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Pulmonary infections occur frequently in 
patients with neoplastic diseases (1) or  as a 
consequence of their cytotoxic antineoplas- 
tic chemotherapy. The resulting granulocy- 
topenia is often an important factor predis- 
posing these subjects to infections. How- 
ever, relatively little is known about the 
milieu of the lower respiratory tract of im- 
munodeficient hosts, despite the frequent 
involvement of this organ with infection. 

Pulmonary immunity to infectious agents 
is maintained in part by a combination of 
cellular elements in the lower respiratory 
tract (2), which includes alveolar macro- 
phages that are probably derived from circu- 
lating blood monocytes (3 ,4) ,  lymphocytes, 
and polymorphonuclear cells. The present 
study in dogs attempts to assess the impact 
of acute and chronic bone marrow suppres- 
sion to alter the integrity of the lymphoretic- 
ular system of the lungs by recording cellu- 
lar changes in the respiratory tract and pe- 
ripheral blood. 

Materials and methods. Beagles, 6 months 
old and weighing 10-12 kg, were individ- 
ually caged in a temperature-controlled 
room and maintained as in previous studies 
( 5 ) .  These dogs were chosen because they 
could be easily handled and considerable 
experience was available regarding their re- 
sponse to total body irradiation (6). 

Two means of immunosuppression were 
used: 

(i) Radiation. A group of four dogs re- 
ceived 350 rad (midline tissue dose) of total 
body gamma irradiation from bilateral op- 
posing cobalt-60 sources at 46 rad/min. This 
radiation dose produced bone marrow fail- 
ure with leukopenia and thrombocytopenia 
but without diarrhea or  other serious toxic- 

' Present address: Department of Medicine, Univer- 
sity of Washington School of Medicine, Seattle, Wash- 
ington. 

ity ( 5 ,  6). In these animals, the total white 
blood counts were less than 1000/mm3 by 6 
days after irradiation and counts were less 
than 100 cells/mm3 by 10-12 days after irra- 
diation. 

Because the irradiation induced anorexia 
in some animals, dogs received 500 ml of 
Ringer's lactate solution (Abbott Laborato- 
ries, North Chicago, Ill.) daily by subcuta- 
neous clysis, beginning the day after irradia- 
tion. In addition, these dogs were given 
daily transfusions of platelets as previously 
described ( 5 )  to keep platelet counts above 
25 ,000/mm3. They did not receive antibiot- 
ics. 

(ii) Drug regimens. Dogs were given one 
of the following drug schedules: (1) no 
treatment, (2) daily intramuscular (im) in- 
jection of 1 mg/kg methylprednisolone so- 
dium succinate (Upjohn Co., Kalamazoo, 
Mich .), (3) 2 mg/kg methylprednisolone im 
on alternate days, (4) daily cyclophospha- 
mide 2 mg/kg im (200 mg Cytoxan reconsti- 
tuted with 10 ml sterile water, Mead John- 
son Laboratories, Evansville, Ind .), ( 5 )  
daily cyclophosphamide (2 mg/kg) and 
methylprednisolone (1 mg/kg), and (6) on 
alternate days cyclophosphamide (2 mg/kg) 
and methylprednisolone (2 mg/kg). These 
doses of me thylprednisolone and cyclophos- 
phamide are equivalent to those humans 
might receive for various anti-inflammatory 
diseases. The cyclophosphamide treatment 
either daily or  alternate day administration 
reduced total peripheral blood counts of the 
dogs to about 1000-1500 cells/mm3 after 
approximately 2 weeks. A t  this point the 
cyclophosphamide dose was reduced to ap- 
proximately 1.5 mg/kg to maintain white 
blood counts in the range of 2000-4000 
cells/mm3. All drug therapies were contin- 
ued for 6 weeks. 

Pulmonary lavage and recovery of respira- 
tory cells. Dogs were lightly anesthetized 
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with intravenous sodium thiamylal (Surital, 
Parke, Davis and Co .). In the group of irra- 
diated dogs, a lower lobe bronchus was intu- 
bated with a cuffed endobronchial tube with 
a radiopaque tip (Metras bronchographic 
catheter, 19F, Rusch, Inc., New York). The 
other dogs were lavaged through a fiberop- 
tic bronchoscope (model FO 8800, Ameri- 
can Cystoscope Makers, New York) posi- 
tioned in a lower lobe orifice. A lower lobe 
was washed with two 50-ml aliquots of 
0.9% sterile saline. Sequential lavages at 1- 
or 2-week intervals were done in alternate 
lower lobes of each dog studied. 

The recoverable lung lavage fluid was im- 
mediately strained through a layer of very 
loose cotton gauze to remove mucus and 
then centrifuged at 500g for 5 min at 25". 
The supernatant fluid was decanted and the 
respiratory cell pellet was resuspended in 
modified Hank's balanced salt solution (pre- 
pared without Ca2+ and Mg2+ ions and 
phenol red by the NIH Media Unit). Cells 
were washed and pelleted twice before a 
final suspension of cells was made in 
McCoy's 5A Medium (Grand Island Biolog- 
ical, New York). 

Aerobic bacterial cultures of bronchial la- 
vage fluid were made on nutrient blood agar 
and MacConkey agar plates. 

Size and functional differentiation of respi- 
ratory cells. Respiratory cells were sus- 
pended at a density of approximately 1-2 x 
lo7 cellslml of medium. A total cell count 
(Coulter) and cell viability by eosin dye ex- 
clusion ( 7 )  were done. Differential cell 
counts of 500 cells were made from an un- 
stained wet mount and from a cytocentri- 
fuge prepared Wright-Giemsa stain. Macro- 
phages were distinguished from lympho- 
cytes by positive staining with neutral red 
(8) and by ingestion of polystyrene latex 
balls (mean diameter 1.1 pm,  Dow Chemi- 
cal Co., Midland, Mich.). Size and mor- 
phology under phase-contrast microscopy 
and in stained smears were used as well. 

Observations. Body weight was deter- 
mined at weekly intervals. Rectal tempera- 
tures of the dogs were measured each morn- 
ing during the study; a temperature less than 
39" was considered within normal limits. 
Complete blood cell counts were made ev- 
ery 2 days during the study periods. Total 

leukocyte counts were measured with an 
electronic particle counter (model Fn, Coul- 
ter Electronics, Inc., Hialeah, Fla.); counts 
of less then 1500-2000 cells/mm3 were done 
by direct visual counting with a hemocytom- 
eter. Differential counts were made on air- 
dried Wright's stained smears. 

Results. Reproducibility of pulmonary la- 
vage samples. Each dog served as its own 
pretreatment lavage control and then had at 
least three lung lavages subsequently. The 
recovery of lavage fluid was similar whether 
a Metras catheter or the bronchofiberscope 
were used; therefore, results from both la- 
vage procedures have been combined. 
Sixty-two lower lobe lavages were per- 
formed. The mean recovery of lavage fluid 
was 68.7 2 1.4 (SE) ml (range measured, 
53-87 ml). Aspirated lavage fluid was 
foamy and white and free of visible blood, 
but respiratory cell pellets usually contained 
2-8 % erythrocytes. Respiratory cell viabil- 
ity was 92.6 2 0.5% (range observed, 84- 
99%) from all lavages. Neither radiation 
nor the immunosuppressive drugs affected 
the viability of the recoverable respiratory 
cells. Dogs seemingly tolerated the proce- 
dure well and recovered quickly after the 
anesthesia abated. 

Effects of radiation. In Fig. 1 ,  the total 
number of respiratory cells and lymphocytes 
were compared with peripheral blood leu- 
kocyte values for a group of four dogs prior 
to irradiation and at  intervals following. 

Bronchial lavages were done 1 day after 
irradiation to document immediate cellular 
effects in the lungs. Mean respiratory cell 
counts did not differ from the control val- 
ues; viability of the respiratory cells was 
similar also (Table I). Six days after irradia- 
tion, the number of respiratory cells and 
lymphoyctes were unchanged and the ratio 
between the percentage of macrophages and 
lymphocytes in the respiratory cell recovery 
was maintained. In contrast, blood leuko- 
cyte counts had decreased to less than 1000 
cells/mm3. All peripheral elements were de- 
pressed (granulocytes, monocytes, and lym- 
phocytes) as illustrated for this dog model 
previously ( 5 ) .  On the twelfth day, when 
peripheral leukocyte counts were quite low 
(Fig. l), there was a slight increase in the 
number of recoverable respiratory cells 
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DAYS BEFORE AND AFTER IRRADIATION 
FIG. 1 .  Mean counts 2 SE for respiratory cells and 

total peripheral blood leukocytes are given for a group 
of four dogs before irradiation and at intervals follow- 
ing irradiation. Total respiratory cells (0) and respira- 
tory lymphocytes (0 )  obtained by bronchial lavage are 
contrasted with blood leukocyte counts/mm3 (A). 

TABLE I. VIABILITY A N D  COMP~SITION OF CANINE 
RESPIRATORY CELLS OBTAINED BY PULMONARY 

LAVAGE BEFORE IRRADIATION AND AT INTERVALS 
FOLLOWING 

Days 
before 

and 
after ir- 
radia- Cell viability Macrophages Lymphocytes 
tion (%) ("/.I (%I 

-6 96.0 t 1.0" 73.0 2 2.0 22.0 2 2.0 
+1 93.0 2 1.8 84.8 ? 2.3 16.3 & 1.9 
+6 93.3 2 2.7 83.8 2 2.2 18.0 2 2.5 

+12 96.3 2 1.8 66.3 2 12.7 35.6 2 10.0 
' Mean 2 SE for results from four dogs. 

(from 2.1 x lo7 to 3.4 x lo7 mean cell 
count) reflecting principally an increase in 
respiratory lymphocytes. Lymphocytes ac- 
counted for approximately one-third of the 
respiratory cells in these lavages (Table I). 
Dogs did not survive longer than 15-1 8 days 
without antibiotic support, so further pul- 
monary lavages in this group of animals 
were not possible. Thus, an abrupt cessation 
of bone marrow function and subsequent 

peripheral blood leukopenia did not effect 
the recovery of lung macrophages for at 
least 12 days after irradiation. The increase 
in the number of respiratory lymphocytes 
found by 12 days is unexplained but may 
represent some regenerative response of 
lung associated lymphoid tissue to the initial 
irradiation effect. 

An assessment of alveolar macrophage 
function with such parameters as viability, 
adherence to glass surfaces, and phagocytic 
ingestion of latex particles was not different 
from control values when macrophages 
were examined one, 6 and 12 days after 
irradiation. 

Effects of drug suppression. All dogs had 
a preliminary lung lavage to establish con- 
trol cell values; 2 weeks later a pair of dogs 
was assigned to a drug regimen for the next 
6 weeks. Lung lavages were done at 2-week 
intervals after drug therapy was begun. Cell 
counts from each dog of a pair were com- 
bined and average values are given for total 
respiratory cells and lymphocytes (Fig. 2). 

l > l t l a l . l . l l  
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10) ' 
WEEKS BEFORE AND AFTER IMMUNOSUPPRESSION 

FIG. 2. Average respiratory cells counts obtained by 
bronchial lavage from a pair of dogs are shown before 
treatment and at 2-week intervals after various regi- 
mens of drug immunosuppression. Open symbols de- 
note total respiratory cells; closed symbols give abso- 
lute lymphocyte counts. The following drugs were 
used: (A) daily methylprednisolone; (0) alternate day 
methylprednisolone ; (0) daily cyclophosphamide; (0) 
daily cyclophosphamide and methylprednisolone; (V) 
alternate day cyclophosphamide and methylpredniso- 
lone; and (0) no treatment controls. 
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Control dogs given no drugs had minimal 
cell fluctuations during the 8 weeks of ob- 
servation. A typical respiratory cell differ- 
ential count for these controls was similar to 
preirradiation values given in Table I. Al- 
veolar macrophages comprised 75 to 85% 
of the total respiratory cell population. The 
proportions of macrophages and lympho- 
cytes obtained are similar to values reported 
from normal dog lung washings (9-1 1). 

Respiratory cells from dogs receiving 
daily or alternate day methylprednisolone 
decreased about 25% (Fig. 2) after 2 weeks 
of treatment compared with presteroid con- 
trol values; thereafter, total cell counts were 
stable. Respiratory lymphocytes also de- 
creased after 2 weeks of steroids and then 
remained stable in the alternate day treated 
pair (m); in contrast, lymphocyte counts 
continued to decrease in the daily steroid 
treated dogs (A). Alveolar macrophages 
were unaffected, quantitatively, in steroid 
treated dogs. 

Low dose daily methylprednisolone (1 
mg/kg) or high dose (2 mg/kg) every other 
day had the same effect of decreasing pe- 
ripheral blood lymphocytes and monocytes . 
In all instances, the degree of monocyto- 
penia was somewhat greater than the lym- 
phopenia. The absolute numbers of lympho- 
cytes decreased by approximately 50% of 
control values after 2 to 4 weeks of steroid 
treatment. Likewise, blood monocyte 
counts were depressed by about 75% of 
control values. 

It should be emphasized that although 
peripheral blood lymphocyte and monocyte 
counts eventually stabilized after several 
weeks of steroid treatment, there was a pro- 
gressive decrease in the number of recovera- 
ble respiratory lymphocytes (A) from the 
daily methylprednisolone treated dogs. 

All steroid-treated dogs remained active 
and apparently healthy. There was no evi- 
dence of infection and daily morning rectal 
temperatures remained within the normal 
range. However, the weight loss of these 
dogs was profound during the 6 weeks of 
treatment. Dogs receiving daily steroids lost 
about 60% of their body weight; alternate 
day treated dogs lost 50%. 

Daily cyclophosphamide reduced total 
respiratory cells and lymphocytes after two 
weeks by greater than 50%, whereupon all 

cell counts stabilized (Fig. 2). However, the 
daily combination of cyclophosphamide and 
methylprednisolone had a marked effect on 
both total respiratory cell recovery (0) and 
lymphocyte counts (+). These dogs could 
be maintained for only 4 weeks of therapy. 
The alternate day cyclophosphamide and 
methylprednisolone therapy permitted sur- 
vival of the dogs for 6 weeks of therapy and 
had less effect on the total respiratory cell 
counts (no appreciable change in number of 
alveolar macrophages), but respiratory lym- 
phocytes (V) decreased progressively 
throughout treatment. Blood leukocyte 
counts were more easily controlled in the 
2000-4000/mm3 range by reducing the cy- 
clophosphamide dosage and lymphocyte 
and monocyte counts stabilized at approxi- 
mately 50% of pretreatment values. How- 
ever, it was apparent that a progressive de- 
crease of respiratory lymphocytes occurred 
with the combination treatment. Weight 
loss was considerable in these dogs and ap- 
proximated about 50% of original body 
weight at the end of 6 weeks of treatment. 
Rectal temperatures remained normal and 
evidence of intercurrent infection was lack- 
ing. 

Discussion. The effect of immunosup- 
pressive therapy to alter specific cellular 
components of pulmonary immunity as Sam- 
pled by serial bronchial lavages was the ob- 
ject of this study. First, a single dose of 
irradiation was used to cause acute bone 
marrow depression and leukopenia. The ab- 
rupt monocytopenia which was present by 6 
days after irradiation and which persisted 
until the death of the animals had no effect 
on the number of recoverable alveolar Mac- 
rophages. Although circulating monocytes 
are thought to be the precursor cells for 
lymphoreticular macrophages in the lungs 
(3, 4), long periods of monocytopenia in 
humans with hematologic malignancies (12) 
have not affected the recovery of alveolar 
macrophages. Undoubtedly, this attests to 
the longevity of tissue macrophages, includ- 
ing alveolar ones, which might survive for 
periods of several months. Moreover, these 
human studies have shown that alveolar 
macrophages incorporate tridiated thymi- 
dine into scheduled DNA synthesis and 
hence may replicate to some degree in situ 
in the lungs (13). Thus, under periods of 
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monocyte deprivation, the pulmonary mac- 
rophage population may be capable of sus- 
taining itself in part. 

With acute suppression of bone marrow 
and blood granulocytes, it has been shown 
that dogs are very susceptible to pneumonia 
( 5 ,  6); however, restoring granulocytes by 
transfusion can cure an established Pseu- 
domonas pneumonia in many instances ( 5 ) .  
Thus susceptibility to pulmonary infection is 
in part a function of available circulating 
granulocytes. Whereas acute immuno- 
suppression may not affect the number of 
recoverable alveolar macrophages (Fig. 1 , 
Table I) ,  the ability to mobilize granulocytes 
to the lung and other sites of acute infection 
is basic to host’s immunity against many 
bacterial agents. 

Second, drug therapy with methylpredni- 
solone and with cyclophosphamide, singly 
and in various combinations, was used to 
create a chronic form of bone marrow 
suppression. All forms of therapy had some 
initial effect within 2 weeks of decreasing 
the number of recoverable respiratory cells 
(Fig. 2), then total counts stabilized (reflect- 
ing principally the number of alveolar mac- 
rophages), except in the daily cyclophospha- 
mide-methylprednisolone treated dogs. 

There was an appreciable difference in 
the recovery of respiratory lymphocytes for 
the two steroid regimens. Daily methylpred- 
nisolone caused a progressive decrease in 
respiratory lymphocytes, whereas the alter- 
nate day schedule, using twice the steroid 
dose, had less effect. The less dramatic 
changes in respiratory lymphocyte counts 
produced by alternate day steroid treatment 
may relate to other observations in humans 
that this regimen reduces susceptibility to 
infection (14). In peripheral blood, canine 
monocytes seemed to be more susceptible to 
steroid administration than lymphocytes, as 
was found in human studies (14, 15), but 
both cell types were depressed. Although 
the dogs remained frisky and healthy, 
weight loss was profound. These dogs ap- 
peared to be very susceptible to the cytolytic 
effects of steroids, particularly lymphocytes 
recoverable from the lower respiratory 
tract. Steroids probably cause a dissolution 
of lymphoid tissue in these animals. In this 
respect, dogs may be similar to other steroid 

sensitive species, such as the mouse, rat, 
rabbit, and hamster (1 6). 

Summary. Canine respiratory cells, ob- 
tained by bronchial lavage, and blood leu- 
kocytes were monitored to observe cellular 
changes following acute and chronic immu- 
nosuppression. Irradiation (350 R) pro- 
duced bone marrow suppression and 
prompt peripheral blood leukopenia, but 
did not affect recovery of pulmonary alveo- 
lar macrophages or  lymphocytes for 12 days 
after. Treatment for 6 weeks with daily 
methylprednisolone (1 mg/kg) caused a pro- 
gressive decrease in the number of recovera- 
ble respiratory lymphocytes, whereas alter- 
nate day methylprednisolone (2 mg/kg) had 
less effect. Cyclophosphamide in combina- 
tion with steroids generally augmented the 
progressive loss of blood and respiratory 
lymphocytes. Recovery of alveolar macro- 
phages was not changed appreciably. Thus, 
the population of lung macrophages, sam- 
pled by pulmonary lavage, withstood acute 
and chronic forms of immunosuppression 
very well. In contrast, canine lymphocytes 
seem more susceptible to injury, especially 
to drug regimens containing steroids. 

The authors appreciate the assistance of Mr. Ed- 
ward W. Harvey and Miss Patricia L. Johnson in these 
studies. 
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