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We recently showed that antigen-nonspecific inflammatory cells are recruited into the liver when hepatitis B virus
(HBV)-specific CTLs are injected into HBV transgenic mice, and that this process amplifies the severity of liver
disease. We also showed that the severity of CTL-induced liver disease is ameliorated by the depletion of Gr-1*
cells (Gr-1 is an antigen highly expressed by neutrophils), which, secondarily, abolishes the intrahepatic recruit-
ment of all antigen-nonspecific Gr-1- mononuclear cells (NK and NKT cells, T and B lymphocytes, monocytes,
macrophages, dendritic cells) despite the strong induction of chemokine gene expression. Those results suggested
that in addition to chemokine expression, CTL-induced functions are necessary for mononuclear cell recruit-
ment to occur. We now report that MMPs known to be produced by Gr-1* cells are rapidly induced in the livers
of CTL-injected mice. The inhibition of MMP activity reduced the intrahepatic recruitment of antigen-nonspe-
cific mononuclear cells and much of the attending liver disease without affecting the migration or antiviral poten-
tial of antigen-specific CTLs. The notion that the inhibition of MMP activity is associated with maintenance of
antiviral effects but diminished tissue damage may be significant for the development of immunotherapeutic
approaches for the treatment of chronic HBV infection.

Introduction
The hepatitis B virus (HBV) is a noncytopathic, enveloped DNA
virus that causes acute and chronic liver disease characterized by a
necroinflammatory cell infiltrate that is triggered by the cellular
immune response to viral antigens (1). Using transgenic mice that
sustain high-level HBV replication in the liver (2), we have shown
that most of the antiviral potential of virus-specific CTLs is medi-
ated by noncytolytic mechanisms that involve the intrahepatic
production of IFN-y by the CTLs following antigen recognition
(3-5). We have also previously shown that the direct cytopathic
potential of the CTLs is limited, involving the apoptotic death of
a small number of hepatocytes (6). This process is followed by the
recruitment into the liver of many host-derived, antigen-nonspe-
cific, polymorphonuclear and mononuclear cells (i.e., NK and
NKT cells, T and B lymphocytes, monocytes, macrophages, den-
dritic cells) that contribute to the formation of necroinflamma-
tory foci that are scattered throughout the liver parenchyma and
are typical of acute viral hepatitis in humans (6-8).

The recruitment process is chemokine-dependent, since we have
shown that blocking the IFN-y-inducible chemokines CXCL9 and
CXCL10 reduces the migration of antigen-nonspecific mononu-
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clear cells and the severity of liver disease after CTL injection (7).
The association of reduced liver disease with reduced recruitment
of antigen-nonspecific mononuclear cells implies that these cells
can amplify the liver damage initiated by the antigen-specific CTLs.
We recently showed that depletion of Gr-1* cells also reduces the
severity of liver disease in this model. Gr-1* cells include polymor-
phonuclear neutrophils (PMNs) (9), plasmacytoid dendritic cells
(pDCs) (10, 11), and a subset of monocytes/macrophages (12, 13).
Interestingly, depletion of Gr-1* cells completely blocks the recruit-
ment of all Gr-1-intrahepatic mononuclear cells into the liver, even
though the expression of many chemokines (including that of
CXCL9 and CXCL10) is induced at high levels in the organ (8).
These results indicate that Gr-1* cells are necessary for the intra-
hepatic recruitment of antigen-nonspecific mononuclear cells, and
they suggest that functions by Gr-1* cells in addition to chemokine
induction are necessary for the recruitment process to occur.
These functions may include the release of the matrix-degrading
metalloproteinases by PMNs or other Gr-1* cells. Although it is
not known whether pDCs or Gr-1* monocytes/macrophages pro-
duce MMPs, PMNss are known to produce high levels of collage-
nases (such as MMP-8, neutrophil collagenase) and gelatinases
(such as MMP-9, gelatinase B) (14). MMP-8 and MMP-9 are stored
within PMN granules, and they are rapidly liberated in response
to inflammatory mediators (14). A major action of these enzymes
involves the remodeling of the ECM, a process that is thought to
facilitate leukocyte trafficking through endothelial barriers and
solid organs (14). The capacity of MMP-8 and MMP-9 to cleave
and modulate the function of various chemokines (including
CXCL9 and CXCL10) is another potentially important biological
action (15-17). Although the role of MMP-8 and MMP-9 in the
pathogenesis of CTL-induced immunopathology is unknown, it
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has been previously shown that the administration of a broad-spec-
trum MMP inhibitor can reduce liver disease in a mouse model of
hepatitis induced by TNF-ot in combination with D-galactosamine
(TNF/GalN) (18). Likewise, amelioration of TNF/GalN-induced
liver disease was observed in mice deficient in MMP-2, MMP-3, and
MMP-9 (18). Other studies involving MMP-9 KO mice have also
indicated a role of MMP-9 in (a) leukocyte recruitment during
allergen-induced airway inflammation (19), (b) resistance to can-
cer invasion (20), and (c) angiogenesis caused by ocular infection
with herpes simplex virus (21).

Importantly, the physiological balance between degradation
and deposition of the ECM is maintained by the tissue
inhibitors of MMPs (TIMPs). Four mammalian TIMPs (TIMP-1,
-2,-3, and -4) have been cloned and characterized, and they rep-
resent the major cellular inhibitors of MMPs (22). All TIMPs are
secreted proteins that have the potential to reversibly inhibit
active forms of all MMPs (22).

Based on these observations, the current study was undertaken
to determine the role of MMPs in our system. First, we monitored
the association between the recruitment of inflammatory cells
into the liver and the intrahepatic expression or activity of MMPs.
Second, we took advantage of the hydrodynamic injection tech-
nique (23) to transduce hepatocytes of HBV transgenic mice with
an expression vector encoding murine TIMP-1 and to determine
whether enhanced hepatic secretion of TIMP-1 would inhibit
MMP activity and alter the intrahepatic recruitment and patho-
genetic or antiviral effector functions of HBV-specific CTLs and
other inflammatory cells.

Results

Recruitment of antigen-nonspecific inflammatory cells into the liver is asso-
ciated with induced expression and activity of MMP-8 and MMP-9. To
monitor whether (a) MMP RNAs were induced in the liver of CTL-
injected HBV transgenic mice, and (b) their induction was corre-
lated with the recruitment of intrahepatic leukocytes (IHLs), total
hepatic RNA isolated from the same mice described by Sitia et al.
(8) was analyzed for MMP expression by RNase protection assay
(RPA). As shown in Figure 1A, when compared to NaCl-injected
controls, the total number of IHLs significantly increased in the
livers of CTL-injected HBV transgenic mice that received irrelevant
Ab’s and were sacrificed at day 1 after CTL injection. As previously
reported, IHL recruitment was completely blocked in transgenic
littermates that were depleted of Gr-1* cells with anti-Gr-1 anti-
bodies (0-Gr-1) prior to CTL injection (Figure 1A) (8).

As shown in Figure 1B, when compared to NaCl-injected con-
trols, the intrahepatic messages for MMP-8 (neutrophil collage-
nase), MMP-7 (matrilysin), MMP-12 (macrophage metalloelastase),
MMP-9 (gelatinase B), MMP-13 (collagenase-3), MMP-14 (MT-1
membrane type-1 metalloproteinase), and MMP-2 (gelatinase A)
were induced in the CTL-injected mice that received irrelevant con-
trol Ab’s (about sixfold for MMP-8, 18-fold for MMP-7, 28-fold for
MMP-12, twofold for MMP-9, sevenfold for MMP-3, twofold for
MMP-14, and twofold for MMP-2, respectively, as measured by
phosphor imaging analysis; see Figure 1C). In contrast, no increase
in gene expression was observed for MMP-11 (Figure 1B). Interest-
ingly, treatment with 0-Gr-1 completely inhibited the increase of
MMP-8 and MMP-9 RNAs but not that of the other induced MMP
RNAs (MMP-2, MMP-3, MMP-7, MMP-12, MMP-13, and MMP-14)
(Figure 1, B and C). The association between induction of MMP-8
and MMP-9 RNA and IHL recruitment, along with the observation
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that no induction of these enzymes was observed in the livers of
mice in which IHL recruitment did not occur may indicate that
MMP-8 and MMP-9 participate in the recruitment process. The
results herein described, coupled with the notion that PMNs are an
abundant source of MMP-8 and MMP-9 (14), suggest that PMN’s
may be an important source of these enzymes in our system. In
contrast to MMP-8 and MMP-9 RNAs, o-Gr-1 treatment either
had no effect (MMP-2, MMP-3, and MMP-14) or even induced
(MMP-7, MMP-12, and MMP-13) the expression of other MMPs in
the liver (Figure 1, B and C), suggesting that these MMPs did not
contribute to IHL recruitment.

To monitor whether the changes in MMP-8 and MMP-9 RNAs
correlated with commensurate changes in collagenase and gelati-
nase activities, collagen type I and gelatin in situ zymography and
gelatin-PAGE zymography were performed on liver sections from
the same mice just described.

As shown in Figure 1, E and F (left panels), no activity was
observed in the uninflamed livers of NaCl-injected control mice. In
good correlation with the increase in MMP-8 and MMP-9 RNA,
induction of collagenase and gelatinase activities was observed in
the livers of CTL-injected mice that received irrelevant Ab’s (Figure
1, E and F, middle panels). Such activities were scattered through-
out the liver parenchyma and confined within necroinflammato-
ry foci (Figure 1, E and F, middle panels) containing apoptotic hep-
atocytes as well as mononuclear and polymorphonuclear cells (data
not shown). This suggests that cleavage of ECM components was
colocalized with recruited IHLs. Importantly, lack of MMP-8 and
MMP-9 RNA induction in the livers of animals treated with o-Gr-1
(Figure 1, B and C) correlated with absence of collagenase and
gelatinase activities (Figure 1, E and F, right panels), suggesting
that Gr-1* cells were responsible for this effect. These results were
also confirmed by gelatin-PAGE zymography, in which an activity
at 105 kDa (corresponding to the inactive form of MMP-9, gelati-
nase B) was observed in the livers of CTL-injected mice that
received irrelevant Ab’s but not in the livers of mice that were inject-
ed either with NaCl or with CTL and 0-Gr-1 (Figure 1D). Finally,
in keeping with the minor changes of MMP-2 (gelatinase A) RNA
levels detected in the different groups of animals shown in Figure
1, B and C, little or no change in gelatinase activity at 72 kDa (cor-
responding to MMP-2) was observed in the same livers (Figure 1D).

Hydrodynamic injection of a plasmid encoding murine TIMP-1 leads to
enhanced expression of TIMP-1 RNA in the liver and TIMP-1 protein in the
serum. Based on the foregoing results, we sought to monitor the
effect of the MMP inhibitor, TIMP-1, on the intrahepatic recruit-
ment and pathogenetic effector functions of HBV-specific CTLs
and other inflammatory cells in our system. Five groups (three
mice per group) of age- and hepatitis B e antigen-matched (HBeAg-
matched) female HBV transgenic mice were hydrodynamically
injected with pcDNA3.1-TIMP-1, and they were sacrificed at vari-
ous times after injection. The intrahepatic contents of the TIMP-1
expression plasmid and of TIMP-1 RNA were measured by South-
ern blot and RPA, respectively, and the serum levels of TIMP-1 pro-
tein were measured by ELISA.

As shown in Figure 2 (top), the TIMP-1 plasmid DNA was read-
ily detectable in the liver by day 1 after injection, and it was still
present, albeit at slightly lower levels, on day 7. By day 1, the con-
tent of hepatic TIMP-1 RNA (Figure 2, top) and serum TIMP-1
protein (Figure 2, bottom) had increased almost 65-fold over con-
trol levels before injection (day 0). Their induction decreased quite
abruptly thereafter, so that TIMP-1 RNA and protein levels were
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Figure 1

Recruitment of antigen-nonspecific inflammatory cells into the liver is associated with induced expression and activity of MMP-8 and MMP-9. (A) IHL
analysis of transgenic mice from lineage 1.3.32 that were injected with 0o—Gr-1 and HBsAg-specific CTLs (black bar). The indicated numbers of total
IHLs represent the numbers detected in the whole liver. The results were compared with additional groups of transgenic mice that were injected either
with saline (NaCl) alone (gray bar) or with CTLs and irrelevant control antibodies (Irr. Ab) (white bar). (B) Total hepatic RNA derived from the same
mice was analyzed by RPA for the expression of various MMPs, as indicated. The housekeeping mRNA encoding the ribosomal protein L32 was
used to normalize the amount of RNA loaded in each lane. (C) Quantitative phosphor imaging analysis of the same MMP RNAs shown in B. The indi-
cated numbers in the CTL-injected groups (Irr. Ab and a—Gr-1) are displayed as fold induction over NaCl-injected controls (set as 1). The numbers
were obtained by dividing each MMP value by the amount of the corresponding housekeeping gene L32 RNA, and they represent the mean of three
mice per group. (D) Gelatin-PAGE zymography was performed as described in the Methods on liver extracts from the same mice shown above. (E
and F) Collagen type | and gelatin in situ zymography were performed on liver sections from the same mice described above. Cryostat sections were
overlaid with a solution containing quenched fluorescent collagen type | (E) or quenched fluorescent gelatin (F), and sections were examined 18
hours later. Collagenase and gelatinase activities become apparent as fluorescence (E and F, middle panels). Note that no detection of collagenase
and gelatinase activity was observed in either NaCl-injected controls (E and F, left panels) or CTL-injected mice depleted of Gr-1+ cells (E and F, right
panels). Original magnification, x400.

four- to fivefold and two- to threefold higher than those of con-
trols were by days 3 and 7, respectively (Figure 2). Importantly, the
intrahepatic content of HBV RNAs, including the 2.1-kb RNA that
encodes the target antigen (hepatitis B surface antigen; HBsAg) of
the transferred CTLs, was identical to that of uninjected controls
at all time points after hydrodynamic injection of pcDNA3.1-
TIMP-1 (data not shown).

It is noteworthy that a sharp elevation in serum alanine amino-
transferase (sALT) activity was consistently observed in these
animals by day 1 after injection, returning to almost normal lev-
els by days 2-3 (Figure 2). The transient surge in sALT activity
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completely resolved within a few days of the injection. These
changes are probably due to the hydrodynamic injection tech-
nique, since similar findings were observed when empty vectors
were injected (data not shown).

Enhanced expression of TIMP-1 ameliorates the severity of liver disease and
reduces the recruitment of IHLs. Based on the results just described, we
injected HBsAg-specific CTLs 2 days after hydrodynamic injection
of pcDNA3.1-TIMP-1, when sALT levels were returning to normal
and when the concentration of circulating TIMP-1 was still signifi-
cantly enhanced (four- to fivefold above baseline). Thus, two groups
of age- and serum HBeAg-matched female transgenic mice from lin-
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Hydrodynamic injection (inj.) of a plasmid encoding murine TIMP-1 leads
to enhanced expression of TIMP-1 RNA in the liver and TIMP-1 protein
in the serum. Five groups of age- and HBeAg-matched female HBV
transgenic mice (three mice per group) were hydrodynamically injected
with pcDNAS.1-TIMP-1. Mice were bled and sacrificed, and the livers
were harvested at days 1, 2, 3, 4, and 5 after hydrodynamic injection.
The intrahepatic content of pcDNA3.1-TIMP-1 DNA and TIMP-1 RNA
were measured by Southern blot and RPA, respectively (upper panels),
and the serum levels of TIMP-1 protein were measured by ELISA (lower
panel). The mean sALT activity (+ SD), measured at the time of autop-
sy, is indicated for each group and is expressed in units/liter.

eage 1.3.32 (six mice per group) were hydrodynamically injected
with either pcDNA3.1-TIMP-1 or an empty vector, and 2 days later
they received 1 x 10”7 HBsAg-specific CTLs. Mice were bled, sacri-
ficed, and perfused; their livers were harvested on day 1 after CTL
transfer. The results were also compared with two additional groups
of transgenic littermates (six mice per
group) that were hydrodynamically inject-
ed with pcDNA3.1-TIMP-1 or NaCl alone
and sacrificed 3 days after injection.

As shown in Figure 3 (left panel), mice
that were hydrodynamically injected with
pcDNA3.1-TIMP-1 (dark gray and black
bars) showed high levels of circulating
TIMP-1 on day 1 after injection, whereas
no elevation of TIMP-1 was observed at
the same time point in mice that were
injected either with NaCl (light gray bar)
or the empty vector (white bar). Serum
TIMP-1 levels remained elevated (fivefold
above baseline) in animals injected with
pcDNA3.1-TIMP-1 at the time of CTL
transfer (data not shown). As also shown
in Figure 3 (middle and right panels),
when compared with mice injected either
with NaCl (light gray bars) or pcDNA3.1-
TIMP-1 alone (dark gray bars), the total
number of IHLs and disease severity
(monitored as sALT activity) significant-
ly increased in the livers of CTL-injected
HBV transgenic mice that received the
empty vector and were sacrificed on day 1
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after CTL injection (white bars). Importantly, both parameters were
reduced approximately 3- and 2.4-fold, respectively, in transgenic
littermates that received the pcDNA3.1-TIMP-1 prior to CTL injec-
tion (Figure 3, middle and right panels, black bars). These results
indicate that the enhanced expression of TIMP-1 reduces the
recruitment of IHLs and ameliorates the severity of liver disease.

Enbanced expression of TIMP-1 inhibits the induction of collagenase and
gelatinase activities within the intrabepatic necroinflammatory foci of CTL-
injected mice. To monitor whether the enhanced expression of TIMP-1
inhibited the CTL-induced activity of those MMPs (i.e., MMP-8 and
MMP-9) that were associated with IHL recruitment (Figure 1), colla-
gen type I and gelatin in situ zymography was performed on liver sec-
tions from the same mice just described.

As shown in Figure 4, collagenase and gelatinase activities were
induced within necroinflammatory foci in the livers of CTL-inject-
ed mice treated with empty vector (left panels), and this effect was
blocked in the intrahepatic foci of mice that received pcDNA3.1-
TIMP-1 (right panels). These results indicate that the reduced IHL
recruitment observed in animals overexpressing TIMP-1 (Figure 3)
was associated with reduced MMP-8 and MMP-9 activity, suggest-
ing that these enzymes contribute to IHL recruitment in this model.

Enbanced expression of TIMP-1 does not affect the recruitment of PMNs
but significantly diminishes the recruitment of antigen-nonspecific mononu-
clear cells into the liver. Since the reduced MMP-8 and MMP-9 activi-
ty in the livers of animals overexpressing TIMP-1 could be due to
impaired intrahepatic recruitment of PMNSs, the recruitment of
these cells was monitored in the same livers described already.
PMN’s were quantified by measuring (a) the percentage of Gr-1*/
CD11b*/CD11c" cells (mostly PMNs) in the total IHL population;
(b) total liver myeloperoxidase (MPO) activity, an enzymatic activi-
ty that is mostly present in PMNs and thus is used to quantitate
PMN recruitment into the liver (24); (c) the intrahepatic content of
MMP-8 and MMP-9 RNAs, whose induction is inhibited in the liv-
ers of animals depleted of Gr-1* cells (Figure 1).
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Enhanced expression of TIMP-1 reduces the recruitment of IHLs and ameliorates the severity of
liver disease. Two groups of age- and serum HBeAg-matched female transgenic mice from lin-
eage 1.3.32 (six mice per group) were hydrodynamically injected (hydr. inj.) with either pcDNA3.1-
TIMP-1 (TIMP-1 + CTL, black bars) or an empty vector (Vector + CTL, white bars), and 2 days later
they received 1 x 107 HBsAg-specific CTLs. Mice were bled, sacrificed, and perfused; the livers
were harvested on day 1 after CTL transfer (day 3 after hydrodynamic injection). Serum TIMP-1
ELISA (left panel) measured 1 day after hydrodynamic injection and total IHLs (middle panel) or
SALT (right panel) measured 1 day after CTL injection were also compared with two additional
groups of transgenic littermates (six mice per group) that were hydrodynamically injected with
pcDNAS.1-TIMP-1 (TIMP-1, dark gray bars) or saline (NaCl, light gray bars).
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Figure 4

Induction of collagenase and gelatinase activities within the intrahepatic
necroinflammatory foci of CTL-injected mice is inhibited by the enhanced
TIMP-1 expression. Collagen type | (A, top panels) and gelatin (B, bot-
tom panels) in situ zymography were performed on liver sections from the
same mice described in the legend to Figure 3. Note that no collagenase
and gelatinase activity was observed in CTL-injected mice that received
the pcDNA3.1-TIMP-1 (right panels). Original magnification, x400.

As shown in Figure 5A, when compared by FACS analysis to
control mice that were injected with NaCl (light gray bars) or
pcDNA3.1-TIMP-1 (dark gray bars) alone, the percentage of
Gr-1"/CD11b*/CD11c" cells in the total IHL population
increased more than threefold in CTL-injected mice that
received the empty vector (Figure 5A, white bar). The percent-
age of Gr-1*/CD11b*/CD11c" cells increased at even higher lev-
els (four- to fivefold over controls) in the livers of CTL-injected
animals overexpressing TIMP-1 (Figure SA, black bar). This sug-
gests that PMNs were efficiently recruited into the liver of the
latter group of mice, and their increased percentage in the total
IHL population may be due to impaired intrahepatic recruit-
ment of other IHLs (i.e., mononuclear cells, see later) in these
animals. In keeping with these results and when compared to
the same controls, liver MPO activity (Figure SB) and MMP-8 or
MMP-9 RNAs (Figure 5, C and D) were similarly induced in

Figure 5

Enhanced expression of TIMP-1 does not affect the recruitment of
PMNs into the liver. (A) Intrahepatic analysis of Gr-1+/CD11b*/CD11c-
cells in the same animals described in the legend to Figure 3. Livers
were weighed at the time of autopsy. Total IHLs were isolated from two
liver lobes of a known weight and analyzed by flow cytometry. The indi-
cated numbers represent the percentage of Gr-1+/CD11b*/CD11ccells
detected in the total IHL population isolated from the whole liver. (B)
Total liver MPO activity was determined as described in the Methods in
the same mice. The indicated numbers are displayed as fold induction
over NaCl-injected controls (set as 1), and they represent the mean of
six mice per group. Total hepatic RNA from the same mice was also
analyzed by RPA to measure the intrahepatic content of MMP-8 (C) and
MMP-9 (D) mRNAs. The indicated numbers, calculated by phosphor
imaging analysis, are displayed as fold induction over NaCl-injected
controls (set as 1). The numbers were obtained by dividing each MMP
value by the amount of the corresponding housekeeping gene L32
RNA, and they represent the mean of six mice per group.
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CTL-injected mice that received either the empty vector (white
bar) or pcDNA3.1-TIMP-1 (black bar). All together, the data
suggest that the reduced intrahepatic MMP-8 and MMP-9 activ-
ity in the livers of CTL-injected mice that overexpress TIMP-1
(Figure 4) was not due to impaired PMN recruitment but
instead to impaired function of these cells.

In contrast, CTL-injected mice that received pcDNA3.1-TIMP-1
showed a marked reduction in the number of intrahepatic antigen-
nonspecific mononuclear cells. As shown in Figure 6, when compared
by FACS analysis with mice injected either with NaCl (light gray bars)
or pcDNA3.1-TIMP-1 alone (dark gray bars), the number of CD4*/T
cell receptor-positive (CD4*/TCR') cells (mostly Th cells),
CD8"/TCR cells (mostly CTLs), Gr-1-/CD11b*/CD11c cells (most-
ly macrophages), NK1.1*/CD3- cells (mostly NK cells), and
NK1.1*/CD3" cells (mostly NKT cells) significantly increased in the
livers of CTL-treated mice that received the empty vector (Figure 6,
white bars). As also shown in Figure 6, the enhanced expression of
TIMP-1 (black bars) reduced the increase in the number of CD8" and
CD4" cells, NK, NKT cells, and macrophages by about twofold. The
extent of reduction in macrophage recruitment was also confirmed
in this group of mice by using RPA to measure the intrahepatic con-
tent of F480 mRNA, a macrophage-specific marker (25, 26) (Figure
6, bottom right panel). All together, these results indicate that the
enhanced expression of TIMP-1 and the inhibition of MMP activity
diminish the recruitment of mononuclear cells into the liver without
affecting the recruitment of PMNSs. That the recruitment of mononu-
clear cells was not completely abolished (Figure 6) suggests that other
influences in addition to MMP activity can contribute to this process.

Enbanced expression of TIMP-1 affects neither the intrabepatic recruit-
ment of HBsAg-specific CTLs nor the intrabepatic expression of cytokines
and chemokines. To determine whether the enhanced expression of
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TIMP-1 affected the recruitment process of passively transferred
HBsAg-specific male CTLs, the intrahepatic CTL number was mea-
sured by quantifying the amount of Sry-specific sequences in the
liver of the same HBV transgenic female mice just described. As
shown in Figure 7 (top), upon normalization with the internal con-
trol, we calculated that the average copy number (per 10,000 liver
cell genomes) of Sry-specific amplicons was very similar in the liv-
ers of mice that were sacrificed on day 1 after CTL transfer and were
injected either with the empty vector (white bar) or pcDNA3.1-
TIMP-1 (black bar). These results suggest that similar numbers of
CTLs reached the liver at this time point and, therefore, the
enhanced expression of TIMP-1 did not affect their intrahepatic
recruitment. This conclusion was also supported by the finding
that the levels of IFN-y and TNF-o0 mRNAs (markers of antigen

Figure 7

Enhanced expression of TIMP-1 affects neither the intrahepatic recruit-
ment of HBsAg-specific CTLs nor the intrahepatic expression of
cytokines and chemokines. The recruitment of the passively transferred
CTL lines was measured in the same livers described in the legend to
Figure 3 by quantifying the amount of Sry-specific sequences and
CCKAR-specific sequences by real-time PCR. The indicated numbers
represent the average copy numbers of Sry-specific amplicons per
10,000 liver cell genomes (top). Total hepatic RNA from the same mice
was also analyzed by RPA for the expression of various cytokines and
chemokines as indicated (bottom). The housekeeping mRNAs encod-
ing the ribosomal protein L32 or GAPDH were used to normalize the
amount of RNA loaded in each lane.

The Journal of Clinical Investigation

http://www.jci.org

research article

Figure 6

Enhanced expression of TIMP-1 diminishes the recruitment of antigen-
nonspecific mononuclear cells into the liver. Intrahepatic mononuclear
cells analysis was done in the same animals described in the legend to
Figure 3. Livers were weighed at the time of autopsy. IHLs were isolat-
ed from two liver lobes of a known weight and analyzed by flow cytom-
etry. The indicated numbers of the different mononuclear cell subsets
represent the total numbers detected in the whole liver. Total hepatic
RNA from the same mice was also analyzed by RPA to measure the
intrahepatic content of F480 mRNA, a macrophage specific marker
(bottom right panel). The indicated numbers are displayed as fold induc-
tion over NaCl-injected controls (set as 1), and they represent the mean
of six mice per group.

recognition by activated CTLs; refs. 3, 4, 7, 8) were virtually identi-
cal in the livers of the two groups of mice (Figure 7).

We also monitored the effect of enhanced TIMP-1 expression
on the intrahepatic induction of CXCL9, CXCL10, and other
chemokines, since we have recently shown that blocking the
chemokines CXCL9 and CXCL10 reduces the recruitment of
host-derived mononuclear cells into the liver and the severity of
liver disease in this model (7).

As shown in Figure 7, the messages for CXCL9 and CXCL10
(chemoattractants for mononuclear cells; refs. 27, 28) were
induced at similar high levels in the livers of mice that were sacri-
ficed on day 1 after CTL transfer, irrespective of the expression of
pcDNA3.1-TIMP-1. Likewise, other chemoattractants for
mononuclear cells such as CCL2 (monocyte chemotactic protein,
MCP-1), CCL3 (macrophage inflammatory protein, MIP1-ov),
CCL4 (MIP1-B), CCLS (RANTES), CCL6 (C10), CCL7 (MCP-3),
and CCL12 (MCP-5), or chemoattractants for polymorphonucle-
ar cells such as keratinocyte-derived chemokine (KC) and LPS-
induced chemokine (LIX) (27, 28) were similarly upregulated in
these animals (Figure 7). All together, these results suggest that
the reduced THL recruitment and the amelioration of disease
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Figure 8

Enhanced expression of TIMP-1 does not affect the antiviral potential
of HBV-specific CTLs. Age- and serum HBeAg—matched female trans-
genic mice (three mice per group) were hydrodynamically injected
(hydro) with either pcDNA3.1-TIMP-1 (TIMP-1 + CTL, black bars) or an
empty vector (Vector + CTL, white bars), and 2 days later they received
1 x 107 HBsAg-specific CTLs. Mice were bled at the indicated time
points, then sacrificed at day 7 after CTL transfer. Total hepatic DNA
was then analyzed for HBV replication by Southern blot analysis. Bands
corresponding to the integrated transgene (Trans.), relaxed-circular
(RC), and single-stranded (SS) linear HBV DNA replicative forms are
indicated. The integrated transgene can be used to normalize the
amount of DNA bound to the membrane. The mean sALT activity
(+ SD), measured at the indicated time points, is indicated for each
group and is expressed in units/liter. These results were also compared
with two additional groups of transgenic littermates that were hydrody-
namically injected with pcDNA3.1-TIMP-1 alone (TIMP-1, dark gray
bars) or injected with saline (NaCl, light gray bars).

severity observed in mice overexpressing TIMP-1 was not due to
impaired CTL homing, CTL activation, or chemokine production.

Enbanced expression of TIMP-1 does not affect the antiviral potential of
HBV-specific CTLs. To determine whether the enhanced expression
of TIMP-1 affected the potential of HBV-specific CTLs to induce a
sustained inhibition of viral replication in the face of decreased
liver damage, we monitored the content of HBV-replicative inter-
mediates in the livers of transgenic mice from lineage 1.3.32 (three
mice per group) that were hydrodynamically injected with either
pcDNA3.1-TIMP-1 or an empty vector and then 2 days later
received 1 X 107 HBsAg-specific CTLs. Mice were bled, sacrificed,
and perfused; their livers were harvested on day 7 after CTL trans-
fer. The results were also compared with two additional groups of
transgenic lictermates (three mice per group) that were hydrody-
namically injected with pcDNA3.1-TIMP-1 or NaCl alone and sac-
rificed at the same time.

As shown in Figure 8, when compared with mice injected either
with NaCl or pcDNA3.1-TIMP-1 alone in which HBV replication
was not inhibited, the enhanced expression of TIMP-1 did not
affect the CTL-induced inhibition of hepatic HBV replication that
was also detected in control mice that received the empty vector
plus CTLs. This is not surprising, since similar number of CTLs
and similar transcript levels for IFN-y and other cytokines (i.e.,
TNF-o) with known antiviral activity against HBV (3, 4) were
detected in the livers of groups of animals that were similarly treat-
1164
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ed and sacrificed at day 1 after CTL transfer (Figure 7). Impor-
tantly, the enhanced expression of TIMP-1 reduced the severity of
the CTL-induced liver disease (monitored as sALT activity) at the
indicated time points after CTL injection (Figure 8, bottom). These
results indicate that the enhanced expression of TIMP-1 does not
affect the potential of HBV-specific CTLs to induce a sustained
inhibition of viral replication in the face of decreased liver damage.

Discussion
In this study we showed that following the passive transfer of
HBV-specific CTLs into transgenic mice that express and replicate
HBYV at high levels in their hepatocytes (2), various MMPs were
rapidly induced in the liver. Interestingly, MMP-8 and MMP-9,
which are known to be produced by PMNs (14), were not induced
in mice treated with o-Gr-1, whereas MMP-2, MMP-3, MMP-7,
MMP-12, MMP-13, and MMP-14, which are known to be pro-
duced by many other myeloid and nonmyeloid cell types (14), were
induced, suggesting that Gr-1* cells, especially PMNSs, are the
probable source of MMP-8 and MMP-9 in our system. Since deple-
tion of Gr-1* cells also inhibits CTL-induced recruitment of anti-
gen-nonspecific inflammatory cells into the liver (8), the tight
association between MMP-8 and MMP-9 activities and IHL
recruitment is compatible with the hypothesis that these enzymes
facilitate leukocyte trafficking through the endothelial barrier and
entry into the liver parenchyma.

To test this hypothesis, we inhibited MMP activity in vivo and
monitored whether this altered the intrahepatic recruitment and
pathogenetic or antiviral effector functions of HBV-specific
CTLs and other inflammatory cells in our system. Inhibition of
MMP activity was achieved by enhancing hepatic TIMP-1 expres-
sion via the hydrodynamic injection (23) of a plasmid encoding
murine TIMP-1 (pcDNA3.1-TIMP-1), which transduces hepato-
cytes in vivo, thereby increasing the concentration of TIMP-1 in
the serum and, especially, in the extracellular compartment of
the liver. Finally, TIMP-1 is a specific natural MMP inhibitor, in
contrast to synthetic MMP inhibitors that have been previously
used in cancer studies (29) and other models of liver disease (18),
and that are known to interfere with the activity of many pro-
teases other than MMPs (14).

The enhanced expression of TIMP-1 inhibited MMP function,
including that of MMP-8 and MMP-9, which are associated with
IHL recruitment and that are known to be produced by PMNs
(14). The notion that PMNs were recruited in the livers of mice
overexpressing TIMP-1 suggests that, rather than PMN recruit-
ment, the TIMP-1-mediated repression of MMP function inhib-
ited PMN-derived MMP activity.

Importantly, the enhanced expression of TIMP-1 reduced the
CTL-induced recruitment of host-derived, antigen-nonspecific
mononuclear cells into the liver and the attending liver disease,
indicating that the recruitment of these cells requires MMP activ-
ity. This result, combined with the observation that the messages
for many chemoattractants for mononuclear cells were strongly
induced in the livers of mice overexpressing TIMP-1, suggests
that chemokines alone are not sufficient to recruit those cells
into the liver. This concept is also supported by previous work
showing that blocking CXCL9 and CXCL10 reduces the intra-
hepatic recruitment of mononuclear cells (7), and depletion of
Gr-1* cells profoundly inhibits mononuclear cell recruitment in
face of high intrahepatic levels of CXCL9 and CXCL10 and other
chemokine RNAs (8).
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It is also worth mentioning that MMP-8 and MMP-9 have the
potential to cleave chemoattractants for mononuclear (such as
CXCL9 and CXCL10) (15) and polymorphonuclear (such as LIX)
(16) cells. This enzymatic activity is thought to decrease the biolog-
ical function of CXCL9 and CXCL10 and slightly increase that of
LIX. Although at first sight our results (i.e., that inhibition of MMP
activity was associated with decreased recruitment of mononuclear
cells and normal recruitment of PMNs) do not support this notion,
future studies aimed at defining the role of MMPs in the process-
ing of chemokines are certainly warranted in our system.

All mononuclear cell subsets measured were similarly affected,
so that a two- to threefold reduction in the number of recruited T
cells, NK cells, NKT cells, and macrophages was observed in mice
overexpressing TIMP-1 when compared with controls. The obser-
vation that the TIMP-1-induced inhibition of mononuclear cell
recruitment was significant but not complete suggests that other
factors in addition to MMPs participate in the recruitment pro-
cess. The association of reduced liver disease with reduced recruit-
ment of antigen-nonspecific mononuclear cells confirms previous
studies that showed that the intrahepatic accumulation of large
numbers of these cells can amplify the liver damage initiated by
the antigen-specific CTLs (7, 8). Similar mechanisms may con-
tribute to the pathogenesis of viral hepatitis in humans, where, as
in our system, the number of HBV-specific T cells detected in the
liver is outnumbered by recruited non-virus-specific T cells (30,
31) and other inflammatory cells (32). The pathogenetic mecha-
nisms whereby antigen-nonspecific mononuclear cells may induce
liver damage are not understood. Future studies will attempt to
address this important issue.

The results herein described also showed that inhibition of MMP
activity does not affect the capacity of HBV-specific CTLs to abol-
ish HBV replication. The notion that inhibition of MMP activity is
associated with maintenance of antiviral effects but diminished tis-
sue damage may be important for the development of immunother-
apeutic approaches for the treatment of chronic HBV infection.

In conclusion, we found that MMPs are dispensable for the
migratory and antiviral activity of virus-specific CTLs, but they are
necessary for the intrahepatic recruitment of antigen-nonspecific
cells that amplify the CTL-initiated liver damage. The data are
compatible with the hypothesis that PMNs represent the first cell
type to be recruited into the liver following antigen recognition by
the CTLs. According to this hypothesis, the production of MMPs
by PMNs, and perhaps by other cells, may cleave components of the
ECM and/or perform as yet undefined functions that facilitate the
recruitment of mononuclear cells into the liver parenchyma in
response to their own chemoattractants. It is possible that similar
events may play a role in the pathogenesis of other immune-medi-
ated diseases that involve solid organs.

Methods

Mice. HBV transgenic mouse lineage 1.3.32 used in this study has
been previously described (2). Lineage 1.3.32 (inbred C57BL/6,
H-2P) was bred one generation against B10D2 mice (H-29) to pro-
duce H-20xd F; hybrids prior to injection of H-2d-restricted
HBsAg-specific CTL lines. In all experiments, the mice were
matched for age (8 weeks), sex (female), and HBeAg levels in their
serum before experimental manipulations. All animals were
housed in pathogen-free rooms under strict barrier conditions.
These studies were approved by the Animal Research Committee
of The Scripps Research Institute.
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Injection of HBsAg-specific CTL lines. HBsAg-specific CTL lines were
derived from spleen cells of nontransgenic B10.D2 male mice
immunized as previously described (33). Briefly, 8-week-old
B10.D2 male mice received a single intramuscular injection of a
plasmid that expresses the middle and major ENV proteins
(preS2/S) of HBV (33). After 2 weeks, the animals were boosted
with a single intravenous injection of vaccinia virus encoding
preS2/S (33), and 3 weeks later they were sacrificed and spleen cells
collected. The CTL lines were stimulated weekly as described (33).
After 2 weeks of in vitro stimulation, the cells were tested for anti-
gen specificity by flow cytometry using a recombinant soluble
dimeric H-2 Ld:Ig Fusion Protein (BD Biosciences Pharmingen,
San Diego, California, USA) that was incubated with the immun-
odominant peptide epitope (Env 28-39) of HBsAg (34), according
to the manufacturer’s instructions. Over 95% of cells were CD8*
and specific for Env 28-39. At this time, the cells were washed,
counted, suspended in HBSS containing 2% FCS, and injected
intravenously (1 X 107 cells/mouse) into transgenic female mice
from lineage 1.3.32. Groups of mice (three mice per group) were
sacrificed on day 1 after CTL injection, and their livers were per-
fused and harvested for histological and flow cytometry analyses,
or they were snap frozen in liquid nitrogen and stored at -80°C for
subsequent molecular analyses (see later).

0-Gr-1. Rat IgG2b mADb’s specific for mouse Ly-6G (Gr-1) (clone
RB6-8CS5) and rat IgG2b control Ab’s (clone A95-1) (BD Bio-
sciences Pharmingen) were used as described (8). Mice were inject-
ed intraperitoneally twice with 0-Gr-1 or control Ab’s (100
ug/mouse), initially 16 hours before and then simultaneously with
the intravenous injection of the CTLs, and they were sacrificed on
day 1 after CTL injection.

Tissue DNA and RNA analyses. Total liver DNA was isolated from
frozen livers (left lobe) and extracted as previously described (2).
Thirty micrograms of DNA were digested with HindIII and ana-
lyzed for TIMP-1 and HBV DNA by Southern blot. Total liver RNA
isolated from the same lobe was analyzed for HBV RNA by North-
ern blot and for cytokine, chemokine, macrophage markers, and
for MMP and TIMP-1 mRNAs by RPA, exactly as previously
described (2, 3,7, 35). The MMP-8 (neutrophil collagenase) specif-
ic transcript was analyzed by RPA using a 322-nucleotide probe
obtained by amplification of a cDNA fragment spanning
nucleotides 827-1,148 of the murine Mmp8 gene (GenBank acces-
sion number NM_008611). The probe was validated by sequencing
and cloned into pGEM-T Easy vector (Promega Corp., Madison,
Wisconsin, USA) as described (35). The relative abundance of spe-
cific DNA and RNA molecules was determined by phosphor imag-
ing analysis, using the Optiquant image analysis software (Packard
Instrument Co., Meriden, Connecticut, USA).

Biochemical and histological analyses. The extent of hepatocellular
injury was monitored by measuring sALT activity at multiple time
points after treatment. sALT activity was measured in a Paramax
chemical analyzer (Baxter International Inc., McGaw Park, Illinois,
USA) exactly as previously described (3).

Gelatin PAGE-Zymography. Gelatinolytic protease activity was
determined as previously described (36). Briefly, frozen livers were
homogenized in lysis buffer (50 mmol/liter Tris-HCl pH 7.5, 150
mmol/liter NaCl, 100 mmol/liter L-arginine, 1.0% Triton X-100, and
0.005% Brij 35). The homogenate was centrifuged at 4°C for 20
minutes at 10,600 g. Supernatants were divided into aliquots and
stored at -80°C until analyzed. The protein concentration of each
sample was measured with a BCA protein assay kit (Pierce Chemi-
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cal Co., Rockford, Illinois, USA) using a bovine gamma globulin
standard. Total liver homogenate (10 plg) was mixed with an equal
volume of sample buffer (80 mmol/liter Tris-HCI pH 6.8, 4% SDS,
10% glycerol, 0.01% Bromphenol Blue) and subjected to elec-
trophoresis at 4°C on an 8% SDS-polyacrylamide resolving gel con-
taining 1 mg/ml gelatin. After electrophoresis, gels were washed
three times with 2.5% Triton X-100 solution to extract SDS from the
gels, allowing gelatinases to renature within the gel. The gels were
then incubated in reaction buffer (50 mmol/liter Tris-HCI, pH 7.5,
containing 10 mmol/liter CaCl, and 0.02% NaN3) at 37°C for 42
hours. After incubation, gels were washed in water and stained with
Coomassie Brilliant Blue R-250 for 60 minutes. The gelatinolytic
activity was detected as clear bands on a dark blue background, and
molecular weight markers as well as standards of recombinant
MMPs (Chemicon International, Temecula, California, USA) were
included in the gels for identification. Quantitative analysis of activ-
ity was determined using a Personal Densitometer SI (Molecular
Dynamics, Sunnyvale, California, USA).

In situ zymography. In situ gelatin zymography was performed as
described by Oh and coworkers (37). In situ collagen type I zymog-
raphy was adapted from the same protocol (37). Briefly, cryostat
sections (8 um) of livers were overlaid with assay solution (50
mmol/liter Tris-HCI, S mmol/liter CaCl,, 0.2 mmol/liter NaN3, pH
7.5) containing either 40 pg/ml FITC-labeled DQ gelatin or 40
g/ml FITC-labeled DQ collagen type I (Molecular Probes Inc.,
Eugene, Oregon, USA). Sections were incubated at 37°C for 18
hours and examined by fluorescence microscopy. Endogenous
gelatinolytic proteases or collagen type I proteases cleaved
quenched DQ gelatin or DQ collagen type I, respectively, resulting
in fluorescent breakdown products that allowed the localization
of either gelatinase or collagenase type I activity.

Isolation and analysis of IHLs. Mouse livers were weighed at the time
of autopsy. Single-cell suspensions were prepared from two liver
lobes of known weight, and analysis of the IHL population was per-
formed by flow cytometry, exactly as described (7). The cells were sur-
face-stained with FITC-labeled, phycoerythrin-labeled (PE-labeled),
or allophycocyanin-labeled (APC-labeled) anti-CD4, anti-CD8, anti-
CD3, anti-TCR, anti-NK1.1, o-Gr-1, anti-CD11b, and anti-CD11c
Ab’s (BD PharMingen) for the detection of CD4*/TCR* (mostly Th)
cells, CD8*/TCR" cells (mostly CTLs), NK1.1"/CD3- cells (NK cells),
NKI1.1*/CD3" cells (NKT cells), Gr-1-/CD11b*/CD11c" (mostly
macrophages), and Gr-17/CD11b*/CD11c" cells (mostly PMNGs).
Samples were acquired on a FACSCalibur flow cytometer, and the
data were analyzed using CELLQuest software (Becton-Dickinson
Immunocytometry Systems, San Jose, California, USA).

Quantitative analyses of the intrabepatic content of the transferred
CTLs. Male CTLs were injected into female transgenic mice, and
the animals were sacrificed 1 day later. Total liver DNA was
extracted as previously described (2), and mouse Y chromosome
sequences contained within the Sry gene were quantitated by real-

time PCR upon normalization with an internal control (chole-
cystokinin type A receptor, CCKAR), exactly as described (8). The
average copy number of Sry-specific amplicons in each group of
mice (six mice per group) was calculated on the basis of 10,000
liver cell genomes (Figure 7, top).

Hydrodynamic injection of plasmids encoding TIMP-1. A plasmid
encoding murine TIMP-1 under the control of a CMV promoter
(pcDNA3.1-TIMP-1) was generously provided by B.T. Rouse (The
University of Tennessee, Knoxville, Tennessee, USA) (21). An empty
vector pcDNA3.1 was used as a negative control. A total of 15 g of
pcDNA3.1-TIMP-1 were injected into the tail vein of groups of 8-
week-old lineage 1.3.32 female mice in a volume of NaCl equivalent
to 8.5% of the body mass of the mouse. The total volume was deliv-
ered within 5-8 seconds as previously described (23).

TIMP-1 ELISA. Quantitation of serum TIMP-1 content was deter-
mined by a commercially available ELISA assay according to the
manufacturer’s instructions (DuoSet IC murine TIMP-1 ELISA;
R&D Systems Inc., Minneapolis, Minnesota, USA).

MPO assay. Liver MPO activity is specific for PMNs and therefore
quantifies their intrahepatic recruitment (24). Liver MPO content
was determined as previously described (38). Briefly, frozen liver
tissue was homogenized in 2 ml of buffer A (3.4 mmol/liter
KH,HPO,, 16 mmol/liter Na,HPO,, pH 7.4). After centrifugation
for 20 minutes at 10,000 g, the pellet was resuspended in 10 vol-
umes of buffer B (43.2 mmol/liter KH,HPO4, 6.5 mmol/liter
Na,HPOy, 10 mmol/liter EDTA, 0.5% hexadecyltrimethylammo-
nium, pH 6.0) and sonicated for 10 seconds. After heating for 2
hours at 60°C, the supernatant was reacted with 3,3’,3,5"-tetram-
ethylbenzidine (Sigma-Aldrich, St. Louis, Missouri, USA), and the
optical density was determined at 655 nm.
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