’Garra. 1995. Heterogeneity of intracellular cytokine synthesis at
the single-cell level in polarized T helper 1 and T helper 2 population. J. Exp.
Med. 182:1357.

23. Chen, W., J.W. Mills, and A.G. Harmsen. 1992. Development and reso-
lution of Pneumocystis carinii pneumonia in severe combined immunodeficient
mice: a morphological study of host inflammatory responses. Int. J. Exp. Pathol.
73:709-720.

24. McNally, A.K., and J.M. Anderson. 1995. Interleukin-4 induces foreign
body giant cells from human monocytes/macrophages. Am. J. Pathol. 147:1487-
1499.

25. Lee, W.T., X\M. Yin, and E.S. Vitetta. 1990. Functional and ontogenetic

1644  Garvy et al.

analysis of murine CD45Rhi and CD45Rlo CD4+ T cells. J. Immunol. 144:
3288-3295.

26. Car, B.D., V.M. Eng, B. Schnyder, M. LeHir, A.N. Shakhov, G. Woerly,
S. Huang, M. Aguet, T.D. Anderson, and B. Ryffel. 1995. Role of interferon-y
in interleukin 12-induced pathology in mice. Am. J. Pathol. 147:1693-1707.

27. Nakane, A., S. Nishikawa, S. Saski, T. Miura, M. Asano, M. Kohanawa,
K. Ishiwata, and T. Minagawa. 1996. Endogenous interleukin-4, but not inter-
leukin-10, is involved in suppression of host resistance against Listeria monocy-
togenes infection in gamma interferon-depleted mice. Infect. Immun. 64:1252.

28. Wilson, R.A., P.S. Coulson, C. Betts, M.-A. Dowling, and L.W.
Smythies. 1996. Impaired immunity and altered pulmonary responses in mice
with a disrupted interferon-y receptor gene exposed to the irradiated Schisto-
soma mansoni vaccine. Immunology. 87:275-282.

29. Garvy, B.A., R.A.B. Ezekowitz, and A.G. Harmsen. 1996. Role of In-
terferon-y in the host immune and inflammatory response to P. carinii infec-
tion. Infect. Immun. 65:373-379.

30. Corry, D.B., H.G. Folkesson, M.L. Warnock, D.J. Erle, M.A. Matthay,
J.P. Wiener-Kronis, and R.M. Locksley. 1996. Interleukin 4, but not interleukin
5 or eosinophils is required in a murine model of acute airway hyper reactivity.
J. Exp. Med. 183:109-117.



