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ABSTRACT 

In preparation for hunian trials of gene therapy for cystic fibrosis (CF), we performed a preclinical study of 
gene transfer into the lungs of baboons. Recombinant adenovirus vectors containing expression cassettes for 

h u m a n cystic fibrosis transmembrane conductance regulator ( C F T R ) and Escherichia coli 3-galactosidase 
(lacZ) were instilled through a bronchoscope into limited regions of lung in 14 baboons. A detailed accounting 
of the extent, distribution, and duration of gene expression is contained in a companion article (Engelhardt 

et al., 1993b). In this article, w e report the results of toxicity studies in which clinical laboratory tests, chest 
radiographs, and necropsy studies were used to detect adverse effects. The only adverse effect noted was a 
mononuclear cell inflammatory response within the alveolar compartment of animals receiving doses of virus 
that were required to induce detectable gene expression. Minimal inflammation was seen at lO' and 10* pfu/ml, 

but at 10^ and more prominently at lO'** pfu/ml, a perivascular lymphocytic and histocytic infiltrate was seen. 
The intensity of inflammation increased between 4 and 21 days. At its greatest intensity, there was diffuse 
alveolar wall d a m a g e with intra-alveolar edema. Airways were relatively spared, despite the intensity of 
alveolar inflammation. Clinical tests did not accurately reflect the presence of lung inflammation, with the 

exception of chest radiographs which revealed alveolar infiltrates, but only in regions of lung having the 
greatest intensity inflammation. W e conclude that adenovirus-mediated gene transfer into the lungs of baboons 
is associated with development of alveolar inflammation at high doses of virus. 

OVERVIEW SUMMARY INTRODUCTION 

Experiments in small animals support the feasibility of re­
combinant adenoviruses for treating C F lung disease. Stud­
ies in nonhuman primates are critical in assessing the poten­
tial toxicities associated with these therapies. In a series of 
two papers, Wilson and colleagues have simulated the gen­
eral construct of a phase I trial in baboons to evaluate the 
feasibility and safety of recombinant adenoviruses for gene 
therapy of C F lung disease. This paper by Simon et al., 
evaluates the clinical and pathological consequences of di­
rect instillation of C F T R expressing adenoviruses in the 
airway of baboons. 

Adenovirus-based vectors have a number of properties mak­
ing them attractive vehicles for human gene therapy. Their 

ability to transfer genetic material efficiently into lung epithelial 
cells has led them to be chosen for the first trials of human gene 
therapy for cystic fibrosis (Rosenfeld et al., 1991, 1992; En­
gelhardt et al., 1993b). The success of this approach will de­
pend not only on the level and duration of transgene expression 
but also on its safety. In preparation for human trials, we per­
formed studies of adenovirus-mediated gene transfer into the 
lungs of baboons. In the preceding companion article, we re­
ported the levels of expression achieved by intrabronchial ad-
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ministration of the cystic fibrosis transmembrane conductance 
regulator (CFTR) gene and a reporter gene (lacZ) using adeno­
viral vectors (Engelhardt et al., 1993b). As part of the study 
design, w e monitored the animals for the appearance of adverse 
effects. In this article, w e report that transgene expression in the 
lung was associated with the development of an inflammatory 
reaction within the alveolar space. 

METHODS 

The remaining 12 baboons were part of a dose-response trial in 
which each was instilled with A d . C M V / a c Z in the posterior 
segment of the left upper lobe and A d . C B C F T R in the posterior 
segment of the right upper lobe. The animals were divided into 
four groups of 3 animals with each group receiving a different 
concentration of virus in the fluid instilled into the bronchi: 
Group A, 10'° pfu/ml; Group B, i C pfu/ml; Group C, 10** 
pfu/ml; and Group D, 10^ pfu/ml. Within each group, animals 
were necropsied 3 and 21 days after instillation and the remain­
ing animal has been followed for long-term complications. 

General study design 

The preceding companion article (Engelhardt et al., 1993b) 
contains details of the experimental protocols used for these 
studies; Table 1 summarizes the general structure ofthe experi­
ments and salient features ofthe baboons. As a general descrip­
tion of the study, 14 baboons were used, including 2 adults for 
preliminary studies and 12 adolescent baboons in a dose-re­
sponse trial. In study I, a single animal (Bl) received intrabron­
chial instillation of Ad.CMV / a c Z (10'" pfu/ml) into the poste­
rior segment of the left upper lobe and was necropsied 4 days 
later. Animal B 2 (Study II) received A d . C M V / a c Z (10'° pfu/ 
ml) as described above as well as A d . C M V C F T R (10'° pfu/ml) 
in the posterior segment of the right upper lobe; this animal has 
been followed for long-term complications of gene transfer. 

Specimen collection a n d chest radiographs 

Before virus administration and again on days 4, 14, and 21 
post-infection, arterial blood was drawn from the femoral artery 
for measurement of blood gases (heparin), serum chemistries, 
blood cell counts (sodium E D T A ) , viral cultures (heparin), and 
prothrombin and partial thromboplastin times (sodium citrate). 
A urethral catheter was inserted into the bladder to obtain urine 
for routine analysis and viral culture. Blood cell counts, coagu­
lation times, and arterial blood gas analyses, and serum mea­
surements were done by the clinical laboratories of University 
Hospital, A n n Arbor, M I . Nasopharyngeal secretions and rectal 
stool samples were collected by cotton swabs for adenoviral 
cultures. Ventral-dorsal and left lateral recumbent chest radio­
graphs were performed. 

Table 1. Summary of Experiments 

I.D. 

Study I 
Bl" 

Study II 
B2'' 

Study III 
III-A 
84'= 
B6'= 
BS-̂  

III-B 
Bll" 
BO'̂  
BI5'= 

III-C 
B W 
814" 
B16^ 

III-D 
83" 
85" 
67" 

Animal 

Species'' Age 

P C 12 years 

P C 12 years 

PP Adolescent 
PP Adolescent 
PP Adolescent 

PP 2.2 years 
PP Adolescent 
PP Adolescent 

PP Adolescent 
PP 2.4 years 
PP Adolescent 

PP 4.3 years 
PP 4.3 years 
PP 5.0 years 

°PC, Papio Cynocephalus: PP, Papio papio. 
''Bred in capdvity. 
'"'Caught in the wild. 

Wt. 
(kg) 

32.5 

32.5 

1.1 
13.6 
10.4 

6.7 
8.8 
9.3 

6.1 
8.7 
9.2 

10.4 
12.0 
11.4 

Cone. 
(pfulml) 

10'° 

10'° 

10'° 
10'° 
10'° 

10" 
10" 
10" 

IO** 
10** 
lO'̂  

10̂  
10' 
10' 

Virus 

Vol. 
(ml) 

20 

20 

7 
7 
7 

7 
7 
7 

7 
7 
7 

7 
7 
7 

Total 
(pfu X lÔ 'lkg) 

6.1 

6.1 

10 
5.1 
6.7 

Ave = 7.3 

1.0 
0.8 
0.75 

Ave = 0.97 

O.l 
0.08 
0.08 

Ave = 0.09 

0.007 
0.006 
0.006 

Ave = 0.007 

Analysis 

Necropsy day 3 

Long term 

Necropsy day 4 
Necropsy day 21 
Long term 

Necropsy day 4 
Necropsy day 21 
Long term 

Necropsy day 4 
Necropsy day 21 
Long term 

Necropsy day 4 
Necropsy day 21 
Long term 
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Gene construction and administration 

Details for Ad.CBCFTR and Ad.CMV/acZ construction and 
their intrabronchial administration are provided in the preced­
ing companion article (Engelhardt et al., 1993b). 

Bronchoscopy with bronchoalveolar lavage and 
bronchial brushings 

The animals were tranquilized with intramuscular tiletamine/ 
zolazepam and maintained in a heavily sedated state by re­
peated intramuscular doses of the same agents or with intrave­
nous thiamylal (2.5 mg/kg). For the 2 larger animals, a FB-18X 
Pentax fiberoptic bronchoscope was inserted through a 9-mm 
cuffed endotracheal tube; for the 12 smaller animals, a FB-IOX 
Pentax fiberoptic bronchoscope was inserted through a 5.5-mm 
uncuffed endotracheal tube. Bronchoalveolar lavage was per­
formed by instilling normal saline (25 ml for the larger animals 
and 10 ml for the smaller animals) through a wedged broncho­
scope as a single bolus. The fluid was immediately aspirated 
and placed into a tube that was kept on ice. Cells obtained by 
bronchoalveolar lavage were sedimented onto poly(L-lysine)-
coated slides by a cytocentrifuge. The air-dried slides were 
stained with a modified Wright's stain and examined for identi­
fication of cell types. 

RESULTS 

General response of animals 

The animals tolerated the bronchoscopic instillation of 
Ad.CBCFTR and Ad.CMV/acZ without complication except 
that 3 animals ( B H , B13, BI6) vomited immediately after 
intratracheal intubation prior to gene infusion. T w o of these 
animals (BII, BI3) also vomited when intubated during the 
follow-up bronchoscopies. In none of these episodes was intra­
tracheal aspiration observed bronchoscopically. During the 
post-transfection period, the behavior of the animals was nor­
mal. They continued to eat normally and their weight changed 
less than 3 % in the post-transfection period. Rectal tempera­
tures, measured while the animals were sedated for studies, 
were never elevated. 

Hematologic counts 

Blood hemoglobin concentrations remained within normal 
range in all animals during the 3 weeks following transfection 
(Fig. IA). W h e n the animals were analyzed as a single group, 
white blood cell counts decreased between day 0 and day 4 
(p < O.OI), but remained within the nonnal range (Fig. IB). 
The extent of reduction was not directly related to viral dose. 
After day 4, the counts increased so that by day 15 they were no 
different from baseline (p > O.I, analysis of variance). White 
blood cell differential counts were nonnal except that at some 
time during the study, 6 animals (82, 86, B7, 813, B15, 816) 
had mildly elevated percent monocytes (maximum of 11%). 
Three of these animals (82, 87, B13) had monocyte elevations 
on day 0 prior to gene administration. The other 3 animals 
belong to groups that received 10', 10^, an 10" pfu/ml doses. 

Blood platelet counts remained in the normal range on all mea­
surements and did not change during the study (Fig. IC). 

Serum electrolytes, proteins, enzymes, and urinalyses 

Serum concentrations of Na^, K"^, and Cl~ were normal and 
remained unchanged throughout the study. T w o animals (Bll, 
B15) had low serum H C O j ^ levels on day 0 (15 and 17 mEq/ 
liter) prior to gene administration. Arterial blood p H was also 
low in these samples (discussed below). During the follow-up 
period, the H C O j " concentration in these 2 animals increased 
toward the normal range. Calcium, phosphorous, total protein, 
and albumin remained normal. Six animals (B6, 88, 811, 814, 
815, 816) had low levels of proteinuria on one or more urine 
samples during the study. Several of these occasions were 
likely due to traumatic catheterizations because gross hematuria 
was also present in the catheterization specimens but not noted 
when the animals spontaneously voided later in the day. The 
proteinuria was not related to viral dose or the number of days 
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FIG. 1. Effects of gene transfer on hematologic values. 
Blood was drawn into tubes containing sodium E D T A from the 
femoral artery immediately prior to intrabronchial gene admin­
istration (day 0) and again on days 4, 15, and 21. A. Blood 
hemoglobin concentrations. 8. White blood cell counts. C. 
Blood platelet counts are expressed as the mean ± S E M of all 
animals tested. The values were not directly influenced by the 
dose of virus administered. 
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post-transfection. Serum creatinine and blood urea nitrogen 
were normal in all animals throughout the study. Liver function 
tests [aspartate transaminase (AST), alanine transaminase 
(ALT), lactate dehydrogenase, alkaline phosphatase, and bili­
rubin] were normal except for one animal (82) that had mild 
enzyme elevations at baseline (e.g., A S T 56 lU/liter, A L T 85 
lU/liter) that remained stable or improved during the study. 
Prothrombin time and partial thromboplastin time were always 
normal. 

Arterial blood gases 

Arterial blood samples obtained while the animals were se­
dated prior to gene administration showed a moderately wide 
range of PaCO, levels with a mean ± SDof44.8 ± 4.3 m m H g 
(range 36.7 to 54.7 m m H g ) . The elevated PaCO, levels are 
likely due to hypoventilation and atelectasis, which has been 
previously reported when baboons are sedated (Guenter et al., 
1969). The measured levels of PaCOj remained elevated 
throughout the study with no changes directly related to viral 
dose or to the number of days post-transfection. 

As mentioned above, arterial blood pH levels were low in 
two animals (811, 815) at baseline prior to gene transfection 
(pH 7.15 and 7.28). Acute hypoventilation was not solely re­
sponsible for the low p H in that the PaCOj levels were no 
higher in these 2 animals compared with the others. The anion 
gaps (Na^ - [K^ -I- HCOj"]) in these 2 animals were in­
creased indicating a metabolic acidosis. The unmeasured an­
ions were not identified, but were unlikely to be ketone bodies 
because none were detected in the urine. During the study, the 
low pH levels improved in these animals; the pH of one animals 
(Bll) increased from 7.15 to 7.32 by necropsy on day 4, and of 
the other animal (BI5) from 7.28 to 7.39 by day 15. 

Baseline PaO, was 78.1 ± 11.0 m m H g (mean ± SD, range 
54.0-98.0 m m H g ) . To compensate for changes in PaO, caused 
by changes in ventilation, the PaOj data were analyzed using the 
calculated alveolar to arterial oxygen gradient (P(A —a)02). The 
mean P(A-a)02 on day 0 prior to gene administration was 
12.5 ± 7.0 (SD) with a range of 0.0-26.6. Because the wide 
range of baseline P(A—a)02 levels might obscure a treatment-
induced change in gas exchange, the data were analyzed using 
the change in P(A-a)02 from the day 0 level (AP(A-a)02). 
When analyzed in this fashion, no statistically significant effect 
on AP(A —a)02 was found for viral dose or from the time inter­
val post-transfection. However, inspection of the relationship 
between AP(A —alO, and the number of days post-transfection 
did suggest a trend (Fig. 2). The higher dose animals (Groups A 
and 8) were more likely to have an increase (worsening) in 
P(A—a)02 while the lower dose animals (Groups C and D) had 
P(A—a)02 levels more equally distributed between increased 
and decreased levels. 

Chest radiographs 

Supine ventral-dorsal chest radiographs were taken in all 
animals. Detection of infiltrates was complicated by transient 
atelectasis that apparently occurred when the animals were se­
dated (Guenter etal., 1969). W e noted that the side of the chest 
on which atelectasis occurred was often thc side on which the 
animal was laying prior to taking the X-ray. Repositioning the 
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FIG. 2. Effects of gene transfer on the difference between 
alveolar and arterial oxygen tensions. Blood was drawn from 
the femoral artery immediately prior to intrabronchial gene 
administration (day 0) and again on days 4, 15, and 21 in 
animals that received 10' (Group D ) , 10** (Group C ) , 10" 
(Group B), and 10'° (Group A) pfu/ml of virus. Additional sam­
ples were obtained on later days from the long-term animals re­
ceiving 10'° pfu/ml viral dose. The alveolar air equation was used 
to calculate the alveolar to arterial oxygen tension difference 
(P(A—3)02) using arterial PO2 and PCO2 measurements and as­
suming the respiratory exchange ratio to be 0.8. The change in 
P(A-a)02 in m m H g from the level on day 0 (AP(A-a)02) is 
displayed for groups of animals receiving each dose of virus. 

animal into the opposite decubitus position for a minute and 
then rotating him to the supine position would expand the at­
electatic area. After compensating for these artifacts, it became 
possible to analyze the chest radiographs for appearance of 
abnormalities. N o infiltrates appeared in any animal receiving 
10', 10**, or 10" pfu/ml doses. N e w alveolar infiltrates occurred 
in 3 of the 4 animals receiving 10'° pfu/ml dose (Fig. 3). To 
display the location and severity of the infiltrate, a grading 
system was used. The upper, middle, and lower lung fields of 
each lung were separately graded for alveolar infiltrates: Mild, 
minimally detectable infiltrate; moderate, infiltrate occupying 
1/4 of lung field; severe, infiltrate occupying 1/2 or more of 
lung field. The infiltrates generally first appeared on days 15 
and 21 post-transfection (Fig. 4). In one of the long-term ani­
mals (82), streaky infiltrates were present in both upper lobes 
on day 0 prior to transfection. The infiltrates worsened on day 
21, but completely resolved by the radiograph taken on day 73. 
The infiltrate that appeared in the other long-term 10'° pfu/ml 
animal completely resolved by the X-ray performed on day 39. 

Bronchoscopic results 

Bronchoalveolar lavage was performed on long-term animals 
three times during the study. O n day 0, the right middle lobe 
was lavaged, and on days 4 and 21 the posterior segments of 
right and left upper lobes were lavaged. Approximately 5 0 % of 
the instilled volume was recovered with no variation depending 
on viral dose or time following gene administration. The cell 
concentration ofthe bronchoalveolar lavage fluid obtained from 
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FIG. 3. Chest radiograph taken on day 15 of an animal that 
received 10'° pfu/ml viral dose. This supine ventral-dorsal 
chest radiograph has the greatest degree of abnormality seen in 
any animal during the study. It shows alveolar infiltrates occu­
pying most of the right upper lung field, less than half of the left 
upper lung field, and barely present in the right lower lung 
field. 
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FIG. 4. Location and extent of chest radiographic abnormal­
ities detected before and after gene administration. The extent 
of alveolar infiltrates in each of six fields is depicted using a 
grading system defined in the text. Because all animals receiv­
ing 10', 10**, and 10" pfu/ml doses had normal chest radio­
graphs throughout the study, only data from the I0'° pfu/ml 
dose animals are displayed. 

the right middle lobe on the day of gene instillation was 
2.32 X 10'' ± 1.08 X 10" (SD) cells/ml. Cell numbers mea­
sured in lavage fluid obtained during follow-up bronchoscopies 
showed no trend relative to day post-transfection, dose, or side 
on which the lavage was performed. Analysis ofthe cell differ­
ential counts was complicated by the finding that on day 0, I 
animal (B2) had markedly elevated percent neutrophils and 
another (BI6) had elevated percent lymphocytes. Even includ­
ing these suspected outliers, the percent neutrophils changed 
significantly over time (p < 0.03) with a peak at 4 days and a 
reduction back to baseline at day 21 (Fig. 5A). This pattern 
occuned independent of the dose of virus administered. The 
percent lymphocytes also changed significantly over time 
(p < 0.04) with an increase occuning between day 4 and day 
21 (Fig. 58). This increase was not influenced by the dose of 
virus administered and was independent of the side lavaged. 
Sporadic increases were seen in percent eosinophils; the eosino­
phils were usually present in only one of the two segments 
lavaged (not consistently the left or right side) and then only for 
a single point in time. 

Necropsy 

Grossly, the lungs of all animals appeared normal with two 
exceptions. The animal (86) that was sacrificed 21 days after 
receiving 10'° pfu/ml virus had hemonhagic and grayish 
patches located predominantly over the dorsal surfaces of the 
right upper, left upper, and right lower lobes. Also one animal 
(Bll) had punctate green-black colored 1-mm spots scattered 
over the entire surface of both lungs (discussed below). 

To a varying degree and conelating with viral dose, the 
animals developed a lymphocytic perivascular alveolar infll­
trate (Fig. 6). At its mildest, small lymphocytic accumulations 
were seen sunounding small to medium-sized vessels within 
lung parenchyma. Increased numbers of alveolar macrophages 
were also present. With increasing severity ofthe abnormality, 
the lymphocytic infiltrate extended beyond the immediate 
perivascular area and into the alveolar interstitial spaces. Intra­
alveolar lymphocytes occasionally accompanied the increased 
number of macrophages. In lung regions having a higher inten­
sity of penumonitis, the alveolar tissue was densely infiltrated 
with mononuclear cells and at its worse, intra-alveolar edema 
could be seen. Figure 7 depicts the location and severity ofthe 
penumonitis in the 8 animals on which necropsies were per­
formed. Inflammation was absent or very mild in the lungs of 
all animals sacrificed on day 4 and in the lungs of animals 
receiving lO' and 10** pfu/ml doses at day 21. Moderate to 
severe inflammation was seen in several areas of lung in the 
animals receiving I0'° pfu/ml and in one area of lung in the 
animal receiving 10" pfu/ml dose. The inflammation was more 
likely present in regions of lung where virus was directly in­
fused. However, it was also occasionally present outside these 
areas. There seemed to be little if any difference in the degree of 
inflammation between the side receiving Ad.CMV/ocZ and the 
side receiving Ad.CBCFTT?. In scattered areas, eosinophils and 
rarely neutrophils could be seen. These cells were never the 
dominant type of inflammatory cell. 

The majority of the inflammation was located within the 
distal lung parenchyma. There was no evidence of vessel wall 
necrosis, although the lymphocyric infiltrate seemed to arise 
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FIG. 5. Bronchoalveolar lavage fluid differential cell counts before and after gene administration. Immediately prior to gene 
transfer, the right middle lobe of each long-term animal was lavaged. On days 4 and 21, the posterior segment of the right upper 
lobe (solid symbols) and left upper lobes (open symbols) of the long-term animals were separately lavaged Cytocentrifuge 
preparations were made and the cells stained with a modified Wright's stain. Data from animals receiving 10' (•, • ) , 10* (A, A), 
10" (TjV), and 10'° C O ) pfu/ml are displayed separately. 

around small vessels. The airways were relatively spared by the 
inflammation. Uncommonly, the well-demarcated bronchial-
associated lymphoid aggregates would spread to infiltrate bron­
chial wall. In almost all instances, the epithelium remained 
intact with preservation of its pseudocolumnar pattem with 
abundant ciliated cells. 
In 3 animals (Bll, 813, 814), all captured in the wild, 

micronodules consisting of accumulations of macrophages 
were found scattered diffusely throughout the lung paren­
chyma. The macrophages contained a dark greenish-black pig­
ment, part of which was refractile, suggesting the presence of 
silicates. In one of the 3 animals (814), a small number of 
lymphocytes sunounded the macrophage aggregates. The 
source and precise identity ofthe material are unknown. 

Nonpulmonary organs 

Grossly and microscopically, the nonpulmonary organs con­
tained no abnormalities referable to gene treatment. In one of 
the wild-caught animals (B13), parasitic cysts were seen in 
skeletal muscle, in bone manow, and in two areas within the 
liver. 

D I S C U S S I O N 

The major adverse effect associated with intrabronchial in­
stillation ofthe adenovirus-based vectors was pulmonary alveo­
lar inflammation. Examinarion of blood, urine, and tissue ob­
tained at necropsy failed to show any abnormalities in 
nonrespiratory organs attributable to transfection. The severity 
and location of the inflammatory infiltrate depended upon the 
concentration of virus to which the lung tissue was exposed. 
Animals receiving 10' and 10* pfu/ml adenovirus showed little 
if any inflammation. At 10" and much more prominently at 10'" 

pfu/ml, a mononuclear cell infiltrate was seen within regions of 
the alveolar space. This correlated with the level of transgene 
expression, with 10'" pfu/ml yielding more gene product than 
10" pfu/ml. In general, the regions of the lung where virus was 
-directly infused were most likely to show evidence of inflam­
mation on chest radiographs and lung histology. However, in­
flammation was not restricted solely to these areas. The occur­
rence of inflammation outside the targeted regions is likely due 
to spill-over during virus infusion. Positive staining with X-gal 
was seen in a limited region of the left lower lobe in an adult 
animal receiving 10'° pfu/ml into the posterior segment ofthe 
left upper lobe (Engelhardt et al., 1993b). In the smaller ani­
mals, occlusions ofthe bronchus to the target segment appeared 
even less effective than using a balloon catheter in the larger 2 
animals. Additional evidence of spill-over was evident by the 
presence of positively stained alveolar walls in a limited region 
of the X-gal-stained histologic sections from the left middle 
lobe of the animal (84) necropsied 4 days after administration 
of 10'° pfu/ml Ad.CMV/acZ into the posterior segment ofthe 
left upper lobe. 
The inflammatory reaction appeared to develop over 2-3 

weeks following gene administration. In the lungs of animals 
necropsied at 4 days, only mild, perivascular accumulations of 
lymphocytes were seen. The abnormalities were most extensive 
in animals receiving 10'" pfu/ml virus after 21 days. These 
finding were paralleled by chest radiographic abnormalities, 
which were seen only in animals receiving 10'° pfu/ml virus 
and which worsened between 4 days and 14-21 days. No 
necropsies were done past 21 days, therefore the duration of 
inflammation is not precisely known. However, the abnormali­
ties that were seen on chest radiographs resolved completely on 
follow-up examination. 
The noninvasive or minimally invasive techniques that were 

used to detect pulmonary inflammation tumed out to be insensi­
tive. The animals' physical appearance and behavior appeared 



CFTR GENE TRANSFER TO PRIMATE LUNG: TOXICITY 777 

'-̂- ^ X . 
^̂ .. 

FIG. 6. (Figure and legend continued on page 778.) 

normal throughout the study. Blood tests likewise did not accu­
rately reflect the presence of lung inflammation. The failure of 
blood gas analysis to provide an indicator of lung impairment 
might have been due to confounding effects of hypovenrilation 
and atelectasis that occurred during the period of sedation that 
was necessary to safely study the animals (Guenter et al., 
1969). The types of cells found in bronchoalveolar lavage did 
change following gene administration; however, the changes 
were as likely to occur in animals with high-intensity alveolar 
inflammation as animals having minimal, if any inflammation. 

Also, the changes were not restricted to the segment of lung 
receiving Ad.CMV/acZ or Ad.CBCFTR. 

The precise cause of the inflammatory response cannot be 
discerned from the available data. It is unlikely that cell lysis 
from viral replication initiated the injury because in general, no 
late viral proteins were seen and no recombinant or wild-type 
viruses were detected by culture, except for a single positive 
bronchoalveolar lavage specimen obtained at 4 days. A more 
likely cause of the pulmonary inflammation is a response to 
viral antigens. The time course and perivascular location ofthe 
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FIG. 6. Representative histopathology depicting differing intensifies of pneumonitis that occuned in the lungs of animals 
following gene administration. Displayed are photomicrographs of hematoxylin and eosin-stained lung secrions that represent 
different levels of inflammaUon. The panels showing hematoxylin and eosin-stained lung sections (right upper lobes) are ananged 
as examples ofthe different grades of inflammation as defined in the text: Normal (panels a and b, 83), I + (panels c and d, BIO), 
2-1- (panels e and f, 84), 3-1- (panels g and h, 86), and 4-1- (panels i and j, 86). The bar in panel a represents 500 p,m and is also 
applicable to panels c, e, g, and i; the bar in panel b represents 50 p-m and is also applicable for panels d, f, h, and j. 

lymphocytic infiltrates are compatible with a naive response to 
foreign antigens. The immune response was likely initiated by 
virus that was instilled on day 0. This is supported by ELISA 
and Westem blot analysis of sera for antibodies to adenoviral 
proteins. None of the animals had preexisting antibodies; how­
ever, a significant antibody response to adenoviral proteins was 
detected in animals receiving the highest doses of vims (Kozar­
sky and Wilson, unpublished data). It is not possible to deter­
mine if this challenge was augmented or prolonged by viral 
antigens synthesized de novo following transfection. Immuno­
fluorescence studies performed on necropsy tissue at day 4 
showed limited but detectable expression of nonstructural viral 
proteins. 

The occunence of an inflammatory response within the alve­
olar space was unlikely to have been heavily influenced by the 
volume of vims that was infused into the targeted segments of 
lung. Alveolar transgene expression and inflammation were 
seen not only within the posterior segments of the upper lobes, 
but in rare instances in regions of lung that were likely exposed 
as part of spill-over during vims administration. These second­
arily exposed regions almost certainly were subjected to much 

lower volumes of vims. Despite these lower volumes, alveolar 
expression and inflammation occurred. 

The physiologic consequences of the inflammatory response 
are likely to be significant. Animals receiving the higher doses 
of virus had regions of lung that were inflamed enough at 21 
days that these regions were unlikely to be able to participate in 
gas exchange. Alveoli within these areas of lung were filled 
with inflammatory cells and fluid. In regions showing milder 
levels of inflammation, the majority of the alveoli remained air 
filled and might have been able to contribute to gas exchange. It 
is unknown whether the injured areas of lung were able to 
recover and function again as gas exchange units. The inflam­
matory reaction appeared to be at least partially reversible. The 
infiltrates seen on chest radiographs in the animals receiving 
I0'° pfu/ml virus resolved on follow-up films. However, it 
appears that the chest radiographs detected only the most se­
verely inflamed regions of lung. Mild to moderate areas of 
inflammation detected histologically were not seen on the chest 
radiographs obtained immediately prior to sacrifice and 
necropsy. 

The appearance of inflammation at concentrations of vims 
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FIG. 7. Location and extent of pneumonitis in the lungs of 
animals following gene administrafion. Each field (upper, mid­
dle, and lower) ofthe right and left lung is schematically repre­
sented for animals that received 10' (Group D ) , 10* (Group C), 
lO" (Group 8), and I0'° (Group A) pfu/ml viral doses and were 
necropsied on days 4 or 21. The degree of inflammation de­
picted for each field represents an averaging of the level of 
inflammation seen on multiple (2-4) secrions from each lobe. 

necessary to induce transgene expression in the baboons causes 
concem. If similar degrees of inflammation occur in humans, it 
is unlikely that these vectors can be used without further modi­
fications. However, there are cogent reasons to believe that the 
response in humans may not closely mimic the observations in 
baboons. The recombinant vimses used in these experiments 
are based on serotype 5 adenovims which infects humans. It is 
not known whether this serotype naturally infects baboons or 
what type of disease, if any, it causes (Dick and Dick, 1974; 
Rodriguez et al., 1977). The concentration of vims needed to 
transfect in vivo and express C P T R in human airways may 
differ considerably from that needed to transfect baboon cells. 
Similarly, the relationship between the dose needed for trans­
gene expression may be lower than that which might induce 
inflammation in the human. The types of epithelial cells that 
will preferentially transfected following administration of ade­
noviral vectors to human airways may not be the same as was 
observed in the baboons. The clinical syndrome and pathologi­
cal changes that are seen following adenovims infection in 
humans shows that airway epithelial cells are a primary target of 
infection (Jackson and Muldoon, 1973; Schaefer, 1983; Straus, 
1984; Zahradnik, 1987). Even in severe cases ofhuman adeno­
viral pneumonia where alveolar epithelial injury is prominent, 
the airway epithelial cells are always profoundly injured as 
well. This dominance of airway epithelial involvement in hu­
mans differs from the pattem we observed in the baboons. Even 
at the highest doses of vims where we found diffuse alveolar 
inflammation, the airways were almost completely spared. 
Only rare areas of lymphocytic inflltration of airway epithelium 
were seen. This predilection for alveolar inflammation in the 
baboon parallels the predominant site of transgene expression in 
the baboon where the majority of transfected cells were located 

within the alveolar compartment with few expressing cells 
found in the airway epithelium. 

Another difference between the baboon experiments and hu­
man trials may be the immune status of the recipient. The 
endemic nature of serotype 5 causes the majority of humans to 
have been exposed to the virus by the time they reach adult­
hood. Analysis of sera by Westem blot and ELISA indicated 
that the baboons did not have preexisting immunity to human 
adenovirus. Indeed, the time course with which the baboons 
developed alveolitis suggests that they were immunologically 
naive. The peak level of inflammation was observed at 2-3 
weeks after vims administration, which is longer than what 
would be expected for an anamnestic response. W e have not 
rechallenged the baboons with adenoviras, so we do not know if 
the kinetics and intensity of inflammation would differ in a 
previously sensitized animal. 

In summary, we found that use of adenoviral vectors to 
transfect CITR and lacZ genes into baboon lungs was associ­
ated with development of alveolar inflammation. The appear­
ance of this inflammatory response emphasizes the need to 
carefully monitor for similar adverse effects during the early 
trials of CF gene therapy in humans. 
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