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‘‘I cannot promise to teach you all
geology, I can only fire your imagi-
nations.’’Adam Sedgwick; In: JW
Clark and T Mc Hughes, The Life
and Letters of Adam Sedgwick, 2
vols, Cambridge: Cambridge Univer-
sity Press, 1890, vol 2, p. 489; cited
by Janet Browne in Charles Darwin,
Voyaging, 1995, p. 139.

Replication-competent and repli-
cation-defective viral vectors have
been developed as therapeutic op-
tions in cancer, infectious disorders,
degenerative, metabolic, and genetic
diseases. Still, immune responses
against viral vectors play a crucial
role in determining the long-term
experimental and clinical effective-
ness – and eventual fate – of viral
vectors. To understand the phenom-
ena responsible for the limitations
imposed by the immune system on
gene therapy, two approaches have
been used. On the one hand, the
direct consequences of injecting viral
vectors into animals have been stu-
died. These have determined that
viral vectors induce the release of
cytokines, interleukins, activate
macrophages, induce T-cell and B-
cell responses, induce viral-neutra-
lizing antibodies, and induce the
activation of the endothelium.1–6

Conversely, the role of many of these
mechanisms has been tested in
transgenic and knockout animals.
These experiments have determined
that the lack of complement, T cells,
B cells, interleukins, interferons, and
various methods used to downmo-
dulate immune responses (CTLA4-
Ig; sCD40L, etc) will prolong trans-
gene expression in various tissues
such as the liver, muscle, lung, or
heart.7–9

However, it remains difficult to
determine which mechanisms regu-
late transgene longevity and which
are epiphenomena.1–4 Two recent
issues in Gene Therapy Journals have

been devoted to the mechanisms
underlying immune responses to
viral vectors.10,11 To identify the
critical mechanisms, genetic ap-
proaches may provide the way for-
ward by allowing a hypothesis-free
search for those genes that direct the
relevant immune responses to viral
vectors.

In a very original paper published
in this issue of Gene Therapy, Zhang
et al12 have applied genetic tech-
nologies to discover regions of the
genome that may have a causal
relationship to the longevity of ade-
novirus-mediated transgene expres-
sion in the liver. Specifically, they
sought to determine the existence of
quantitative trait loci (QTL) that
linked to the longevity of transgene
expression in the liver, the presence
of cytotoxic T lymphocytes (CTLs)
against adenovirus, and serum cyto-
kines. A QTL is a restricted region
of the genome that plays a role in
the quantitative variation of the trait
being studied; it is analyzed by
correlating sequence variations in
the genome with variations in traits
that vary quantitatively in the popu-
lation under study. Once identified,
the QTL is most likely a polymorph-
ism affecting protein function or the
levels of protein expression.13–15

To determine these QTL, they
utilized 20 strains of recombinant
inbred mice16–18 derived from a cross
between C57BL/6J and DBA/2J;19

each recombinant inbred strain con-
tains chromosomal regions that are
derived from either parent, and they
are homozygous at each locus (see
Figure 1 for a schematic view of the
production of recombinant inbred
strains).

Liver b-galactosidase expression
was measured for up to 50 days
postinjection. At this stage, while
some strains had lost 490% of liver
b-galactosidase expression, in others

b-galactosidase expression was only
reduced by o50%. Over the same
time course, they measured para-
meters a priori linked to the longevity
of transgene expression in the liver:
serum levels IFN-g, IL-6, and TNF-a,
and levels of anti-adenovirus (CTLs).

Correlations were established be-
tween b-galactosidase expression in
the liver and individual parameters
measured in the 20 different recom-
binant inbred strains. The authors
found a very strong and statistically
significant correlation of the expres-
sion of b-galactosidase and the level
of anti-adenovirus CTLs, while there
was no correlation between the liver
expression of b-galactosidase and
serum levels of IFN-g, TNF-a, or
IL-6.

Statistical analysis was then used
to compare the distribution of fairly
evenly spaced chromosomal micro-
satellite markers throughout the gen-
ome of the strains studied, and each
of the quantitative traits under eva-
luation (eg CTLs, cytokines, etc).
Statistically significant QTLs repre-
sent areas of the genome whose
presence correlates with the particu-
lar phenotype under consideration,
for example, CTL. QTLs determined
at long times post-virus administra-
tion reflect the capacity to clear b-
galactosidase expression from the
liver; this QTL mapped to Chr 15 at
42.8 cM, and Chr 19 at 33 cM. A QTL
for CTL activity was identified on
Chr 7 at 41 cM, and between 57.4 and
65.2, and on Chr 15 at 61.7 cM, and
Chr X at 27.8 cM. QTLs for cytokine
levels were also detected. While their
levels correlated with each other,
they did not correlate with either b-
galactosidase clearance from the li-
ver, or the presence of CTLs against
adenovirus-infected cells.

We have learned from this paper
that the host immune responses that
regulate the longevity of adenovirus-
mediated transgene expression in
the liver is a polygenetic trait. The
genetic determinants of this response
can be studied in a statistically
stringent manner, that may deter-
mine such immune responses, parti-
cular regions of the genome that may
determine such immune responses.
Also, this paper demonstrates the
existence of strong strain differences
in transgene expression and immune
responses, and suggests that this
may also occur in other strains and
species. The importance of this to
clinical gene therapy, and as an
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Figure 1 This figure summarizes the process involved in discovering QTLs determining anti-adenoviral immune responses eliminating vector-mediated b-
galactosidase expression in the liver. The upper part of the figure illustrates how, from two inbred mouse strains, recombinant inbred strains (BXD1-
BXD23) are generated by intercrossing F2 mice for 20 generations. Each of the recombinant inbred strains are homozygous at each locus, as illustrated
schematically for three strains in the middle of the figure. The lower third of the figure illustrates how adenovirus is then injected into all BXD recombinant
inbred strains, and b-galactosidase expression, CTL levels, and cytokines are then measured. The correlation among different measurements is then
performed and analyzed statistically. Longevity of transgene expression in the liver was only statistically correlated with levels of CTL. Genetic markers
that are approximately evenly distributed throughout the mouse genome are then used to determine the variability of the genetic structure of each strain and
compared to the variability of each measured response in the series of recombinant inbred mouse strains, and the results are then analyzed statistically.
Statistically significant values indicate the location of potential QTL. Statistically significant QTL were identified for b-galactosidase expression, the level of
CTLs, IFN-g, TNF-a, and IL-6.
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experimental model in which to test
this variability is very high.

The next step will consist of
identifying the sequence variations
in the genome that contribute to each
QTL. In spite of many recent ad-
vances in mouse genomic studies,
this is a difficult task. One advantage
of using the BXD recombinant inbred
strains of mice is that the Mouse
Genome Project will provide the
complete sequence of the parental
B6 and D2 genomes to interested
investigators in the near future.
Given that many of the polymorphic
genes between B6 and D2 mice have
been identified, the sequence of the
BXD recombinant inbred strains will
essentially be known. In the long
run, the search aims to identify
either a nucleotide polymorphism
within the coding region that deter-
mines protein function, or a poly-
morphism within the promoter
regions that affect the level of gene
expression.13–18

The power of the studies pub-
lished is also necessarily limited to
the QTLs defined a priori. Alternative
hypotheses could propose, for exam-
ple, that IFN-g released by subtypes
of immune cells directly in the liver
contributes to clearing of adenovirus
from the liver. Since these hypoth-
eses have not been proposed, even
though any of these may be of great
importance, they have not been
addressed in this manuscript. Im-
portantly though, the same set of 20
recombinant inbred strains used in
this work are available for the testing
of any further hypothesis concerning
the mechanisms of immune mechan-
isms that affect adenovirus vector-
mediated transgene expression.

In summary, this paper represents
an important advance in our capa-
city to examine and understand the
molecular and genetic basis of the
immune mechanisms that regulate
viral vector-mediated transgene ex-
pression. To do so, much future hard
work awaits its authors in narrowing
down the QTL to a unique molecular
basis. The possibility of identifying

those genes and their sequence var-
iations that determine either the
longevity of b-galactosidase expres-
sion or anti-adenoviral CTLs remains
of great importance and general
relevance to Gene Therapy.
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Identification of multiple genetic loci that regulate
adenovirus gene therapy

H-G Zhang1,2, H-C Hsu1, P-A Yang1, X Yang1, Q Wu1, Z Liu1, N Yi3 and JD Mountz1,2

1Department of Medicine, Division of Clinical Immunology and Rheumatology, The University of Alabama at Birmingham,
Birmingham, AL, USA; 2Veterans Administration Medical Center, Birmingham, AL, USA; and 3Section of Statistical Genetics,
Department of Biostatistics, The University of Alabama at Birmingham, Birmingham, AL, USA

A key aspect of the immune response to adenovirus (Ad)
gene therapy is the generation of a cytotoxic T-cell (CTL)
response. To better understand the genetic network under-
lying these events, 20 strains of C57BL/6�DBA/2 (BXD)
recombinant inbred (RI) mice were administered with
AdLacZ and analyzed at days 7, 21, 30, and 50 for liver
b-galactosidase (LacZ) expression and CTL response. Sera
levels of interferon gamma (IFN-g), tumor necrosis factor-a
(TNF-a), and interleukin-6 (IL-6) were analyzed at different
times after AdLacZ. There was a distinct strain-dependent
expression of LacZ, which was strongly correlated with the
CTL response. Among the five BXD RI strains that exhibited
significantly prolonged LacZ expression, four also exhibited a
marked defect in the production of Ad-specific CTL. There

was a strong correlation between the sera levels of IFN-g,
TNF-a, and IL-6, but cytokine responses were not signifi-
cantly correlated with LacZ expression or the CTL response.
Quantitative trait loci regulating LacZ on day 30 were found
on chromosome (Chr) 19 (33 cM) and Chr 15 (42.8 cM).
Cytotoxicity mapped to Chr 7 (41.0 and 57.4–65.2 cM), Chr
15 (61.7 cM), and Chr X (27.8 cM). IFN-g production mapped
to Chr 18 (22, 27, and 32 cM) and Chr 11 (64.0 cM). TNF-a
and IL-6 production mapped to Chr 6 (91.5 cM) Chr 9
(42.0 cM) and Chr 8 (52 and 73.0 cM). These results indicate
that different strains of mice exhibit different pathways for
effective clearance of AdLacZ depending on genetic poly-
morphisms and interactions at multiple genetic loci.
Gene Therapy (2004) 11, 4–14. doi:10.1038/sj.gt.3302136

Keywords: adenovirus; cytotoxic T cells; genetic linkage analysis; BXD mice

Introduction

The immune response to adenovirus (Ad) has been a
major factor limiting long-term Ad gene therapy and
gene expression.1–3 The immune response also contri-
butes to systemic toxicity and is one of the factors that
limit the safety of gene therapy delivery.4,5 The develop-
ment of helper-dependent Ad that lacks the entire Ad
coding region results in a greatly decreased immune
response and prolonged persistence of gene therapy.1,6

However, an antiviral immune response can still occur.7

One key aspect of the immune response is the generation
of cytotoxic T cells (CTL).8–10 Inhibition of development
of CTL has been achieved by blocking the Th1 helper
T-cell response by immunosuppressive therapy,11 anti-
CD4 therapy12–14 anti-TNF therapy,15 and by therapies
that block B7-CD28 signaling and CD40–CD40L inter-
actions.16–20 We have previously developed cell–gene
therapy utilizing either Fas ligand to delete specifically
T cells responsive to Ad, or have blocked the hepatocyte
to apoptosis with the soluble DR5, both of which result in
prolonged gene therapy.21,22 Therefore, it is clear that
crippling of one or more of the effector pathways of the

innate or adaptive immune response pathways to Ad
gene therapy can greatly inhibit the elimination of Ad-
infected hepatocytes and greatly prolong gene therapy
expression. However, despite extensive knowledge of the
different effector pathway mechanisms that contribute to
elimination of the Ad gene therapy, the genetic basis of
the immune response to Ad is not well understood.

We have previously used the C57BL/6�DBA/2
(BXD) recombinant inbred (RI) strains of mice to dissect
complex genetic loci that contribute to different aspects
of the immune response, including thymic invo-
lution.23,24 Previous results by others25 and us26 have
shown that BXD strains of mice exhibit differences in the
CTL response and the induction of interferon gamma
(IFN-g) in response to tumors. A further advantage of
utilizing these mice includes the possibility of identifica-
tion of the genetic loci influencing the interested
phenotype. Other investigators have used the BXD RI
strains to determine the TNFa induced interleukin-6
(IL-6) response, and have mapped this to a locus on
distal mouse chromosome (Chr) 12.27 The genetic basis of
the response to different viruses has been dissected using
complex trait analysis and mouse genetic techniques.
The immune response to mouse cytomegalovirus
(MCMV) has been mapped to several loci on Chr 6 in a
region that has recently been defined as the natural killer
complex.28,29 Therefore, the BXD RI strains provide an
ideal model to dissect genetic loci underlying the Ad
immune response.Received 09 June 2003; accepted 19 July 2003

Correspondence: Dr JD Mountz, Department of Medicine, Division of
Clinical Immunology and Rheumatology, The University of Alabama at
Birmingham, 701 South 19th Street, LHRB 473, Birmingham, AL 35294,
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The present studies determine the genetic loci that
control the immune response and clearance of LacZ from
the liver after i.v. administration of AdLacZ. This is
determined for cytokines including TNF-a, IL-6, and
IFN-g, as well as production of CTL. There was a distinct
strain-dependent expression of LacZ, which was best
correlated with the CTL response. The sera levels of
TNF-a and IL-6 were strongly correlated with each other
and also with IFN-g. Genetic linkage analysis indicates
that the LacZ expression was influenced by genetic loci
on Chrs 19 and 15. The quantitative trait loci (QTL)
associated with the CTL response were mapped to Chrs
7, 15, and X, whereas the production of cytokines was
mainly influenced by QTL on Chrs 6, 8, 9, 11, and 18. Our
results suggest that the chronic persistence of Ad vector
in the host is influenced by multiple waves of genetic
factors by the host.

Results

Strain-dependent expression of b-galactosidase
in the liver
Liver b-galactosidase (LacZ) was determined by histo-
logic staining and quantitative analysis was also carried
out using a luminometer. Histologic analysis revealed
that on day 21 after administration of LacZ, over one-half
of the strains of mice exhibited very low expression of

LacZ in the liver, as represented by strain BXD9
(Figure 1a). Certain strains of BXD mice, including BXD
strains 2, 8, 11, 16, and 23, exhibited either medium
expression of b-galactosidase, represented by strain
BXD11 (Figure 1a), or high expression of b-galactosidase,
represented by strain BXD23 (Figure 1a). The b-galacto-
sidase expression in the liver was quantitative in liver
lysates using a luminometer (Figure 1b). The data points
at days 7, 21, 30, and 50 are connected by a line for
comparison of b-galactosidase in different BXD strains
at the same time point. At day 7, most strains exhibited
high expression of b-galactosidase. However, by day 21,
over one-half of the strains exhibited greatly reduced
expression of b-galactosidase. There were notable ex-
ceptions to this rapid decline in liver expression of
b-galactosidase observed in strains 2, 8, 11, 16, and 23
(Figure 1b). By days 30 and 50, there continued to be high
b-galactosidase expression in BXD strains 2, 11, 16, and
23 (Figure 1b). The strain distribution patterns (SDPs)
of the AdLacZ expression on days 21, 30, and 50
exhibited a strong correlation with each other
(Po0.0001 for all comparisons).

High b-galactosidase correlates with low cytotoxic
T-cell activity
To determine if differences in expression of b-galacto-
sidase correlated with a difference in CTL response, the
spleen T cells were isolated on days 7, 21, 30, and 50, and
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Figure 1 Differential AdLacZ expression in different BXD RI strains of mice. A total of 20 different BXD RI strains of mice, as well as parental D2 and B6
were injected i.v. with 5X109 PFU/mouse of AdLacZ. Mice (3–5 mice/group) were killed on days 7, 21, 30, and 50, after administration, and the liver was
analyzed for AdLacZ expression. (a) Immunohistological staining of the liver tissue sections of a representative mouse of strain BXD9, BXD11, and BXD23
at day 30, after administration of AdLacZ. BXD strain 9 showed almost complete clearance of AdLacZ compared to persistent expression of AdLacZ in
BXD11 and very low clearance of AdLacZ in BXD23. Magnification � 100. (b) Liver tissue was homogenized, and LacZ was expression using a
luminometer. LacZ expression was evaluated for three individual mice per strain at four different time points after administration of AdLacZ at day 7 (solid
square), day 21 (upright triangle), day 30 (diamond), and day 50 (circle). The data points at days 7, 21, 30, and 50 are connected by a line for comparison of
b-galactosidase in different BXD strains at the same time point. LacZ is expressed as counts per milligram of total liver protein per minute. The basal level
of AdLacZ was 150 (0.015� 104). The BXD strain number is shown below the expression level of b-galactosidase at different time points after
administration of AdLacZ. The underlined strains in bold and underlined, strains 2, 8, 11, 16, and 23, as well as D2 indicate strains with significantly
slow clearance of AdLacZ. The arrow bar represents the mean plus or minus standard error of the mean (s.e.m.) of three mice per group of each strain at each
time point.
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single-cell suspensions were prepared for use in CTL
assays. There was a low CTL response in all strains
of mice on day 7 after the AdLacZ administration
(Figure 2a). However, there was a dramatic increase in
this response on day 21 to day 30 in most strains of mice,
which remained stable or declined slightly by day 50.
The line is drawn for comparison of the CTL response in
different BXD strains measured at the same time point. A
high CTL response was correlated with rapid clearance
of AdLacZ expression in these same strains of mice.
However, the lower clearance of AdLacZ observed in
BXD strain 2, 8, 11, 16, and 23 was correlated with a
lower cytotoxicity response in these strains of mice.
There was a significant correlation between the expres-
sion of LacZ and a low CTL response on days 21, 30, and

50, as illustrated for the day 30 time point (R2¼0.65,
Po0.0001) (Figure 2b). The most profound defect in the
CTL response was observed in BXD23, whereas BXD2, 8,
11, and 16 exhibited a similar cytotoxic response, despite
differences in LacZ expression in these latter four strains.

QTLs that determine LacZ expression
The primary quantitative trait studied in these experi-
ments, the expression of LacZ at different time points
after administration of Ad, was determined on days 7,
21, 30, and 50. At day 7, after Ad administration, most
of the strains expressed high LacZ, but there was an
informative SDP even at this early time point. This SDP
at day 7 most likely reflects Ad entry, initial expression or
early clearance of AdLacZ in the liver. The suggestive
QTLs associated with this initial susceptibility of the
BXD RI strains to infection or production of LacZ were
mapped to Chr 13 at 18 cM and to Chr 17 at 33.5 and
41.6 cM (Figure 3 and Table 1).

By days 21 and 30, there was high clearance of LacZ
from the liver of most of the BXD RI strains of mice.
However, there was a distinct SDP of LacZ clearance,
and some strains of mice exhibited almost no expression
of LacZ, whereas some strains of BXD RI mice exhibited
relatively high expression of LacZ in the liver. On both
days 21 and 30, the suggestive QTL that underlies the
ability of the BXD RI strains to clear LacZ expression
from the liver mapped to Chr 15 at 42.8 cM, and Chr 19 at
33 cM (Figure 3 and Table 1). The expressions of LacZ on
days 21 and 30 were mapped independently, yet to the
same two loci. This independent measurement of
expression of LacZ in the liver of BXD RI strains of
mice (three mice per group) at two different relatively
late time points that map to the same QTL provides
confidence in the reproducibility of the results, as well as
in the significance of these QTLs for LacZ expression on
Chrs 15 and 19.

QTLs associated with the cytotoxic T cell response
mapped to Chrs 7, 15, and X
The CTL response was low on day 7 after administration
of AdLacZ, and there was no QTL that reached a
suggestive value for linkage. However, beginning on day
21 and also day 30, a distinct SDP of the CTL was
evident. There was a very high correlation of the SDP of
the CTL response at these time points (day 21 versus day
30, R2¼0.75, Po0.0001). Thus, the CTL response for days
21 and 30 yields an informative SDP for QTL analysis.
The genetic linkage analysis on days 21 and 30 shows
that the suggestive QTLs were mapped to Chr 7 at 41 cM

and between 57.4 and 65.2 cM, Chr 15 at 61.7 cM, and Chr
X at 27.8 cM (Figure 3 and Table 1). As with the LacZ
expression QTLs, the quantitative trait of cytotoxicity
was determined independently on days 21 and 30, after
administration of AdLacZ. Both assays resulted in the
suggestive QTLs at the same chromosome regions, again
providing confidence with the reproducibility of the
results.

Common mechanisms for cytokine production at the
early stage are not correlated with AdLacZ or CTL
response
In addition to the generation of CTL response, the
production of cytokines has been shown to be an
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Figure 2 The CD8 CTL response correlates with clearance of AdLacZ. The
CTL response was determined on days 7, 21, 30, and 50 after
administration of AdLacZ (5� 109 PFU/mouse) by killing the mice at
the indicated time and preparing a single-cell suspension of the spleen. The
spleen T cells were isolated on days 7, 21, 30, and 50, and single-cell
suspensions were prepared and stimulated with MHC-compatible mouse
embryonic fibroblasts (MEF) that had been transfected with Ad luciferase
for use in CTL assays. For cytotoxicity assays, stimulated spleen T cells
were incubated for 12 h with Ad luciferase (AdLuc) pulsed syngeneic MEF,
and the cytotoxicity was determined by the percentage of cells that were
lysed as determined by luciferase expression in the remaining cells. The
luciferase activity was determined using a Top Count. (a) Cytotoxicity on
day 7 (solid square), day 21 (upright triangle), day 30 (inverted triangle),
and day 50 (solid circle). The line is drawn for comparison of the CTL
response in different BXD strains measured at the same time point. The
cytotoxicity varied from very low at early time points to almost 100% at
later time points in most strains of mice. The BXD strain of mouse in
which cytotoxicity was determined is shown below the cytotoxicity curve.
The underlined strain shows the BXD RI strains with significantly lower
cytotoxicity, which is evident especially on days 21 and 30, after
administration of AdLacZ. (b) The cytotoxicity is plotted against LacZ.
Each square represents the mean cytotoxicity at day 30 compared to the
mean LacZ value at day 30. The number next to the squares represents
BXD RI strains with significantly lower cytotoxicity or significantly
higher LacZ expression at day 30.

Multiple genetic loci regulate adenovirus clearance
H-G Zhang et al

6

Gene Therapy



Table 1 Summary of QTLs reaching suggestive value to influence AdLacZ expression and CTL responsea

LacZ CTL

Day 7 Day 21 Day 30 Day 7 Day 21 Day 30

Suggestive LRS 9.9 10.0 10.0 10.0 10.0 10.0
Significant LRS 17.8 17.9 17.9 18.7 17.9 17.6

QTL 1a D17Mit274 D19Mit13b D19Mit13b Undetected D15Mit35 DXMit25
LRS 13.5 14.1 12.2 Undetected 11.6 11.4
Chromosome 17 19 19 Undetected 15 X
cM 33.5 33.0 33.0 Undetected 61.7 27.8
Positive allelec D D D Undetected B B

QTL 2a D17Mit3 D15Mit29b D15Mit29b Undetected D17Mit330 to D7Mit371b D17Mit330 to D7Mit371b

LRS 10.9 11.5 10.8 Undetected 10.1 16.0
Chromosome 17 15 15 Undetected 7 7
cM 41.6 42.8 42.8 Undetected 57.4–65.2 57.4–65.2
Positive allelec D B B Undetected B B

QTL 3a D13Mit18 Undetected Undetected Undetected D7Mit350b D7Mit350b

LRS 10.3 Undetected Undetected Undetected 10.0 10.3
Chromosome 13 Undetected Undetected Undetected 7 7
cM 18.0 Undetected Undetected Undetected 41.0 41.0
Positive allelec D Undetected Undetected Undetected B B

aOnly QTLs greater than suggestive values are shown.
bShaded QTLs are the ones that were detected for two different traits.
cThe allele that contributes to an increase in trait value.

LacZ
day 7

 LacZ
day 21

 LacZ
day 30

  CTL
day 30

  CTL
day 21

  CTL
 day 7

18 cM 33.5 cM

33 cM42.8 cM

33 cM42.8 cM

41 cM 61.7 cM

27.4 cM

41.6 cM

57.4-65.2 cM

41 cM 57.4-65.2 cM

Figure 3 QTLs for LacZ and CTL. The QTLs for LacZ and CTL response at days 7, 21, and 30, after administration of AdLacZ, were determined using
WebQTL. The results of WebQTL are shown for the entire mouse genome, including Chrs 1–19 and X. The chromosome number is indicated at the top of
each compartment. The likelihood ratio statistic (LRS) value for each of the two traits at different days is plotted along each chromosome. The horizontal
dashed line represents the threshold for suggestive QTLs. Three loci that reached a suggestive level of significance for LacZ expression at day 7 were found
on Chr 13 at 18 cM and Chr 17 at 33.5 and 41.6 cM (indicated with arrows). Two different loci reached the suggestive level of significance for LacZ
expression at days 21 and 30 on Chr 15 at 42.8 cM and Chr 19 at 33 cM (indicated with arrows). There were no QTLs that reached a suggestive level of
significance for the CTL response at day 7. Two common QTLs for CTL response at days 21 and 30 were found on Chr 7 at 41 and 57.4–65.2 cM (indicated
with arrows). QTLs for CTL response for days 21 and 30 were also found on Chr 15 (61.7 cM) and Chr X (27.8 cM), respectively. The lower grey line is an
estimate of the additive effects of substituting a single b allele for d allele in the test interval.
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important factor that influences the clearance of
Ad.15,30,31 Since the most dramatic decline in AdLacZ
expression occurred between days 7 and 21 in all strains,
except BXD, the sera levels of IFN-g, TNF-a, and IL-6
were measured on days 7 and 14 after AdLacZ
administration. The results again show a distinct SDP
for cytokine production (Figure 4). Interestingly but not
surprisingly, the levels of cytokines among mice of the
same strain were all strongly correlated, and cytokine
levels for IFN-g at different time points were also
correlated (Figure 5a). The highest correlation between
cytokines was found comparing sera levels of TNF-a and
sera levels IL-6 at day 7 (Figure 5b), followed by IFN-g
versus TNF-a (Figure 5c), and finally IFN-g versus IL-6
(Figure 5d). However, the SDP of cytokine levels was not
correlated with the SDP of AdLacZ expression or the
SDP of the induction of CTL response. The discrepancy is
especially apparent in BXD strains 2 and 23. Both these
two strains had relatively high levels of LacZ and low
levels of CTL response, yet the levels of cytokines were
high in these two strains compared to many other strains
of BXD mice (Figure 4).

The QTL associated with the induction of these
cytokines after administration of Ad was determined
using Map Manager QTX software32,33 and WebQTL
program (http://webqtl.roswellpark.org).34,35 QTLs that
reached a suggestive level of significance for IFN-g were
located on Chr 11 at 64.0 cM and Chr 18 at 22.0, 27.0, and
32 cM (Table 2 and Figure 6). QTLs that reached a
suggestive level for TNF-a and IL-6 were found on Chr 8
at 52 and 73.0 cM and Chr 9 at 42.0 cM. A third QTL for
IL-6, but not TNF-a, on Chr 6 at 41.5 cM reached a
suggestive level of significance.

The similarities between the QTLs for TNF-a and IL-6
are consistent with the strong correlation between TNF-a
and IL-6 (Figure 5b). In contrast, there is a lesser

correlation between the levels of IFN-g and TNF-a or
IFN-g and IL-6, consistent with different QTLs that
underlie production of IFN-g compared to TNF-a and
IL-6. The results are in agreement with results by Libert
et al,27 suggesting that same factors are involved in the
production of TNF-a and IL-6 in BXD RI strains of mice.

Discussion

A hallmark for Ad vector evaluation in vivo is the
persistence of transgene expression.5,36 Such persistence
of transgene expression has therapeutic significance for
treatment of chronic diseases such as tumors and
autoimmune diseases. Most studies thus far have
focused on the effect of deletion of Ad vector genome
or the analysis of less immunogenic, syngeneic trans-
genes that minimize the immune response.1,6,7 Other
studies have compared immune-competent versus
immune-compromised manipulated hosts to better un-
derstand the biologic mechanisms involved in the
immune response induced by Ad vectors.11–21 Although
such studies are crucial to understand the effects of
isolated effector molecules on persistence of the Ad
transgene, these studies are usually carried out in the
same strain of mice, and cannot account for the genetic
variability in the immune response in different strains of
mice. Therefore, these studies may not be able to
represent the various contributions of genetic poly-
morphisms to eliminate the administered Ad vectors,
and thus prevent our understanding of the precaution
and limitation of adenoviral gene therapy in immune
diversified hosts such as humans.

Among the four immunological traits analyzed in this
study that may be associated with the host immune
response after Ad vector administration, we found that
the host CTL response exhibited the best negative
correlation with the Ad transgene expression. This
correlation was largely due to a similar defect in the
CTL response in BXD2, BXD11, and BXD16, and a more
profound response in BXD23. The CTL response did not
strongly correlate with the IFN-g production, indicating
that several factors influence the CTL response. The
production of the innate immune response to Ad
involves production of IFN-g primarily by natural killer
(NK) cells,22,31,37,38 and production of TNF-a primarily by
Kupffer cells39–41 can also be involved in eradicating the
Ad-infected cells. There was a high correlation between
the production of TNF-a and IL-6. There was also a
significant, but lower correlation of the production of
IFN-g versus TNF-a and IL-6. Nevertheless, the produc-
tion of these cytokines exhibited no significant correla-
tion with the chronic expression of AdLacZ. This low
correlation was particularly striking in BXD strains
2, 6, and 23. Transcriptional downmodulation of
AdCMVLacZ has been associated with IFN-g and
TNF-a.42 We have carried out Ad genome analyses in
several of the BXD RI and parental strains of mice, and
the results indicate that the decrease in AdLacZ in these
strains is indeed due to clearance of the Ad genome. In
addition, the data indicate that the IFN-g and TNF-a
cytokine response does not correlate with the down-
regulation of LacZ. Together, these results indicate that
downmodulation of AdLacZ in BXD mice is due to
clearance of the AdLacZ viral genome and not due
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Figure 4 Cytokine production on day 7 after administration of AdLacZ.
Sera collected from all strains of mice at day 7 after administration of
AdLacZ were analyzed for expression of IFN-g, TNF-a, and IL-6. The sera
levels of IFN-g are shown in ng/ml, and the sera levels of TNF-a and IL-6
are shown in pg/ml. These levels were determined using IFN-g, TNF-a, or
IL-6 standards in the ELISA assay. The numbers below the data points
represent the individual BXD RI strain in which the sera levels of
cytokines were evaluated. The values represent the mean7s.e.m. for IFN-g
(diamond), TNF-a (solid square), or IL-6 (open triangle). A line is drawn
to connect the same cytokine in different BXD RI strains. Strains indicated
with an underline were the ones with relatively high levels of LacZ on days
21, 30, and 50. Cytokine levels were not determined in BXD8.
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to silencing of the LacZ promoter. Thus, our results
suggest that the host CTL response is the most important
factor that determines the level of Ad transgene expres-
sion. However, we cannot exclude the possibility that
some combination of the cytokines analyzed in these
experiments, or analysis of additional cytokines, will
correlate with LacZ expression. It is also possible that
analysis of the temporal sequence of cytokine produc-
tion, as well as a site of production, to provide a stronger
correlation with LacZ expression. The present results
suggest that the relationship between cytokine produc-
tion and LacZ clearance is more complex than might
be predicted from previous work in this field, including
our own.13,15

Since NK cells have been implicated in clearance of
Ad, it is possible that the decreased LacZ clearance in
BXD8 may be related to the mutation of the NK cell
lectin-like receptor family 8 (Klra8) that is mutated in
BXD8.28,29 Klra8 (or ly49h) has been identified as a gene
encoding an NK surface receptor that interacts with
MHC class I molecules and can act to activate NK cells.
The Ly49H receptor, located on Chr 6, directly recognizes
an MCMV-encoded protein, m157, as the ligand, and the
NK cell defect has been proposed to be specific for
MCMV.43 It is not known if the mutation of ly49h in
BXD8 is a factor in defective clearance of LacZ.

To determine if the QTLs for the AdLacZ cytotoxic
response correlated with other QTLs previously reported
for T-cell responses, we searched the Mouse Genome
Informatics website (www.informatics.jax.org).44,45 The

AdLacZ CTL locus D7Mit350 (Chr 7, 41 cM) is close to a
previously mapped T-cell receptor-induced activation 4
(Tira 4) locus at D7Mit32 (37 cM) that is associated with
the T-cell proliferative response after anti-CD3 stimula-
tion.46 The AdLacZ CTL locus between D7Mit330 and
D7Mit371 (Chr 7, 57.4–65.2 cM) is close to the genetic
locus associated with the CD8 T-cell response against
murine leukemia virus infection previously identified by
Panoutsakopoulou et al.47 Thus, both these two studies
support the finding in this report that a telomeric region
on mouse Chr 7 harbors genes regulating the Ad-
induced CD8 CTL response.

A Phenome database has been established for the
BXD RI strains, and can be accessed at WebQTL (www.
webqtl.org).34 Therefore, it was possible to correlate the
SDP we observed for AdLacZ expression, CTL response,
TNF-a, IFN-g, and IL-6 with the SDP reported by other
investigators. Using this approach, we observed that the
SDP for AdLacZ-induced TNF-a and IL-6 correlated with
the SDP previously reported for TNF-a-induced body
temperature loss (R¼�0.63) and TNF-a-induced serum
IL-6 (R¼�0.46).27 However, the QTLs influencing the
sera levels of TNF-a and IL-6 in the present study
have been identified to be on mouse Chrs 6, 8, and 9,
but not on Chr 12 as in the previous report.27 Using
the mouse genome informatics website, the common
QTL regulating IL-6 and TNF-a (Chr 9, 42 cM) after
AdLacZ was found to be close to a previous QTL on
Chr 9 (35 cM) associated with both the inflammatory
response and arthritis induced by proteoglycan in
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Figure 5 High correlation of TNF-a, IL-6, and IFN-g in different BXD RI strains of mice. (a) Sera levels of IFN-g at day 7are plotted against sera levels of
IFN-g at day 14 in the different BXD RI strains of mice. Each square represents the mean of three determinations of IFN-g in three different mice for each
strain. The solid line represents a linear regression to the data points. The R2 and P-value are shown on the graph. The 95% confidence interval for each
straight line regression was determined and was shown as two dotted lines for each regression analysis. (b) Sera levels of TNF-a are plotted against sera
levels of IL-6 in the different BXD RI strains of mice. Each square represents the mean of three determinations of TNF-a and IL-6 in three different mice for
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(BALB/c�DBA/2)F2 mice48 and also the duration
and onset of experimental allergic encephalomyelitis in
(SJL/J�B10.S/DvTe)F2 mice.49 Similarly, the QTL influ-
encing IL-6 on Chr 6 (41.5 cM) is close to a previously
mapped QTL on Chr 6 (44 cM) for autoimmune gastri-
tis,50 collagen II-induced arthritis (Chr 6, 48.7 cM),51 and
cutaneous hypersensitivity (Chr 6, 45.5 cM).52 These
results suggest that these regions on mouse Chrs 9 and
6 contain a gene or a cluster of genes that not only
influence the proinflammatory response to Ad, but also
other inflammatory processes in mice.

In summary, our results suggest that, in the majority of
BXD RI strains of mice, the major factors that determine
the duration of Ad transgene expression occurred at late
time points following AdLacZ administration. The levels
of TNF-a and IL-6 are closely associated with each other
but are not correlated with the final level of AdLacZ. The
CTL response exhibited the best correlation with the
expression of AdLacZ and may be directly associated
with the prolonged Ad transgene expression. Thus,
despite the host immune heterogeneity, our results
strongly indicate that the regulation of the host CTL
response is the major consideration for improving the
duration of the Ad-induced transgene expression.

Methods

Mice and treatments
Female C57BL/6J (B6), DBA/2J (D2), and RI BXD/Ty
mice were provided by the UAB Facility of Genetic
Mapping of Complex Trait in the Mouse. The strains of
BXD RI mice used are BXD1, BXD2, BXD5, BXD6, BXD8,
BXD9, BXD11, BXD12, BXD15, BXD16, BXD18, BXD19,

Table 2 Summary of QTLs reaching suggestive value to influence
cytokine productiona

Day 7

IFN-g TNF-a IL-6

Suggestive LRS 10.1 9.8 9.6
Significant LRS 18.4 16.7 16.7

QTL 1a D18Mit53 Tcf12b D8Mit113b

LRS 10.7 12.3 12.2
Chromosome 18 9 8
cM 27.0 42.0 52.0
Positive allelec B B B

QTL 2a D18Mit17 D8Mit156b D6Mit67
LRS 10.2 11.2 11.1
Chromosome 18 8 6
cM 22.0 73.0 41.5
Positive allelec B B B

QTL 3a D18Mit124 D8Mit113b D8Mit156b

LRS 10.2 9.9 11.7
Chromosome 18 8 8
cM 32.0 52.0 73.0
Positive allelec B B B

QTL 4a D11Mit360 Undetected Tcf12b

LRS 10.2 Undetected 10.8
Chromosome 11 Undetected 9
cM 64.0 Undetected 42.0
Positive allelec B Undetected B

aOnly QTLs greater than suggestive values are shown.
bShaded QTLs are the ones that were detected for two different
traits.
cThe allele that contributes to an increase in trait value.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 X

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 X

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 X
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41.5 cM 52 cM 73 cM 42 cM

73 cM 42 cM

27 cM 32 cM

IFN-γ
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IL-6

Figure 6 QTL analysis for IFN-g, TNF-a, and IL-6. The levels of these cytokines on day 7 after AdLacZ administration were used to determine the
significant QTLs. QTLs were determined using the Map Manager QTX and the WebQTL software. The QTLs for the entire genome from Chrs 1–19 and
Chr X are shown. The number of each chromosome is indicated on the top of each compartment. The dashed lines indicate the threshold for suggestive QTLs.
There were four suggestive QTLs for IFN-g on Chr 11 at 64 cM and Chr 18 at 22, 27, and 32 cM. There were three identical QTLs for TNF-a and IL-6, on
Chr 8 at 52 and 73 cM and on Chr 9 at 42 cM. There was also a fourth QTL for IL-6 production on Chr 6 at 41.5 cM that reached a suggestive value. The
lower grey line is an estimate of the additive affects of substituting a single b allele for d allele in the test interval.
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BXD22, BXD23, BXD24, BXD27, BXD28, BXD30, BXD31,
and BXD32. Mice were kept in micro-isolators and were
fed with sterilized food and water ad libitum until they
were killed at days 7, 21, 30, and 50 after treatment with
AdLacZ (5� 109 PFU/mouse) using i.v. injection. Three
mice from each group were sampled at each time point
for analysis of LacZ and CTL. All experiments conducted
in this study have been reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC)
of the University of Alabama at Birmingham.

Production of recombinant AdCMVLacZ
A recombinant E1 detected serotype 5 Ad expressing
b-galactosidase (AdLacZ) was constructed as described
previously.15,22 To obtain a large quantity of recombinant
AdLacZ, 293 cells were infected and grown for 40 h at
371C prior to harvest and centrifugation using a table-top
centrifuge at 4000 rpm for 20 min. The infected cells were
resuspended in PBS buffer, then lysed using three freeze–
thaw cycles. The released virus was purified through two
cesium chloride gradients and then the purified recom-
binant AdLacZ was titrated by a plaque assay as
described previously,15 aliquoted and stored at �801C
until used.

Expression of LacZ in the liver
Hepatic expression of LacZ was determined in different
treatment groups by killing mice at days 7, 21, 30, and 50
and stained with b-Gal, as previously described.15,22 In
brief, the frozen sections were fixed in fresh 4%
paraformaldehyde in PBS for 1 h at 41C, rinsed, and
stained with 0.1% X-gal, 5 mM K3Fe(CN)6, and 5 mM

K4Fe(CN)6 for 24 h at 251C in dark room overnight.
b-galactosidase activity in the liver lysate was measured
using the Galacto-light b-galactosidase detection kit
(Tropix Inc., Bedford, MA, USA). Briefly, 100 mg of liver
was homogenized in 1 ml of lysis solution. The lysis
solution was prepared by addition of 10 ml of a 0.1 M

solution of dithiothreitol, 1 ml of 30% hydrogen peroxide,
and 100 ml of protease inhibitor mixture (Complete,
Roche Molecular Biochemicals, Indianapolis, IN, USA).
The protein concentration of the lysate was determined,
and 100 mg of lysate was used for quantitation of
b-galactosidase activity. Recombinant b-galactosidase
(Sigma, St Louis, MO, USA) was used as a positive
control, and liver lysate from nontransfected mice was
used as a negative control. The final reaction mixture
containing light-emitting substrates was measured using
a luminometer (Wallace Incorporated, Gaithersburg, MD,
USA) and the results of the b-galactosidase activity were
calculated as counts/mg of total liver protein/min.

Cytotoxic T-cell response analysis
CTL response analysis was performed using a bio-
luminescence assay as previously described, except that
the b-galactosidase reporter substrate was replaced by
luciferase.53 Briefly, Ad luciferase (AdCMVLuc)-infected
MHC-compatible mouse embryonic fibroblasts (MEFs)
(50 PFU/cell) were cocultured with effector T cells at
different ratios. These effector T cells were obtained from
mice injected with AdLacZ at day 0, and killed at days 7,
21, 30, and 50, as described for LacZ analysis. Single-cell
suspension from the spleen of mice (3–5 mice per group)
was produced as described previously and stimu-
lated with g-irradiated MHC-compatible fibroblasts

transfected with AdCMVLuc (10 PFU/cell) for 4 days
at 371C in a CO2 incubator. For cytotoxicity assays, the
stimulated T cells from the different BXD RI strains of
mice were incubated with the Ad-luciferase-transfected
MEFs for 12 h at different ratios of effector (E) to target
(T) cells. The % of viable cells was determined by
analysis of the remaining luciferase activity using a
luciferase assay kit (Promega, Madison, WI, USA) and
counted using a Top Count.54 Cytotoxicity was calculated
as (100�% viability). The maximum luciferase response
(100% viability) was determined using transfected MEFs
without T cells and minimum luciferase response (0%
viability) was determined using untransfected MEFs.

Analysis of serum levels of IL-6, TNF-a, and IFN-g
Blood samples were collected at different times after
treatments, and the serum levels of IL-6, TNF-a, and
IFN-g were measured by an ELISA kit for mouse
IL-6, TNF-a, or IFN-g (BioSource International, Inc.,
Camarillo, CA, USA).

Genotype of BXD RI mice
The current mapping data files for BXD RI strains were
generated by Williams et al55,56 and Taylor et al.57

Genomic DNA of each BXD RI strain was extracted
from the spleen using a high-salt procedure.58 A total of
938 primer pairs (MapPairs) that selectively amplify
polymorphic MIT microsatellite loci distributed across
all autosomes and the X chromosome between B6 and D2
strains of mice (Research Genetics, Huntsville, AL, USA)
were typed using a modified version of the PCR protocol
of Dietrich et al59 and described in detail at Dr Robert
Williams website (http://www.nervenet.org).55 The
complete BXD RI genotype data set genotyped using
the method described above was provided by Dr
Williams at the University of Tennessee (Memphis). This
data set can be downloaded from the website of
Neurogenetics at UT Health Science Center (http://
www.nervenet.org). All loci with redundant SDPs were
purged, leaving a final BXD RI genotype marker set of
approximately 620 unique nonredundant markers.

Databases
A summary of information on chromosomal positions
of the MIT microsatellite markers was obtained from the
Portable Dictionary of the Mouse Genome (http://
www.nervenet.org/fmpfiles/fmplist.html)55,56 and the
MIT/Whitehead SSLP database (http://www-genome.-
wi.mit.edu/snp/mouse/).60 Additional databases de-
voted to previously mapped QTLs and polymorphic
genes and markers between B6 and D2 strains of mice
were obtained from the Mouse Genome Database
(www.jax.org).44,45 Relational database files between
different phenotypes measured using BXD RI strains
of mice are available from the WebQTL (http://
webqtl.roswellpark.org).34,35

Statistics of genetic linkage analysis
Loci with log of the odds ratio (LOD) scores greater
than B2.8 (Po1.6� 10�3) and 4.3 (Po5.2� 10�5) were
considered suggestive and significant, respectively.61

Chromosomes harboring suggestive loci were analyzed
by simple interval mapping. Genome-wide (experiment-
wise) significance probabilities for mapped QTLs were
estimated by comparing peak likelihood ratio statistics
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(LRSs) (LRS¼LOD� 4.6) of correctly ordered data sets
with those computed for 10 000 permutations of the
phenotype data.62 Probabilities reported below as
‘genome-wide’ (PG) reflect correction for multiple tests;
other reported probabilities are comparison-wise. Con-
fidence of QTL position is given as the 2-LOD support
interval that bounds the QTL with B95% confidence.63

Quantitative trait loci analysis
The values were analyzed using the software program
MapManager QTX (KF Manley, mapmgr@mcbio.med.
buffalo.edu, Buffalo, NY, USA)32,33 and WebQTL (http://
webqtl.roswellpark.org)34,35 to conduct a genome-wide
search for mapping QTLs. In this case, the user is not
required to discriminate between ‘B’ and ‘D’ phenotypes.
Rather, the quantitative phenotypic data for each RI
strain serve as the starting point for analysis. This results
in statistics that are essentially two-tailed, more con-
servative than may be warranted in some situations with
extreme differences between parental lines. Irrespective
of the complexity, the strategy for mapping is to discover
the most similar, if not identical, SDP from the large list
of genotypes mapped in BXD strains. A concordance
between a phenotypic SDP and an existing genotypic
SDP (map location) indicates the presence of a QTL at or
near that location contributing to the phenotype. How-
ever, due to the limited number of BXD strains available,
the number of SDPs to be compared, and consequently
the complexity of testing required to establish concor-
dance, a close match in SDPs may occur by chance.62,64

As with all statistical comparisons, it is necessary
to make a calculation of the probability that the
observed result was a false positive. We therefore have
calculated the genome-wide probability of obtaining
the observed linkages by random chance corresponding
to an error threshold of P¼0.05, that is, one chance in
20 of such a false-positive error. We did this using
a nonparametric permutation method developed by
Churchill and Doerge,62 which is implemented in the
Map Manager QTX software33 and WebQTL program
(http://webqtl.roswellpark.org).34,35

Interval mapping
A subroutine of the Map Manager QTX software33 and
WebQTL (http://webqtl.roswellpark.org),34,35 using
computationally efficient regression equations, has been
used for mapping the QTLs.32,33,62 The probability of
linkage between our traits and previously mapped
genotypes was estimated at 1-cM intervals along the
entire genome, except for the Y chromosome. The
statistical power of linkage of the phenotype to indivi-
dual genotypes (point-wise linkage statistics) that
attained values of between 0.0001 and 0.00002 was
considered to have reached a level of genome-wide
statistical significance. Linkages approximating that level
are deemed ‘suggestive’ and are worthy of reporting,
although confirmation of linkage is required.62 To
establish criteria for suggestive and significant linkage,
a permutation test is performed using MapManager QTX
(45000 permutations at 1 cM intervals).62 This test
compares the peak LRS score obtained for a given data
set with the peak LRS obtained for 1000 random
permutations of the same data set. The latest iteration
of Map Manager allowed us to apply a weighted least-

square regression model, which resulted in a greater
power and precision in mapping QTLs.
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