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Summary. This paper compares the histopathology of pneumonia due to murine Chiamydia
trachomatis (MoPn, mouse pneumonitis agent) in susceptible athymic nude mice (nu/nu),
resistant heterozygous littermates (nu/ +) and very resistant immunized nu/+ mice. While all
groups had an early heterophil response, successful host defence correlated with the presence

of large numbers of plasma cells, lymphocytes, monocytes, and lipid laden macrophages.
Reticulate bodies were seen in all groups, predominantly in type I alveolar epithelial cells. By
24 h in the immune nu/+ group, no intact organisms were visible. Optimal control of infection
was thus rapid and not clearly related to heterophils. These studies show that the
histopathology of chlamydial infection may be quite atypical in the immunocompromised
host, mononuclear cells seem critical in host defence, and B cell activation with plasma cell
infiltration is dependent on intact T cell function in this model.
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In earlier reports, a mouse model of Chlamy-
dia trachomatis pneumonia caused by the
mouse pneumonitis biovar of C. trachomatis
(MoPn) has been described (Williams et al.
I98I; I982; I984 a,b). We have employed
the athymic nude 'nu/nu' mouse and its
furred heterozygous 'nu/nu' littermate. To
date, we have shown that the nu/ + mouse
with its relatively intact T cell function is
more resistant to MoPn than the nu/nu
mouse, but resistance to MoPn can be trans-
ferred to nu/nu recipients by immune T cells
from nu/ + donors. In addition, nu/ + mice

mouse, T cell function, B cell response,

develop both delayed hypersensitivity to C.
trachomatis antigen and antigen specific lym-
phocyte transformation, whereas, athymic
nude mice do not. Finally, nu/ + mice can be
immunized by sublethal infection to be resis-
tant to subsequent lethal challenge with
MoPn while nu/nu mice cannot, and stimu-
lation of cell mediated immunity by prior
infection with Histoplasma capsulatum in-
creases the resistance of nu/+ mice to
subsequent challenge with MoPn, but does
not in nu/nu mice. These data suggest that
immunity to pneumonia due to C. tracho-
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matis is T cell dependent and that cell
mediated immunity is important in host
defence. Since antibody to MoPn is also T cell
dependent and antibody seems to provide
some protection to nu/nu mice, T cell depen-
dent host protection is probably polyfactorial
(Williams et al. I984b).
During our earlier studies in which the

pathogenesis and immunological characteri-
zation of the mouse pneumonitis agent were
investigated, a marked disparity in the histo-
logical responses of the lung was noted
among immunologically distinct study
groups, the results of which form the basis of
this report (Williams et al. i 984a). Further-
more, since Chlamydia trachomatis pneumo-
nia occurs, albeit infrequently, in the
immunocompromised human as well (Tack
et al. I980; Ito et al. I982) these studies may
have some relevance to human immuno-
pathology.

Materials and methods

Specific pathogen-free nu/nu and nu/ +
mice with a BALB/c background were
obtained and maintained as previously de-
scribed (Williams et al. I 98 I), except that the
mice used in these experiments were ren-
dered germ free by giving them to germ free
foster mothers, and were then introduced to
a defined limited bacterial flora of organisms
nonpathogenic to mice. This procedure eli-
minated any colonization with aerobic
gram-negative organisms. These mice were
shown to be free ofprior chlamydial infection
both by culture of homogenized lung tissue
and by serological methods (Williams et al.
I 98 I; I 98 2). Six-to-eight-week old mice of
both sexes were used in experiments. A third
study group was an immune nu/+ group;
these animals had been infected by the
intranasal route three months previously
with a sublethal dose of MoPn. Challenge
studies showed these mice to be solidly
immune with no deaths in mice given MoPn
at a dose which would otherwise have been
lethal in I00% of nonimmunized recipients.
The mouse pneumonitis biovar of

C. trachomatis (MoPn) was obtained as de
scribed previously (Williams et al. I 982) and
maintained in the yolk sac of embryonated
hens' eggs. Dilutions of the organism for
intranasal inoculation were prepared in
McCoy's modified 5A medium (Difco Labora-
tories, Detroit, MI) (Williams et al. I98I).
Undiluted titre of the MoPn agent was
4 x I09 inclusion-forming units (ifu) per ml.
Groups of three to five mice under pento-

barbitol anaesthesia were inoculated intra-
nasally with 0.05 ml of MoPn agent (Wil-
liams et al. I98I). The infecting dose was
5x I04 to 5 x I05 ifu of MoPn. A dose of
5 x I04 was lethal to 50% of nonimmunized
recipients; 5 x IO5 to I00%. For sham con-
trols, groups of two to five mice were inocu-
lated with 0.05 ml of yolk sac material
without organisms.

For the pathological studies the experi-
mental groups and study times are displayed
in Table I. Following killing with pento-
barbitol anaesthesia, the lungs were
removed and instilled intratracheally with
phosphate buffered 4% formaldehyde-i%
glutaraldehyde (4CF-IG) at I0-I5 cm H20
pressure (McDowell & Trump I976). Follow-
ing fixation the lungs were cut sagittally,
embedded in paraffin, sectioned at 4um, and
stained with haematoxylin and eosin, trich-
rome elastica and Giemsa. Additional sec-
tions for immunocytochemical studies (Wil-
liams et al. i984a) were stained with rabbit
antibodies to mouse IgG, IgM and IgA (Cap-
pel Laboratories, West Chester, PA), using
direct and indirect immunoperoxidase meth-
ods (after Sternberger 1979). Ten blocks
were randomly taken from the lungs of each
study animal for transmission electron mic-
roscopy, and embedded in Polybed and
Spurr. Thick specimens were obtained from
all the blocks; three blocks per animal were
chosen for thin sectioning. Thin sections
were stained with lead citrate and uranyl
acetate and studied with a Phillips 30I or
Jeol ioo-CX electron microscope. An aver-
age of I i low power fields was taken from
each grid plus additional fields at higher
magnifications, yielding an average of 35
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Table i. Time after injection or challenge with yolk sac material

0 2 h ioh 24 h 48 h 5 days 14 days 2I days

Sham infected control groups
immune/nu + 5* 2 2 2
nu/+ 5 2 2 2
nu/nu 5 2 2 2

Infected groups
immune/nu+ 5 3 3 3 5 5
nu/ + 3 5 3 3 5 5 5
nu/nu 3 5 3 3 3 5 5

* Number of mice in each group.

prints per study animal and no less than go
prints per study group.

Pulmonary lavage material was obtained
as previously described (Williams et al.
I984a). Direct fluorescent antibody staining
for chlamydia was performed on these speci-
mens with monoclonal genus specific anti-
chlamydial antibody following the manu-
facturer's instruction (Ortho Diagnostics,
Raritan, NJ).

Results

Light microscopy

Zero time and 2 h study specimens had
normal histology apart for the immune/nu +
group in which peribronchiolar and perivas-
vascular collections of intermixed mono-
cytes, lymphocytes and plasma cells were

present. At io h, mouse heterophils (neutro-
phils) were evident in all three infected study
groups but not in controls given yolk sac

material without organisms. There were
small numbers of heterophils in the lumina
of small bronchioles and surrounding alveo-
lar spaces, and scattered within the alveolar
walls.
By 24 h, the immune/nu+ study group

did not show the early heterophil accumu-

lations at the respiratory bronchiolar/alveo-
lar duct sites evident in the other two study
groups. However, by 48 h heterophils were

evident in the inflammatory exudates of all
three study groups. The nu/nu study ani-
mals showed fewer mononuclear cells within
the focal exudative lesions (Fig. i). In both
the nu/ + and nu/nu groups, basophilic
stained cytoplasmic inclusions were easily
identified in the alveolar epithelium (Fig. 2)
at 48 h and only rarely in bronchiolar
epithelium.

Five day study specimens showed a more
confluent bronchopneumonia pattern in the
nu/ + and nu/nu study animals, whereas in
the immune/nu+ group, the perivascular-
peribronchiolar pattern of inflammation per-

sisted. A decrease in the number of hetero-
phils was seen in the immune/nu + lesions,
whereas heterophils and alveolar macro-
phages predominated in the lesions of the
other two study groups.
Abundant alveolar epithelial and rare

bronchiolar cytoplasmic inclusions were

observed in the nu/nu and nu/+ groups at
this time period.
By I4-2 i days, immune/nu+ animals

showed nodules of abundant lymphocytes
and fewer plasma cells and lymphoblasts
with only rare sites of active alveolitis. nu/ +
animals had developed persistent nodules of
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Fig. i. nu/nu; 48 h specimen. Focal accumulations of abundant heterophils and lesser numbers of
alveolar macrophages are evident at the alveolar duct and alveolar levels (arrow). Cellular details are
depicted in the insert. Hematoxylin and eosin (H & E) x i6o and I40 respectively.

Fig. 2. nu/nu; 48 h specimen. The epithelial cytoplasmic inclusions (arrows) are well visualized in 2/um
resin thick sections. A, Alveolus. Toluidine blue, x 750.
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chronic inflammatory cells at airway and
vascular sites which contained predomin-
antly lymphoblasts and plasma cells with
lesser numbers of small lymphocytes. In
addition, this group had persistent focal
alveolar abnormalities consisting of oedema,
a few heterophils, plasma cells and alveolar
macrophages (Fig. 3a). The nu/nu animals
still showed large numbers of heterophils
and macrophages (Fig. 3b). The cytoplasmic
inclusions were seen often in the 14 day nu/
nu study specimens, but were less frequent in
the 2I day study animals. The trichrome
elastica stained preparations showed only a
slight increase in collagen deposition, with
no differences evident among the three study
groups.

Electron microscopy

Despite a large inoculum of organisms and
an intensive ultrastructural search, entry of
infective elementary bodies into the bron-
chiolar and/or alveolar epithelia was not
seen at 2 h. The first evidence of infection
was found in the io h specimens. A common
finding in all three groups was reticulate
bodies, usually numbering two to four in
endosomes, within predominantly type I
alveolar epithelial cells (Fig. 4a,b). The sparse
type I cytoplasmic organelles were normal.
Occasional heterophils and even fewer alveo-
lar macrophages also contained some phago-
cytosed organisms. The surface epithelium
was focally oedematous. Many heterophils
and frequent platelet thrombi were in the
capillaries. There was no endothelial disrup-
tion. Separate group findings included the
finding of more interstitial monocytes and
plasma cells in the immune/nu+ group.
Organisms were easily found from field to
field in the nu/nu and nu/ + groups, but
were infrequently seen in the immune nu/ +
groups.

Twenty-four hour nu/nu and nu/ + speci-
mens showed large cytoplasmic inclusions,
chiefly in Type I cells (Fig. 5). All stages of
chlamydial development were evident: reti-
culate bodies, intermediate forms, and ele-

mentary bodies. Endocytotic membrane
integrity varied. The sparse cytoplasmic
organelles when seen were normal. In the
immune/nu+ group, no organisms were
seen, only abundant alveolar macrophages,
most with secondary lysosomes or multiple
lipid droplets.
By 48 h, there were more abundant

numbers of organisms in the nu/nu and
nu/+ groups. The cytoplasmic inclusions
were very large, many were ruptured (Fig. 6)
or sloughed 'free' in alveolar spaces. Abun-
dant free elementary bodies and fewer reticu-
late bodies were in the alveoli, and were in
phagosomes of heterophils (Fig. 7) and mac-
rophages. Focal epithelial disruption and
scattered fibrin strands were present. The
immune/nu+ group did not contain any
epithelial cytoplasmic inclusions with orga-
nisms at this time period; heterophils and
alveolar macrophages contained many
secondary lysosomes, but no recognizable
organisms were identified.
The immune/nu + animals at 5 days had

multiple intra-alveolar lipid laden macro-
phages and infrequent heterophils. No
organisms were found. In the nu/nu group,
alveolar macrophages were seen encircling
cytoplasmic inclusions that contained mul-
tiple organisms (Fig. 8). In the nu/+ and nu/
nu groups, many epithelial endocytotic vesi-
cles containing organisms were still present
(Fig. 9). Heterophils and free organisms were
in the alveolar spaces. Many of the organ-
isms in the phagolysosomes of the macro-
phages were degenerated, only the orga-
nisms' outlines were evident. Rarely,
mononuclear cells with intracytoplasmic
organisms were in the interstitium.
By I4 days in the nu/+ and immune/

nu + groups large numbers of plasma cells,
lymphocytes and monocytes were in the
interstitium. The alveolar spaces contained
numerous lipid laden macrophages, fewer
lymphocytes and rare heterophils (Fig. io).
No intact organisms were evident at this
study period. Direct fluorescent antibody
staining with monoclonal antibody to chla-
mydia of alveolar lavage material from these
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Fig. 3. a, A nu/+, 2I day post-infection specimen, peribronchiolar accumulations of plasma cells,
lymphoblasts and a few lymphocytes (see insert) plus intraalveolar macrophages and occasional
heterophils are present. b, a nu/nu, 2 I day post-infection specimen, numerous heterophils and alveolar
macrophages are evident (see insert) but lymphocytes are not present. H& E, x i 6o and 640 respectively.
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Fig. 4. nu/+, I0 h specimen. a, A type II cell (II) is seen on one side of the alveolar wall whereas on the
other, a type I epithelial cytoplasmic extension contains several reticulate bodies in endosomes (arrow),
details ofwhich are seen in b. A, Alveolus. Uranyl acetate and lead citrate, x 3400 and 8500 respectively.

Fig. 5. nu/nu; 24 h specimen. The cytoplasmic inclusion contains reticulate bodies, intermediate forms
and elementary bodies. The alveolar spaces (A) are devoid of cells. Uranyl acetate and lead citrate,
X 2850.



Fig. 6. Nu/ +; 48 h specimen. The epithelial cytoplasmic membrane has ruptured (arrow) with release of
chlamydial forms into the alveolar space (A). The monocyte (M) contains phagosomes with organisms
and along its cytoplasmic surface many chlamydia are seen. Uranyl acetate and lead citrate, x 8500.

Fig. 7. nu/ +; 48 h specimen. Within the alveolar space (A) multiple heterophils (H) and a monocyte (M)
show multiple phagosomes. Many chlamydial forms are 'free' in the alveolar space. Uranyl acetate and
lead citrate, x 56oo.
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Fig. 8. Nu/nu; 5 day specimen. Two epithelial
cytoplasmic inclusions are 'encircled' by alveolar
macrophages (arrow). Fibrin strands are inter-
mixed with an alveolar macrophage in the alveo-
lar space (A). Uranyl acetate and lead citrate,
x 3200.
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mice showed markedly positive material
within macrophages suggesting that some of
the lipid material was of chlamydial origin.
This material persisted in lavaged macro-
phages until at least day 4I post-infection.
The nu/nu study group still showed numer-
ous organisms within the interstitium, epith-
elium and free in the alveolar spaces. The
most abundant inflammatory cell was the
heterophil with fewer alveolar macrophages.
At 2I days the plasma cells in the nu/+

and immune/nu+ groups showed widely
dilated endoplasmic reticulum. Lipid laden
macrophages were in the alveolar spaces and
interstitium. In the nu/nu group, residual
organisms were in phagosomes of the persis-
tent heterophil population. Free fibrin
strands and alveolar macrophages were also
in the exudate.
Sham inoculated animals of the study

groups did not show any of the induced
histopathological lesions described above.

(1 .rff -,¢

Fig. 9. Nu/ +; 5 day specimen. Within the phagocytes (M) in the alveolar space (A), secondary lysosomes
with probable residual chlamydial forms are evident. Two cytoplasmic inclusions, one with reticulate
bodies (arrow), the other with multiple forms (double arrows) are seen. The lamellar bodies in the type II
cell (II) are 'empty' or contain neutral lipid. Uranyl acetate and lead citrate, x 3200.

-:::.. :.:. ..:

407



40I.I. Coalson et al.

Fig. I0. nu/+; 14 day specimen. The alveolar space (A) contains a small lymphocyte (L), macrophages
with abundant lysosomes and lipid droplets (M) and a plasma cell (P). Heterophils and chlamydial
organisms are not evident. Uranyl acetate and lead citrate, x 3400.

Discussion

Chamydial pneumonia has been experimen-
tally induced in several species including the
mouse, newborn guinea pig and the infant
baboon (Harrison et al. I979; I982; Chen &
Kuo I 980; Williams et al. I 98 I; I 982; I984
a,b; Rank et al. i985). In our mouse model,
the nu/ + group findings differ from those of
Chen and Kuo (I980), who have also de-
scribed a mouse model pneumonitis induced
by C. trachomatis pneumonitis. In Chen and
Kuo's model intracytoplasmic inclusions
were found only in bronchial and interstitial
cells. In this study numerous inclusions were
seen within the alveolar epithelial cells, but
were rarely found in bronchial cells by light
microscopy (a few in 2 and 5 day study
animals) and none were found at the ultra-
structural level. Only in the late study

periods was an occasional interstitial cell
with inclusions found. Our results are more
consistent with those described by Weiss
(I949) in his classic study of psittacosis
agents which included the MoPn agent. He
observed that mouse pneumonitis first
became established in alveoli, followed by the
invasion of bronchiolar cells. In Chen and
Kuo's model (I980), the mouse lungs were
normal histologically by I0 to I4 days post-
inoculation, whereas in our nu/ + study
group, lung still showed active disease at this
time. Ths difference is probably based on the
increased virulence of MoPn for mice com-
pared with that of chlamydial strains of
human origin.

In our studies we were unable to demon-
strate the uptake of chlamydia by the alveo-
lar cells. In-vivo studies of chlamydial infec-
tions in the bovine intestine (Doughri et al.
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1972; 1973; Todd et al. I976) demonstrated
that chlamydial elementary bodies were
absorbed onto the microvilli which induced
phagocytosis of the elementary bodies with
subsequent formation of the endosome.
Release of organisms occurred with degen-
eration of the cell or cytoplasmic fragments
which contained the chlamydia organisms.
Using in-vitro systems, Ward and Murray
(I984) demonstrated that chlamydia bind to
cell membranes by multiple weak and prob-
ably nonspecific interactions and enter the
cell by a microfilament dependent zipper
mechanism, not via the receptor mediated
endocytosis of viruses.
Endosomes containing the chlamydia

were seen at io h in predominantly type I
epithelium and occasional type II cells. Type I
epithelium cells are metabolically more
quiescent than type II cells and contain only
a few small mitochondria, a limited number
of cisternae of endoplasmic reticulum and a
small Golgi complex. No lysosomes are evi-
dent. The type I cell would only have limited
protein synthetic capabilities as compared to
the type II cell. The degeneration and/or
necrosis of organelles surrounding the endo-
somes, described by other investigators, was
not seen in type I epithelium. However, these
organelles are so sparse that changes could
have been missed.
An important finding of this study is that

distinct histopathological changes were evi-
dent at different time periods among the
three study groups. The presence of abun-
dant heterophils in the 2 to 3 week speci-
mens of the nu/nu group, clearly separated it
from the nu/+ and immune/nu+ findings
ofchronic mononuclear infiltrates. In immu-
nocompromised adults, pathological find-
ings of neutrophilic infiltrates in one case
report and interstitial pneumonitis in
another have been reported but remain
controversial and need confirmation in
larger numbers of patients (Tack et al. I980;
Ito et al. I 982). The lesion in infants has been
characterized by nodular aggregates of
eosinophils, lymphoid and plasma cells with
neutrophils present in alveolar and bron-

chial lumina (Arth et al. 1977; Beem &
Saxon I977; Frommel et al. 1977). Our
results would indicate potential variability in
histopathological responses to chlamydia
based on the immunological status of the
infected host.
The immune nu/+ study group did not

have organisms within the type I epithelium
at the later time periods. It appears that
defence mechanisms are activated early,
probably immediately following inoculation
of the organisms which decrease the number
of organisms available to invade the alveolar
epithelium. It is interesting in this regard
that the immune animals had peribronchio-
lar and perivascular collections of mononuc-
lear cells at the time of infection. Heterophils
were present in all three groups at Io h
within the alveolar space, but by 48 h the
susceptible animals had fewer mononuclear
cells than the other groups. In the immune
animals the infection appears to be effec-
tively controlled before the appearance of
heterophils. At later time periods successful
host defence correlated with a mononuclear
cell response. Large numbers of replicating
(apparently viable) organisms in the nu/nu
mouse were associated with a continuing
large number of heterophils. Since the nu/nu
mouse is clearly more susceptible to MoPn
than the nu/ + groups (Williams et al. I 98 I;
I982; I984a,b), the morphological data
suggests that the mouse heterophil is a
relatively ineffective host defence mecha-
nism at least in the absence of antibody and
active cell-mediated immunity (CMI). Effec-
tive host defence was characterized by the
presence of lymphocytes, monocytes, lipid
laden macrophages and plasma cells.

In regard to the latter, C. trachomatis
organisms have been shown in vitro to
stimulate human peripheral blood B lympho-
cytes to proliferate and secrete polyclonal
immunoglobulins (Bard & Levitt I984). The
effect was much more pronounced if auto-
logous T cells were present suggesting a two-
signal model ofB cell differentiation. Our nu/
nu data are consistent with this hypothesis
since extensive plasma cell infiltration was
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not seen in nu/nu mice which lack T cells
and nu/nu mice did not show evidence of
antibody production by immunoperoxidase
staining (Williams et al. I984a). The persist-
ence of MoPn antigen in lipid laden macro-
phages in nu/+ mice may provide the
stimulus for ongoing B cell stimulation in
mice with intact T cell function.
Our findings, therefore, demonstrate at

least three important features. First, in the
immunocompromised host the histopatho-
logy of chlamydial infection may be quite
atypical and the organisms should be sought
despite lack of classic findings of a mononuc-
lear and plasma cell response. The histopath-
ology may also vary in the immune host.
Secondly, from a morphological perspective,
successful host defence is characterized by a
response containing lymphocytes, mono-
cytes, lipid laden macrophages and plasma
cells, a defence which in the immune animal
is able to control pulmonary infection at a
very early stage, apparently before epithelial
cytoplasmic inclusions become evident and
before polymorphonuclear leucocytes
appear able to play a major role. Thirdly, the
prominent plasma cell response (B cell res-
ponse) in vivo is dependent on intact T cell
function in the host and not simply the
orgnaism acting a a direct nonspecific B cell
mitogen.
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