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This study explores the genetic and immunologic factors involved in the differences in duration of transgene
expression following in vivo transduction with recombinant adenoviruses. Different strains of mice (C3H/HeJ
[C3H], C57BL/6J [B6], BALB/cJ [Balb/c], C.B10-H2*/LiMcdJ [Balb.B], CBGF,/J [(Balb/c X B6)F,], B6C3F,/J
[(B6 x C3H)F,], and BALB/cj SCID) received 5 x 10° PFU of the first-generation adenovirus, which expresses
human «,-antitrypsin (Ad/RSVhAAT). While all strains studied showed similar patterns of anti-adenovirus
antibody formation, only Balb/c and C3H mice developed significant levels of anti-hAAT antibodies by 8 weeks
posttransduction. In addition, while all strains had quantitatively comparable amounts of adenovirus genomes
and hAAT mRNA transcripts in the liver 9 days posttransduction, only Balb/c mice had undetectable adeno-
virus vector genomes and hAAT mRNA in the liver 40 days posttransduction. Terminal deoxynucleotidyltrans-
ferase-mediated dUTP-biotin nick end labeling staining of liver sections from control and Ad/RSVhAAT-
infected mice 5, 9, and 40 days posttransduction suggested that apoptosis was involved in the rapid elimination
of transduced hepatocytes in Balb/c mice. Persistent expression of hAAT protein observed in BALB/cj SCID
mice suggests that antigen-dependent immunity was essential for this apoptotic process in transduced Balb/c
hepatocytes. In contrast to Balb/c mice, the loss of expression in C3H mice did not correlate with the loss of
vector genomes or hAAT mRNA. Instead, the anti-hAAT antibodies in C3H but not Balb/c mice were found to
interfere with detection of hAAT in the serum. In Balb.B and B6 mice, vector genome, hAAT mRNA transcripts,
and hAAT protein levels persisted for at least 40 days posttransduction. This persistence correlated with poor
anti-hAAT antibody formation and minimal hepatocyte toxicity. The expression of hAAT in (Balb/c X B6)F,
pups was found to be intermediate between the duration observed in the parental strains, while in (C3H X
B6)F, pups hAAT expression was similar to that seen in the B6 parents, which together support polygenic
control of the immune responses in these mice. In summary, these findings suggest that there are three
different profiles and at least two defined immune system-mediated mechanisms resulting in the loss of hAAT

expression in mice and that different strains differ in the capacity to utilize these mechanisms.

Studies using immunodeficient mouse strains (1, 2, 34, 38) as
well as the coadministration of immunosuppressive agents (11,
12, 22, 35) clearly implicate the host immune system in the loss
of transgene expression following transduction with recombi-
nant adenovirus vectors. While various humoral and cytotoxic
immune responses have been identified following transduction
of different strains of mice with recombinant adenovirus vec-
tors expressing erythropoietin (27), human factor IX (hFIX)
(18, 37), human «;-antitrypsin (hAAT) inhibitor (1, 20), and
bacterial B-galactosidase (18, 33) genes, it remains unclear
which genetic components from a strain contribute to the vari-
ability observed for a particular transgene protein.

First-generation adenovirus vectors do not express Ela pro-
teins, which are dominant antigens for cytotoxic T-lymphocyte
(CTL) formation in C57BL/6J (B6) mice but not in BALB/cJ
(Balb/c) mice (12). However, epitopes from other viral pro-
teins can drive the formation of CTLs in C3H/HeJ (C3H), B6,
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and BALB/c mice (26). The development of CTLs, possibly
toward adenovirus late gene protein epitopes as a result of
leaky late protein expression, has been offered as an explana-
tion for the limited expression of lacZ in CBA mice following
transduction with adenovirus (33). Furthermore, CTL re-
sponses toward transgene proteins, in addition to those di-
rected against adenovirus proteins, have now been identified
for many transgenes, including those encoding hFIX (18), bac-
terial B-galactosidase (25), chloramphenicol acetyltransferase
(25), cytosine deaminase (25), low-density lipoprotein receptor
(13), and human thrombopoietin (25), following administra-
tion of recombinant adenovirus vectors into immunocompe-
tent mice. The relevance of antitransgene CTLs is suggested by
reports of the loss of transgene expression in vivo following
adoptive transfer of B-galactosidase and/or virus-specific CTLs
(9, 36). However, the CTL response and loss of adenovirus-
mediated transgene expression are not consistently correlated.
For example, B6 mice given a recombinant adenovirus trans-
ducing hAAT showed persistent transgene expression even
following reinoculation and CTL boosting with a different ad-
enovirus vector not expressing hAAT (30).

Antibodies developed against the transgene protein prod-
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ucts expressed from recombinant adenovirus vectors have pre-
viously been described (27). The identification of anti-hAAT
antibodies following the transduction of C3H mice with the
first-generation virus Ad/RSVhAAT (20, 22) has recently been
reported and found to correlate with the disappearance of
hAAT in the serum (20). In addition, it was shown that pre-
immunization with hAAT protein can prevent the appearance
of detectable hAAT in the blood (20). Conversely, in hAAT
transgenic mice, which are immunologically tolerant to hAAT
but not to adenovirus, adenovirus-mediated hAAT expression
was prolonged (20). Similarly, the development of anti-hFIX
antibodies was found to correlate with a loss of expression,
despite the persistence of viral DNA in Balb/c, CBA, CD1, and
C3H mice given an intravenous administration of recombinant
adenovirus expressing hFIX (18). Together, these studies dem-
onstrate that both antibody-mediated and CTL-mediated im-
mune responses may affect the duration of transgene expres-
sion following administration of first-generation adenovirus
vectors, but the genetic components involved in these re-
sponses remain unknown.

Previously, it was reported from this laboratory that the
duration of hAAT expression appeared not to segregate with
the murine H-2 haplotype (1), based on the short hAAT ex-
pression found in C3H (H-2) mice and the prolonged expres-
sion in C3H congenic B10.BR (H-2%) mice. To extend these
observations into H-2 congenic mice on a Balb/c background,
studies described herein examine the expression of hAAT in
Balb/c congenic H-2” (C.B10-H2"/LiMcdJ [Balb.B; H-2"])
mice compared to that in Balb/c (H-2¢) mice. Additional ex-
periments were performed to evaluate hAAT expression, viral
DNA, transgene mRNA, and transgene/adenovirus antibody
formation in immunocompetent (Balb/c, C3H, and B6) and
Balb.B mice. Evaluation of hAAT expression in F; offspring
supports the finding that at least two different murine loci,
from within and outside the major histocompatibility (MHC)
locus, are involved in the variable response seen following
transduction with Ad/RSVhAAT.

MATERIALS AND METHODS

Animal studies. Animal studies were performed in accordance with the insti-
tutional guidelines set forth by the University of Washington. Female C3H, B6,
Balb/c, Balb.B, CB6F/J [(Balb/c X B6)F,], BoC3F,/J [(C3H X B6)F,], and
BALB/cj SCID (Balb/c SCID) mice were obtained from Jackson Laboratories
(Bar Harbor, Maine) at 5 to 6 weeks of age and housed in specific-pathogen-free
facilities. Mice were injected with recombinant adenovirus diluted to 200 pl in
Dulbecco modified Eagle medium (Gibco BRL, Gaithersburg, Md.) by tail vein
injection as previously described (16). Blood samples for serum protein analysis
were obtained by the retro-orbital technique. Mice found to have serum hAAT
levels less than 500 ng/ml for serum samples taken 3 to 7 days postinjection and
thought to have received poor injections were removed from the study. Portal
vein catheter placement into C3H mice was performed 1 day prior to adenovirus
infusions as previously reported (28). The animals were sacrificed by cervical
dislocation.

Recombinant adenoviruses. Construction of the recombinant El-deficient ad-
enovirus type 5 vector Ad/RSVhAAT has been previously described (10). Ad/
RSVhAAT expresses hAAT serum protein under the control of the Rous sar-
coma virus long terminal repeat promoter. The recombinant adenovirus was
grown in large scale in 293 cells and then purified and concentrated on two
cesium chloride gradients (7). Each virus preparation was assayed for wild-type
contamination (1) and quantified spectrophotometrically (optical density at 260
nm) and by plaque assay (1, 7). No endotoxin was identified in any of the virus
preparations by using a commercially available endotoxin testing kit (Sigma, St.
Louis, Mo.).

Analysis of murine serum. Serum hAAT levels were determined by enzyme-
linked immunosorbent assay (ELISA) (11) on duplicate samples, using multiple
dilutions to ensure that readings were made on the linear portion of the standard
curve. Those hAAT values below the sensitivity of the test were recorded as 25
ng/ml. A Sigma diagnostic kit was used for colorimetric determination of the
activity of serum glutamic pyruvic transaminase (SGPT) with 10 ul of the serum
(Sigma procedure 505).

The anti-hAAT antibody levels were determined by ELISA as previously
described (22). Recorded scores are those duplicated on two separate samples.
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A second analysis was performed in those instances when the determinations
were variant. Serum neutralizing antiadenovirus antibody analysis was per-
formed as previously described (11).

Southern analysis. DNA was prepared from 100 mg of snap-frozen murine
liver samples (representing tissue from two to three lobes) as previously de-
scribed (28). DNA concentrations were determined spectrophotometrically.
Routinely, 2.5 pg of genomic DNA was digested overnight with HindIII as
directed by the manufacturer (Bethesda Research Laboratories, Bethesda, Md.),
electrophoresed on a 0.8% agarose gel, transferred to Hybond N+ (Amersham,
Chicago, I1l.), and then hybridized in RapidHyb solution as recommended by the
manufacturer (Amersham). Radiolabeling of hAAT and murine metallothionein
(MMT) fragments was performed after isolation of the fragments from pAd.RS
VhAAT (10) and pmMMT-I (28), respectively, with a Random primer labeling
kit (Bochringer Mannheim, Indianapolis, Ind.) incorporating [a->*P]dCTP at
>60% efficiency. As 1X and 10X copy number controls, 3.3 or 33 pg of pSP.RS
VhAAT (4-kb) plasmid DNA was spiked into 2.5 pg of herring sperm DNA prior
to restriction enzyme digestion. The relative amount of adenovirus DNA was
determined by analysis on a model 400S PhosphorImager (Molecular Dynamics,
Sunnyvale, Calif.) and reported as a ratio between the specific signal and the
MMT housekeeping gene signal which was obtained after stripping the blot and
rehybridizing with radiolabeled MMT gene fragment.

RPA. The hAAT template used to make the probe for the RNase protection
assay (RPA) was prepared by reverse transcription-PCR of murine liver RNA
from a mouse expressing hAAT following transduction with Ad/RSVhAAT,
using forward (5'-CTGAGTTCGCCTTCAGCCTAT) and reverse (5'-TACC
TAATACGACTCACTATAGGGAGAAAGCCTTCATGGGATCTGAGCC)
primers. The latter primer contains the bacteriophage T7 promoter used for
labeling the probe. The L32 template was obtained from PharMingen (San
Diego, Calif.), and the hAAT and L32 probes were prepared by using the
PharMingen in vitro transcription kit. The RPA assay was performed with the
PharMingen RPA kit. Quantification of the hAAT and L32 bands was performed
on a model 400S PhosphorImager (Molecular Dynamics).

In vitro anti-hAAT antibody interference assays. Equal amounts of serum
(approximately 20 nl) were pooled from four C3H and three Balb/c mouse
samples (Fig. 1) taken from 140 to 230 days posttransduction and called C3H
immune and Balb/c immune sera, respectively. There was no detectable hAAT
protein in the C3H or Balb/c immune and preimmune pools. Anti-hAAT anti-
body levels were undetectable for the preimmune pools and the +++ and ++
C3H and Balb/c immune pools, respectively. Briefly, the in vitro interference
assay was performed by preparing hAAT standard, human calibrator serum 4
(Atlantic Antibodies, Stillwater, Minn.), in 100-pl aliquots of TBST (10 mM Tris,
100 mM NaCl, 0.05% Tween 20 [pH 7.5]) containing 5% milk, followed by the
addition of 1 pl of saline or Balb/c preimmune, Balb/c immune, C3H preimmune,
or C3H immune serum diluted 1:100 to 1:50,000 (final concentration). All tubes
were then incubated at 4°C for 1 h, and the concentration of hAAT was deter-
mined by ELISA (11).

Biological assays. Splenocytes were prepared as previously described (11) and
determined to be >90% viable by trypan blue staining prior to the start of the
experiments. The details of the proliferation assays were previously described.
Gamma interferon (IFN-y) concentrations were determined by ELISA as pre-
viously described (11).

In situ cell death detection assay. Liver sections from Balb/c and Balb.B mice
before and at various times after administration of 5 X 10° PFU of Ad/
RSVhAAT were stored at —80°C in Tissue-Tek O.C.T. compound (Sakura
Finetek USA Inc., Torrance, Calif.) and used to make the thin-section slides for
the in situ cell death detection assay, performed with a fluorescein in situ cell
death detection kit from Boehringer Mannheim. Following the terminal de-
oxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL)
staining, slides were briefly (for 10 s) counterstained with 4',6-diamidino-2-
phenylindole (DAPI) or Evans blue stain as suggested by the manufacturer.
Representative samples were photographed on a Nikon VFM camera through a
EX465-495 filter attached to an Eclipse E800 Microscope (Nikon, Melville,
N.Y.) with a 20X objective and a mercury lamp. Exposure time was for 2 min. As
a positive control, liver was similarly prepared from a Balb/c mouse 2 h after
intraperitoneal injection with 10 g (a lethal dose) of Jo-2 anti-Fas antibody
(PharMingen).

RESULTS

Expression of Ad/RSVhAAT in various mouse strains. The
serum concentration of hAAT protein was determined in var-
ious strains of mice following tail vein injection of 5 X 10° PFU
of AA/RSVhAAT (Fig. 1A). While all groups (n = 3 to 4/group
for one of three separate experiments) showed an initial de-
cline in the serum concentration of hAAT, which appeared not
to be mediated by antigen-specific responses (14, 32), persis-
tence of expression thereafter varied between strains. Pro-
longed expression (for >9 months) was seen in both B6 (H-2°)
and Balb.B (H-2") mice, intermediate hAAT expression was
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FIG. 1. Serum hAAT concentrations following administration of Ad/RSVhAAT. Shown are the group average serum hAAT concentrations at various times
following transduction of Balb/c (n = 4), Balb.B (n = 4), B6 (n = 3) (C57BL/6), and C3H (n = 3), mice (A) and of Balb/c (n = 5) and Balb/c SCID (n = 8) mice (B)
with 5 X 10° PFU of Ad/RSVhAAT. The vertical bars represent standard deviations.

seen in C3H (H-2*) mice, and very short hAAT expression
(>2-log decrease by 20 days) was seen in Balb/c (H-2¢) mice.
The intermediate duration of hAAT protein expression ob-
served in the C3H mice from this study was similar in profile
but slightly longer than we originally reported (1). Prolonged
expression seen in the Balb.B mice suggested that in the BALB
background, the short duration of hAAT expression appeared
to be dependent on the (H-2¢) MHC locus since these mice are
otherwise congenic. We previously reported (1) and found in a
follow-up experiments (not shown in Fig. 1) that the duration
of hAAT expression appeared not to segregate with the murine
H-2 haplotype (1), since we observed short expression in C3H
(H-2%) mice and prolonged expression in B10.BR (H-2*) mice.
Together, these findings suggest that at least two loci, one
within (on the Balb/c background) and one outside (on the B10
background) the MHC region, contribute to the variable du-
ration of hAAT expression seen in different strains of mice.
To further determine if the short duration of hAAT expres-
sion seen on the Balb background was dependent on the H-27
MHC locus, Ad/RSVhAAT-mediated expression in T- and
B-cell-deficient Balb/c SCID mice was evaluated (Fig. 1B).
Prolonged expression of hAAT was observed for Balb/c SCID
mice compared to wild-type Balb/c mice, which supports the

hypothesis that duration of hAAT expression in the Balb back-
ground was dependent on functional T and B cells.

Anti-hAAT antibody formation in C3H mice hinders the
ability to detect hAAT in murine sera following transduction
with Ad/RSVhAAT. Anti-hAAT and/or antiadenovirus anti-
bodies have been identified in a number of mouse strains, but
the factors influencing their formation are not known. To ad-
dress this question, we determined the levels of adenovirus
neutralizing antibodies and performed semiquantitative iden-
tification of anti-hAAT immunoglobulin G (IgG) for each of
the mice represented in Fig. 1A (Table 1). While antiadeno-
virus neutralizing antibody titers for mice at 8 and 12 weeks
were similar among the four strains tested, there were consid-
erable differences in the formation of anti-hAAT antibodies.
Levels of hAAT antibody were high in C3H mice but either
undetectable or equivocal in Balb.B and B6 mice. Balb/c mice
showed an intermediate level of anti-hAAT antibody forma-
tion.

An in vitro interference assay was developed to determine if
the anti-hAAT antibodies identified in Balb/c and C3H mice
interfered with ELISA-based detection of serum hAAT pro-
tein. Briefly, pooled sera from C3H and Balb/c mice (controls
and samples taken >40 days after transduction with Ad/

TABLE 1. Anti-hAAT and adenovirus neutralizing antibodies for mice represented in Fig. 1A

Serum anti-hAAT IgG at 8 wk*

Day 56 serum hAAT

Adenovirus neutralizing antibody titer”

Strain

(ng/ml) Dilution of 1:1,000 Dli{‘;g%‘(“)OOf 8 wk 12 wk
C3H 773, 994, <50 T, o, o+, 16, 64, 16 16, 64, 16
B6 1,440, 2,049, 1,553 -, +, = - =, = =16, 16, 64 64, 64, 64
Balb/c <50, <50, <50, <50 O, - - —. 16, 64, 16 — 16, 16, 64
Balb/b 1,113, 1,642, 400, 1,039 - =, =, = - =, =, = =16, 64, 16, — 16, 64, 16, —

“ Qualitatively reported for each animal in comparison to a standard curve of anti-hAAT monoclonal antibody (MAb) as follows:

—, not detected; +, detected at

level similar to that of standard MADb diluted >1:1,000; + +, detected at level similar to that of standard MAb diluted =1:100; or +++, detected at level greater than
the lowest dilution of MAb standard. The order of the data is the same within each group. —, insufficient sample to perform the test.
b Expressed as the median reciprocal (1/x) dilution yielding 75% neutralization. Values of =16 indicate that antibodies were detected but resulted in less than 75%

neutralization at a 1:16 dilution.
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FIG. 2. Invitro serum interference of hAAT detection assay. Control hAAT
serum at 100 ng/ml was incubated 2 h at 4°C with dilutions ranging from 1:100 to
1:50,000 of Balb/c immune, Balb/c preimmune, C3H immune, or C3H preim-
mune serum pools prepared as described in Materials and Methods. An incu-
bation with sample buffer served as the control. The hAAT concentration as
determined by ELISA in duplicate was plotted against serum dilution. The error
bars represent the standard errors of the means.

RSVhAAT) were mixed at various dilutions in duplicate with
100 ng of hAAT standard and preincubated for 2 h at 4°C. The
amount of hAAT protein was then determined by the standard
ELISA and plotted in Fig. 2. Strikingly, while C3H preimmune,
Balb/c preimmune, and Balb/c 40-day immune serum pools
had only a slight effect on the detection of hAAT, the C3H
40-day immune serum pool greatly inhibited detection of
hAAT (50% detection at a 1:500 dilution). This finding indi-
cated that anti-hAAT antibody formation in C3H mice hin-
dered the ability to detect hAAT in C3H mice, and the detec-
tion of anti-hAAT IgG did not always correlate with the ability
of that antibody to interfere with detection of hAAT, presum-
ably because the spectrum of anti-hAAT antibody formed in
C3H mice was of greater avidity and therefore more efficient at
interfering with the ELISA.

The identification of anti-hAAT antibodies capable of inter-
fering with detection of serum hAAT in C3H mice following
transduction with Ad/RSVhAAT suggested that the Ad/
RSVhAAT genome and hAAT transcription may still be
present in murine hepatocytes even though hAAT protein is
no longer detectable in the serum. The persistence of Ad/
RSVhAAT genome compared to the murine housekeeping
MMT gene for Balb/c, C3H, Balb.B, and B6 mice was deter-
mined by Southern blotting (Fig. 3A) at 9 and 40 days after
transduction with 5 X 10° PFU of Ad/RSVhAAT. The level of
serum hAAT protein for B6, Balb/c, and Balb.B mice at 40
days posttransduction was similar to that shown in Fig. 1, and
all of the C3H mice had serum hAAT concentrations of less
than 150 ng/ml. Graphic representation of the amount of re-
combinant adenovirus genomic DNA normalized to the
amount of MMT signal (Fig. 3B) showed that at 9 days post-
transduction, all animals had similar amounts of recombinant
adenovirus DNA, in the range of at least 10 copies per hepa-
tocyte (10X lane), consistent with data previously reported (12,
23, 24, 28). By 40 days posttransduction, the B6, C3H, and
Balb.B mice all demonstrated the presence of adenovirus
DNA, while none of the four Balb/c mice showed a signal at
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this time. Persistence of hAAT genomes in all the C3H mice
(Fig. 3A) supports the hypothesis that a noncytotoxic mecha-
nism, such as the formation of anti-hAAT antibodies, limited
the detection of hAAT in C3H mice. The two- to eightfold
decline in hAAT genomes in C3H, Balb.B, and B6 mice (Fig.
3B) was consistent with the gradual and more variable loss of
hAAT expression during the first 40 to 100 days (Fig. 1A). In
addition, the loss of signal in Balb/c mice between 9 and 40
days posttransduction suggested that the rapid loss of trans-
gene expression in Balb/c mice correlated with a loss of ge-
nomes, possibly by a cytotoxic process.

To determine if the amount of adenovirus DNA correlated
with the level of transgene mRNA expression, total RNA pre-
pared from the mice (Fig. 4) was analyzed for hAAT transcript
in an hAAT-specific RPA (Fig. 4). A control probe for the L32
housekeeping gene transcript was used simultaneously for nor-
malization. While the Balb/c hAAT mRNA signal declined to
undetectable concentrations between 9 and 40 days postinfu-
sion, during the same period the hAAT transcript level in B6
mice showed no decline, and only a modest, three- to fivefold,
decline was found in C3H and Balb.B mice. Thus, while there
was good correlation in adenovirus DNA, hAAT mRNA, and
hAAT protein expression over time for Balb.B, Balb/c, and B6
mice, C3H mice continued to express mRNAs from the recom-
binant adenovirus vector even though a very small amount of
or no hAAT protein was detectable in the blood.

Inadvertent subcutaneous injection significantly enhances
anti-hAAT antibody formation in C3H mice. The scatter in
persistence of hAAT expression in C3H mice led us to deter-
mine if subcutaneous extravasation of vector which may occur
during tail vein infusion had an effect on the rate and/or avidity
of anti-hAAT antibody formation and thus on the duration of
hAAT expression in C3H mice. To address this question, 3 X
10° PFU of Ad/RSVhAAT was administered to C3H mice via
a portal vein catheter at the same time as either saline or 2 X
10° PFU of Ad/RSVhAAT was administered subcutaneously
at the base of the tail. Shown in Fig. 5, the duration of serum
hAAT expression was prolonged in those mice which received
subcutaneous saline injections compared to mice receiving Ad/
RSVhAAT by the same route. In addition, anti-hAAT anti-
body formation in the group receiving subcutaneous Ad/
RSVhAAT at 6 weeks was more robust than in the control
mice (Table 2). The slight difference in total Ad/RSVhAAT
administered (3 X 10° PFU in controls and 5 X 10° PFU in the
subcutaneous administration group) has been reported to have
a minimal effect on the duration of hAAT expression (20),
which was in good accord with that routinely seen in our
laboratory (unpublished data). The robust formation of anti-
hAAT antibody with decreased hAAT expression following
subcutaneous administration of AJ/RSVhAAT was in accord
with previous data that showed intravenous administration of
an antigen to be less immunogenic than subcutaneous admin-
istration (la). Taken together, these findings suggest that the
variability in duration of hAAT expression in C3H mice seen
when previous data (1) and those of this study are compared
(Fig. 1A) may correlate with the subcutaneous administration
of Ad/RSVhAAT resulting in accelerated anti-hAAT antibody
formation.

A rapid cytotoxic response toward transduced hepatocytes
in Balb/c mice limits the duration of hAAT expression. The
results shown in Fig. 3 indicated that the rapid loss of hAAT
expression in Balb/c mice correlated with the loss of Ad/
RSVhAAT genome, suggesting that a cytotoxic process may
mediate the loss of expression in this strain. To evaluate the
extent of liver toxicity following administration of Ad/RS-
VhAAT, serum SGPT levels were determined (Fig. 6) for the
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FIG. 3. Persistence of AdJ/RSVhAAT DNA genomes in various murine strains. (A) Southern blot of 2.5 pg of mouse liver DNA prepared from B6 (C57Bl/6), C3H,
Balb/c, and Balb.B mice at 9 or 40 days after transduction with 5 X 10° PFU of Ad/RSVhAAT. Bars on the right indicate positions of the unique adenovirus DNA
fragment which contains hAAT and the MMT gene fragment. The dot on the left corresponds to signals for the control fragment (10 and 1 hAAT cDNA copies per
cell). The image is a dye sublimation print of the PhosphorImager file used for quantification which was labeled and aligned with Canvas 5.0 (Deneba Software, Miami,
Fla.). (B) Graphic representation of average intensities of the signals in each of the groups from the blot following detection on a PhosphorImager. The error bars

represent standard deviations.

mice represented in Fig. 1A. As previously reported (14, 15),
there was a similar small peak in SGPT levels within the first 24
to 50 h after transduction of all strains tested (Fig. 6). A second
prolonged peak in SGPT elevation occurring after day S5,
known to be related to antigen-dependent immunity (15), was
more variable between strains; Balb/c mice showed the great-
est degree of liver injury, and C3H and B6 mice showed the
least. The Balb.B mice appeared to have an intermediate
amount of liver injury. These results support the hypothesis
that the rapid decline of serum hAAT expression in Balb/c
mice could be related to a cytotoxic process. In addition, the
minimal toxicity in C3H mice supports the hypothesis that the
formation of anti-hAAT antibodies, rather than a cytotoxic
process, limited ability to detect hAAT expression in C3H
mice. The persistent hAAT expression seen in both B6 and

Balb.B mice was associated with only weak cytotoxicity and
poor anti-hAAT antibody formation. The loss of Ad/RSVhAAT
genomic DNA (Fig. 3) and hAAT mRNA transcripts (Fig. 4)
in Balb/c mice by 40 days posttransduction suggested a cyto-
toxic process for the loss of expression.

To determine if the loss of vector DNA and hAAT mRNA
in Balb/c mice was associated with a difference in T-cell re-
sponse to the vector and/or hAAT protein, we examined T-cell
proliferative responses and IFN-y secretion in splenocytes iso-
lated from Balb.B (H-2") and Balb/c (H-2?) mice 18 days after
transduction with 5 X 10° PFU of Ad/RSVhAAT (Fig. 7A and
B, respectively). The T-cell proliferation (Fig. 7A) and IFN-y
production in response to Ad/RSVhAAT and Ad/RSVpgal
were robust and similar in Balb/c and Balb.B mice (Fig. 7B).
Stimulation with hAAT protein resulted in no detectable T-cell
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FIG. 4. Persistence of hAAT mRNA transcripts in various mouse strains. (A) RPA of 2.5 pg of mouse liver RNA prepared from B6, C3H, Balb.B, and Balb/c mice
at 5, 9, and 40 days after transduction with 5 X 10° PFU of Ad/RSVhAAT. Indicated to the left are the protected fragment sizes for hAAT and L32 (dashes) and the
probe fragments for hAAT (upper dot) and L32 (lower dot). The mouse strain and days after transduction with adenovirus are indicated above the lanes, which include
1,000 cpm of both L32 and hAAT mixed probes (P), mouse L32 control RNA (C), and a yeast tRNA (Y) negative control. The image is a dye sublimation print of
a representative PhosphorImager file used for quantification which was labeled with Canvas 5.0 (Deneba Software). (B) Graphic representation of the group average
hAAT mRNA transcript intensities normalized to the L32 signal at 5, 9, and 40 days after transduction with Ad/RSVhAAT in B6 (C57Bl/6), C3H, Balb/c, and Balb.B
mice. Shown is one of at least three experiments with similar results. The vertical bars represent standard deviations.

proliferation or IFN-y secretion. The similar levels of prolif-
eration and IFN-y secretion in response to adenovirus proteins
with splenocytes isolated from both Balb/c and Balb.B mice,
which clearly showed differences in the duration of hAAT
protein (Fig. 1A), suggested that similar to the formation of
CTL (9, 30, 36), these responses did not correlate with the
duration of hAAT protein expression.

Identification of apoptotic hepatic nuclei in Balb/c but not
Balb.B mice following transduction with Ad/RSVhAAT. Re-

cent reports indicate that end-organ cytotoxicity can be medi-
ated by induced coexpression of Fas and Fas ligand, two mol-
ecules known to directly activate apoptosis (6). Others have
demonstrated that apoptosis is evident following transduction
of mice with recombinant adenovirus vectors (4). Specifically,
Gao et al. (4) showed low-level apoptosis in hepatocytes iso-
lated from C3H mice along with the generation of B-galacto-
sidase-specific CTLs following administration of a first-gener-
ation adenovirus vector expressing 3-galactosidase. However,
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FIG. 5. Effect of subcutaneous adenovirus administration on duration of hAAT expression. Shown are the group average serum hAAT concentrations at various
times following transduction of two groups of C3H mice with 3 X 10° PFU of Ad/RSVhAAT via a portal vein catheter and subcutaneous administration of either saline
or 2 X 10° PFU of Ad/RSVhAAT at the base of the tail. Shown is one of three separate experiments with similar results. The vertical bars represent standard deviations.

it remained unclear whether these CTLs mediated the apopto-
sis. To determine if rapid loss of hAAT expression following
transduction with 5 X 10° PFU of Ad/RSVhAAT was medi-
ated by apoptosis, sections of livers from Balb/c and Balb.B
mice were examined for DNA fragmentation by TUNEL assay.
Representative liver sections from one of at least two similarly
treated mice are shown in Fig. 8. Sections from Balb/c mice 5
and 9 days posttransduction (Fig. 8A and B, respectively)
showed fluorescein isothiocyanate (FITC)-stained apoptotic
nuclei in most high-power fields, while liver sections from
Balb/c mice 40 days posttransduction and from Balb.B mice 9
days posttransduction showed no identifiable apoptotic nuclei
(Fig. 8C and E, respectively). Naive Balb/c (Fig. 8F) and
Balb.B (data not shown) mice showed no identifiable FITC-
stained, apoptotic nuclei. A positive control liver section from
a B6 mouse 2 h after administration of a lethal dose of anti-Fas
antibody showed =50% FITC-stained apoptotic nuclei (Fig.
8D). Taken together, these findings suggest that the cytotoxic
process associated with the rapid loss of vector DNA, hAAT
RNA transcript, and hAAT protein expression in Balb/c mice
may be mediated by the apoptotic loss of transduced hepato-
cytes.

Duration of hAAT expression in Balb/c, C3H, B6, and two F,
murine strains. To help determine what effect codominantly
expressed MHC class I or II molecules within the MHC locus
have on the variable duration of hAAT expression seen in
wild-type Balb/c, C3H, and B6 mice, we evaluated the duration
of hAAT expression in (Balb/c X B6)F, and (C3H X B6)F,
mice and in parental strains. As seen in Fig. 9, the duration of
hAAT expression for (Balb/c X B6)F,; mice was found to be
intermediate to that of the two parental strains, demonstrating
that the codominant expression of H-2¢ MHC class I molecules
was not sufficient to result in a rapid loss of hAAT expression
in the F, offspring similar to that seen in the homozygotic
Balb/c parental strain. We suggest that this could result from
either multigene involvement or a gene dosage effect. In ad-
dition, the prolonged expression in the (C3H X B6)F; mice
was similar to that seen in the B6 parents, which suggested that
the factors involved in the formation of anti-hAAT antibodies
in C3H mice were recessive and/or the factors involved in the
prolonged expression in B6 mice were dominant. Both of these
support findings of this and prior studies that multiple genes
were involved in determining the duration of hAAT expression
in mice (1).

TABLE 2. Anti-hAAT antibodies in C3H mice after subcutaneous adenovirus administration®

6 wk 12 wk
Treatment i i
Anti-hAAT IgG Serum hAAT Anti-hAAT IgG
Serum hAAT (ng/ml) (dilution of 1:5,000) (ng/ml) (dilution of 1:5,000)
Ad/RSVhAAT 760, 25, 25 +4+, +++, +++ 25, 25, 25 ++4+, +++, +++
Saline 1398, 2005, 1739, 1258, 610 +, —, +, +, ++ 25, 25, 25, 25, 25 +++, ++, +++, ++, ++

¢ For details, see the footnotes to Table 1.
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standard deviations.

DISCUSSION

This study has identified at least two different mechanisms
by which the immune system for different strains of mice re-
sponds following transduction with first-generation adenovirus
vectors. The first mechanism is exemplified in Balb/c mice,
which showed a rapid loss of transgene expression, loss of
adenovirus DNA and hAAT mRNA, and liver toxicity and
apoptosis associated with hAAT antibody production. A sec-
ond mechanism is seen in C3H mice, which showed a variable
loss of transgene expression, retention of adenovirus DNA and
hAAT mRNA, and the production of antibody to hAAT which
blocked hAAT detection and may inhibit its function. Finally,
in addition to the prior two mechanisms, Balb.B and B6 mice
showed a gradual decline in expression over a period of
months, formation of antibody to adenovirus, minimal hAAT
antibody formation, and retention of adenovirus DNA and
hAAT mRNA, suggesting a potential third immune clearance
mechanism. While the basis for the loss of gene expression in
the latter group is not clear, it may reflect an inefficient but
progressive response to adenovirus protein.

In Balb/c mice, the rapid loss of hAAT expression, adeno-
virus genome, and hAAT mRNA and the development of
significant liver cytotoxicity following transduction with Ad/
RSVhAAT all suggest a clearance mechanism which may in-
volve the destruction of hepatocytes transduced with adenovi-
rus. The presence of apoptotic nuclei in Balb/c mice during the
time of peak liver cytotoxicity (days 5 to 9) supports this hy-
pothesis and implicates an apoptotic pathway in the process.
While the apoptotic destruction of hepatocytes is consistent
with classic CTL cytolysis, there are several other possible
ligand/receptor pairs which can mediate apoptosis, including
tumor necrosis factor alpha (TNF-a)/TNF receptor 1, Fas li-
gand/Fas, and Trail ligand/DR4. Indirect evidence supporting
the role of these pathways in the clearance of wild-type ade-
novirus infection comes from the identification of a number of
E3 and E1b proteins capable of inhibiting TNF-mediated cell
lysis as well as Fas-mediated apoptotic pathways (31). While

the precise role of CTLs in the clearance of Balb/c hepatocytes
transduced with AdJ/RSVhAAT remains unclear, identification
of the particular apoptotic pathways involved in the rapid
clearance of Ad/RSVhAAT seen in Balb/c mice should facili-
tate the development of testable strategies to prolong recom-
binant adenovirus expression in Balb/c mice.

This proposed mechanism for the clearance of hepatocytes
transduced with recombinant adenovirus expressing hAAT is
consistent with the previous report of Michou et al. (18) in
which they demonstrate the complete loss of a recombinant
adenovirus genome with the lacZ transgene by 45 days after
transduction in Balb/c mice. Contrary to our study, they also
found loss of this recombinant adenovirus in B6 mice and
persistence of a recombinant adenovirus genome expressing
hFIX in both Balb/c and B6 mice. This persistence of hFIX
adenovirus DNA in both Balb/c and B6 mice is in good accord
with early studies of Yao et al. (37) as well and emphasizes the
role of the transgene product as a target for host immune
response.

While we now report that the loss of detectable hAAT pro-
tein in C3H mice appears to reflect production of anti-hAAT
antibody which blocks detection rather than a cytotoxic elim-
ination of vector, it has been previously reported that the loss
of transgene expression in C3H mice correlated with an early
progressive decline of adenovirus DNA in the liver (12). This
previously reported finding is consistent with the early decline
in adenovirus genomes seen in all mouse strains examined in
the present study. The lower rate of decline in hAAT protein
expression and the persistence of adenovirus genomes for
more than 40 days posttransduction that we report here in-
clude time points beyond those of the prior study.

hAAT antibodies have previously been found following
transduction of CBA and C3H mice with recombinant adeno-
virus vectors (expressing E1 and E1/E2) which express hAAT
(20). In CBA mice, this antibody formation was shown to
correlate with persistent recombinant adenovirus genome up
to 16 weeks after transduction with 10*° PFU of Ad/
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FIG. 7. Splenocyte proliferation and IFN-y production following infusion of Ad/RSVhAAT in Balb/c and Balb.B mice. Splenocytes were obtained from mice 15
days after the administration of 5 X 10° PFU of Ad/RSVhAAT or from mice not previously exposed to adenovirus. The cells were cultured in replicates of four with
medium alone, anti-murine CD3 antibody, or the indicated amounts of UV-inactivated Ad/RSVhAAT (AdhAAT), Ad/RSVBgal (Adbgal), serum containing hAAT
(calibrator serum 4), or serum from an hAAT-deficient patient (null) for 72 h. Following this incubation, [*H]thymidine was added and the cells were incubated for
an additional 24 h. After this final incubation, the cells were harvested, and [*H]thymidine uptake was determined and plotted as Acpm between unstimulated and
stimulated samples (A). The error bars represent standard deviations. Proliferation results for the different groups of splenocytes for unstimulated and anti-CD3-
stimulated cells were similar in all groups and are not shown. No proliferation was seen following incubation with calibrator or null patient serum (not shown). Secretion
of IFN-y (B) was determined for the same splenocytes cultured in replicates of four with medium alone, anti-murine CD3 antibody, or the indicated amounts of
UV-inactivated Ad/RSVhAAT or Ad/RSVBgal for 72 h. After this incubation, cell supernatants were pooled from each replicate, and the amount of IFN-y was
determined in triplicate by ELISA. The error bars represent standard errors of the means. No IFN-vy secretion was detected in the naive mice or mice treated with
calibrator or null patient serum (not shown). The results for naive and unstimulated cells with the anti-CD3 antibody were similar and are not shown.
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hAATAEIE2. The results presented here demonstrating
hAAT antibody formation and persistent adenovirus genomes
in C3H mice following transduction with 5 X 10° PFU are in
good accord with this previous study and extend the observa-
tion to include the persistence of hAAT transcript and the
ability of antibodies formed in C3H mice to inhibit hAAT
detection by ELISA. In addition, the persistence of adenovirus
DNA, hAAT RNA, and minimal hepatic injury reported here
suggest that the anti-hAAT antibodies formed in C3H mice do
not cause direct cytotoxicity (5) or hAAT transcript instability
as proposed by others with respect to transcripts of hepatitis B
virus (3, 8). Careful identification and characterization of the
host factors involved in the formation of these anti-hAAT
antibody responses will provide insight into the development of
useful gene therapy systems for the treatment of patients with
genetic diseases involving null mutations.

We have reported the successful prolongation of hAAT ex-
pression in C3H mice by coadministration of CTLA4Ig alone
(11, 12) or both CTLA4Ig and anti-CD40 ligand antibody
(MR1) (12). The prolonged expression of hAAT protein seen
following treatment with murine CTLA4Ig and/or MR1 (anti-
CD40 ligand antibody), two agents known to interfere with

J. VIROL.

FIG. 8. Identification of apoptotic hepatocyte nuclei following transduction with Ad/RSVhAAT. Liver sections from Balb/c mice 5, 9, and 40 days after transduction
with 5 X 10° PFU of Ad/RSVhAAT (A to C, respectively), a Balb/c positive control mouse 2 h after administration of 10 mg of Jo-1 anti-Fas antibody (D), a Balb.B
mouse 9 days after transduction with 5 X 10° PFU of Ad/RSVhAAT (E), and a naive Balb/c negative control mouse (F) were TUNEL stained with FITC to visualize

apoptotic nuclei. Shown are images of representative sections, visualized by fluorescence microscopy with a 20X objective, that were assembled and labeled with Canvas
5.0 (Deneba Software). The arrows indicate FITC-positive apoptotic nuclei.

CD4 lymphocyte activation, is in good accord with anti-hAAT
antibody formation being the predominant immune response
seen in C3H mice following transduction with Ad/RSVhAAT.
Indeed, a decrease in the formation of anti-hAAT and antia-
denovirus antibodies has been reported for C3H mice receiv-
ing CTLA41Ig (22). This may also explain how these immuno-
modulatory agents could have variable effects in other strains
of mice.

The mechanism for the gradual loss of hAAT transgene
expression in B6 and Balb.B mice over time was not evaluated
further in this study. While anti-hAAT antibody production
appears not to account for elimination of expression in these
strains, we cannot exclude a less robust process similar to that
observed in Balb/c mice.

Finally, the intermediate duration of expression seen in the
(Balb/c X B6)F; mice and the prolonged duration of expres-
sion seen in (C3H X B6)F, mice are both consistent with either
a gene dosage effect of one dominantly expressed locus or the
interaction of multiple genes. Given that previous studies from
this laboratory (1) and the findings presented here implicate
the involvement of at least two loci, one outside and another
within the MHC, in antibody formation and prolonged trans-
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RSVhAAT. Shown are the group average serum hAAT concentrations at various
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The vertical bars represent standard deviations.

gene expression in Balb.B mice, we favor the latter hypothesis.
The polygenic nature of the immune processes in mice, which
modulate the nature and severity of such complex traits as the
autoimmune disease systemic lupus erythematosis, has been
reported (19, 29), and the results support a role for factors
both within and outside the H-2 locus contributing to the
disease process.

In summary, we have identified at least two different ways in
which the murine immune system responds following intrave-
nous transduction with the first-generation virus AA/RSVhAAT.
A good understanding of these immune responses is critical to
the appropriate interpretation of many previous gene therapy
studies and to the design of future studies. In addition, the
characterization of these immune factors in mice may be useful
in understanding the results seen in the polymorphic human
population.
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