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Mouse adenovirus type 1 (MAV-1) infection of B-cell-deficient and Bruton’s tyrosine kinase (Btk)-deficient
mice resulted in fatal disseminated disease resembling human adenovirus infections in immunocompromised
patients. Mice lacking B cells or Btk were highly susceptible to acute MAV-1 infection, in contrast to controls
and mice lacking T cells. To our knowledge, this is the first demonstration that mice with an X-linked
immunodeficiency phenotype (Btk deficient) are susceptible to virus-induced disease. Mice lacking B cells or
Btk on a C57BL/6 background succumbed with encephalomyelitis, hepatitis, and lymphoid necrosis. Mice
lacking B cells on a BALB/c background succumbed with enteritis and hepatitis. Survival of acute MAV-1
infection correlated with early T-cell-independent neutralizing antibody and T-cell-independent antiviral
immunoglobulin M. Treatment of MAV-1-infected Btk�/� mice 4 to 9 days postinfection with antiserum
harvested 6 to 9 days postinfection from MAV-1-infected Btk�/� mice was therapeutic. Our findings implicate
a critical role for B-cell function in preventing disseminated MAV-1 infection, particularly production of early
T-cell-independent antiviral immunoglobulin M.

Human adenoviruses are associated with self-limiting respi-
ratory, conjunctival, and gastrointestinal disease. In immuno-
compromised people, human adenovirus infection can result in
pneumonia, hepatitis, encephalitis, pancreatitis, gastroenteri-
tis, or disseminated disease involving multiple organs (8, 43).
Disseminated human adenovirus infection usually results in
death. The incidence of disseminated human adenovirus dis-
ease is increasing with the increased number of immunocom-
promised children, and pediatric bone marrow transplant re-
cipients are most at risk (5, 12, 13, 16).

Due to species specificity, human adenovirus pathogenesis is
poorly understood. Study of mouse adenovirus type 1
(MAV-1) permits the analysis of a replicating adenovirus in
vivo. The outcome of infection depends on the virus dose and
mouse strain (15, 26, 33, 40). In outbred and C57BL/6 (B6)
mouse strains, MAV-1 infects cells of the monocyte-macro-
phage lineage and endothelial cells (10, 20, 33). The highest
levels of virus are found in the spleen and brain (20, 26, 39).
MAV-1-specific cytotoxic T cells peak at 10 days postinfection
(d.p.i.) and then decline (18). T cells cause acute immunopa-
thology and are required for survival 9 to 16 weeks postinfec-
tion in MAV-1-induced encephalomyelitis (33). Inbred mouse
strains susceptible and resistant to MAV-1 are available, and
sublethal irradiation of resistant mice renders them susceptible

(40). Mice with a severe combined immunodeficiency (SCID)
mutation are susceptible to MAV-1 (10, 35).

Here we report findings that survival of acute MAV-1 infec-
tion is B-cell dependent and T-cell independent. We postu-
lated that Bruton’s tyrosine kinase (Btk) plays a role in pro-
tection from MAV-1. Loss of Btk in mice results in the
X-linked immunodeficiency (Xid) phenotype (22). Btk�/�

mice have reductions in serum immunoglobulin (natural anti-
body), conventional B cells, and peritoneal B-1 cells relative to
control mice (22). Here we demonstrate that Btk is required
for survival of MAV-1 infection. We present data indicating
that early T-cell-independent antiviral immunoglobulin M
(IgM) plays a pivotal role in protection against disseminated
MAV-1 infection.

MATERIALS AND METHODS

Virus and mice. Wild-type MAV-1 was propagated and titrated in 3T6 cells
(9). The mice used are indicated in Table 1 (11, 14, 23, 24, 29–31). A�

b�/� and Jh
mice were purchased from Taconic. C57BL/6NCr (B6) and BALB/CAnNCr
mice were purchased from the National Cancer Institute. All other mice were
purchased from Jackson Laboratory. The 50% lethal dose (LD50) was deter-
mined as described previously (37). Sera were heat inactivated at 57°C for 45 min
before passive transfer.

Quantitation of virus. Organ homogenates were prepared as described previ-
ously (40) or in phosphate-buffered saline (PBS) with 1-mm glass beads (BioSpec
Products, Bartlesville, Okla.) in 2 ml/well 96-well plates (Axygen, Union City,
Calif.) with a Mini Beadbeater (BioSpec) and the manufacturer’s protocol. Virus
was titrated by plaque assay as described previously (9). The means of the log
titers were compared by a two-tailed t test. Counts of fewer than 10 plaques/
60-mm plate were considered unreliable; thus, 2 � 103 PFU/g was the detection
limit. Values below the detection limit were excluded from statistical analyses.

Histology and in situ hybridization. The following organs were formalin fixed:
spleen, kidney, liver, small and large intestine, Peyer’s patches, thymus, lung,
heart, and brain. Tissue sections were stained or processed for in situ hybridiza-
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tion as previously described (20) with an antisense digoxigenin-labeled MAV-1
early region 3 riboprobe.

Neutralizing antibody assay. Heat-inactivated mouse sera were diluted two-
fold in 4 � 106 PFU of MAV-1 per ml and incubated for 1 h at 37°C. Dulbecco’s
modified Eagle’s medium (DMEM) with 5% heat-inactivated calf serum was
removed from the wells of a 96-well plate containing confluent 3T6 cells, 25 �l
of the virus-serum mixtures (corresponding to a multiplicity of infection of 10)
was added to wells in duplicate, and the virus was allowed to adsorb for 1 h at
37°C. DMEM with 1% heat-inactivated calf serum was added, and the wells were
monitored for 4 to 6 days for cytopathic effect, given scores of 0 (no cytopathic
effect), 1⁄2 (some cytopathic effect), or � (complete cytopathic effect). The neu-
tralizing antibody titer was the last dilution exhibiting a less than complete
cytopathic effect.

Enzyme-linked immunosorbent assay. An MAV-1 stock was precipitated with
polyethylene glycol (9). The virus pellet was resuspended in 1� DMEM in 0.01
of the original stock volume. Immulon 2 HB enzyme-linked immunosorbent
assay plates (Fisher Scientific) were coated overnight with polyethylene glycol-
precipitated MAV-1 diluted 1:100 in PBS or medium diluted 1:20 in PBS. The
wells were coated with the same concentration of protein, as determined by a
Bradford assay. The plates were washed and blocked with 1% bovine serum
albumin, and serial dilutions of serum in PBS were added. Mouse anti-MAV-1
antisera were detected with secondary peroxidase-conjugated goat anti-mouse
IgG serum (Amersham) or anti-mouse IgM (BioSource International) with
1-Step Turbo-TMB (Pierce) as the substrate.

Northern analysis. Liver samples were homogenized in 900 �l of TRI reagent,
and RNA was isolated by the manufacturer’s protocol (Molecular Research
Center, Inc.). Polyadenylated RNA was isolated with the PolyATract system
(Promega); 1 �g of each polyadenylated RNA was electrophoresed on a 1%
agarose–3% formaldehyde–40 mM MOPS (morpholinopropanesulfonic acid,
pH 7.0)–10 mM sodium acetate–1 mM EDTA gel and then transferred to a nylon
membrane (Boehringer Mannheim). For probes, the �-actin 3� primer (38) and
Fas ligand (FasL) probe (45) were end labeled with �-32P by using polynucleotide
kinase. Membranes were hybridized, stripped, and reprobed as described previ-
ously (21). mRNA levels were quantitated with a Phosphorimager and Image-
Quant software (Molecular Dynamics) and compared by a two-tailed t test.

RESULTS

B-cell- and Btk-deficient mice are highly susceptible to
MAV-1 infection. MAV-1 induces dose-dependent encephalo-
myelitis in B6 mice (15). We first assessed the role of T and B
cells in MAV-1 disease by using immunodeficient mice on a B6
background. RAG-1�/� mice, which lack T and B cells, were
more susceptible to MAV-1 infection than B6 controls (Fig.
1A). These data are consistent with published results for
CB.17/SCID (35) and BALB/SCID (10) mice, which also lack
T and B cells. To determine the relative contributions of T and
B cells to protection against MAV-1, we infected mice lacking
T cells (TCR�x��/�) and mice lacking B cells (�MT). �MT
mice were highly susceptible to MAV-1 infection, whereas
TCR�x��/� mice survived, like the controls (Fig. 1B). T-cell-
deficient mice exhibit fewer acute MAV-1 disease signs than
controls, and T-cell-mediated acute immunopathology in

MAV-1 disease is perforin and major histocompatibility com-
plex class I dependent (33). Thus, B cells but not T cells were
required for survival of B6 mice after acute MAV-1 infection.

MAV-1 does not cause encephalomyelitis in BALB/c mice,
which are more resistant to MAV-1 infection than B6 mice
(15). To test whether the B-cell requirement for survival in
�MT mice is specific to the B6 background, we infected B-cell-
deficient mice (Jh) on a BALB/c background. Jh mice were
highly susceptible to MAV-1 infection (Fig. 1C).

Since survival of acute MAV-1 infection was B-cell depen-
dent and T-cell independent (Fig. 1B), we hypothesized that
Btk plays a role in protection from MAV-1-induced disease.
Btk�/� mice were highly susceptible to MAV-1 infection (Fig.
1C and D). The LD50 of Btk�/� mice was 0.1 PFU. This
corresponds to 100 virus particles, because the MAV-1 parti-
cle/PFU ratio is 	1,000 in 3T6 cells (data not shown). Al-
though Btk�/� mice are on a mixed B6 and 129 genetic back-
ground, the LD50s for B6 and 129 mice are the same (
104.4

PFU) (40). Thus, Btk is required for survival of MAV-1 infec-
tion. To our knowledge, this is the first demonstration that Btk
plays a role in protection from virus-induced disease in mice.

B-cell and Btk deficiencies result in systemically high viral
loads. We determined virus loads in the organs of MAV-1-
infected B-cell-deficient, Btk-deficient, and control mice by

TABLE 1. Mice used in this study

Strain name Abbreviation Defect Reference

C57BL/6J, C57BL/6NCr B6 None
BALB/CAnNCr BALB/c None
B6.129S7-Rag1tm1Mom RAG-1�/� T- and B-cell deficient 31
B6.129S2-Igh-6tm1Cgn �MT B-cell deficient; B6 background 25
B6;129S-Btktm1Wk Btk�/� Btk deficient 24
B6.129S-Tcratm1Mom TCR��/� �/� T-cell deficient 30
B6.129P-Tcrbtm1MomTcrdtm1Mom TCR�x��/� �/� and �/� T-cell deficient 30
B6.129S6-Cd4tm1Knw CD4�/� CD4�-T-cell deficient 29
B6.129-Abbtm1N5 A�

b�/� MHC class II deficient 15
C.129(B6)-Jhdtm1 Jh B-cell deficient; BALB/c background 12

FIG. 1. Survival of (A) B6 (n � 3) and RAG-1�/� (n � 5), (B) B6
(n � 6), �MT (n � 6), and TCR�x��/� (n � 6), (C) B6 (n � 6),
BALB/c (n � 6), Btk�/� (n � 9), and Jh (n � 6), and (D) B6 (n � 3)
and Btk�/� (n � 6) mice. Mice were injected intraperitoneally with
(A) 100 PFU, (B) 700 PFU, (C) 700 PFU, and (D) 1 PFU.
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plaque assay. MAV-1 titers were higher in the brain, spleen,
liver, and kidney of �MT mice than in controls, and �MT mice
had a more disseminated infection (Fig. 2A to C). MAV-1-
infected BALB/c mice had no detectable virus at 9 d.p.i,
whereas Jh mice had virus in the brain, spleen, and liver (Fig.
2D). The viral loads in the organs of mice infected intraperi-
toneally or intravenously with 104 PFU were significantly
higher in Btk�/� mice than B6 mice (Fig. 2E). Infection of
B-cell- and Btk-deficient mice intravenously or intranasally
with MAV-1 resulted in lethality and high viral loads (Fig. 2C
and E, and data not shown). At 12 d.p.i. with 1 PFU, viral loads
were higher in moribund Btk�/� mice than in B6 or Btk�/�

mice not showing disease signs (Fig. 2F). Taken together, the
results were that mice deficient for B cells or Btk had elevated
MAV-1 titers and disseminated infection, and this correlated
with death.

MAV-1 induces hepatitis, encephalomyelitis, and lymphoid
necrosis in �MT and Btk�/� mice and induces hepatitis and
enteritis in Jh mice. We examined the histological conse-

quences of fatal MAV-1 disease in mice lacking B cells or Btk
at 7 d.p.i. There was perivascular edema in the brains of in-
fected control B6 mice (inset, Fig. 3A), but the spleen, liver,
and small intestine appeared unaffected (Fig. 3B to D). In
comparison, �MT and Btk�/� mice had perivascular edema
and also vascular degeneration in the brain, evident by perivas-
cular fibrin deposition (Fig. 3E and I), and there was significant
hepatic necrosis (Fig. 3G and K). In moribund B6 mice given
high doses of MAV-1, vascular degeneration in the brain has
been observed, but not liver pathology (15; M. L. Moore and
K. R. Spindler, unpublished data). The spleens of �MT and
Btk�/� mice showed lymphoid necrosis (Fig. 3F and J) that
was not seen in B6 controls at this does (700 PFU). However,
at higher doses of MAV-1, splenic necrosis has been observed
in B6 mice (15; M. L. Moore and K. R. Spindler, unpublished
data). In situ hybridization-positive staining of endothelial cells
is shown for each organ in which it was observed (insets, Fig.
3A to L). Overall, the B-cell- and Btk-deficient mice had more
disseminated disease than B6 controls.

Analysis of tissues taken at 9 d.p.i. from control BALB/c and
moribund Jh mice infected with 700 PFU (same mice as shown
in Fig. 2D) revealed that Jh mice succumbed with hemorrhagic
enteritis and hepatic necrosis (Fig. 3M to T). Enteritis has been
observed in MAV-1-infected outbred and BALB/SCID mice
(10, 26). Typical MAV-1 inclusion bodies were seen in hema-
toxylin- and eosin-stained small intestine (Fig. 3T). Interest-
ingly, like �MT mice, Jh mice had elevated viral titers in brain
(Fig. 2D), but unlike �MT mice, Jh mice had no brain pathol-
ogy (Fig. 3Q), suggesting that host factors contributing to
MAV-1 pathogenesis in B-cell-deficient mice are strain spe-
cific. The Peyer’s patches and spleen lymphoid follicles of
infected control BALB/c mice were activated; they had defined
germinal centers (Fig. 3N and P). In contrast, the spleens of
infected Jh mice appeared disorganized but had no necrosis
(Fig. 3R). B-cell-deficient mice on the BALB/c background
thus showed more disease than BALB/c controls.

Analysis of tissues taken at 12 d.p.i. from B6 and Btk�/�

mice that had been mock infected or infected with the low dose
of 1 PFU (same mice as shown in Fig. 2F) revealed cellular
inflammation in the infected mice of both mouse strains,
though it was more extensive in Btk�/� mice (Fig. 4). Infected
B6 mice had vasculitis in the brain (Fig. 4D) and defined
germinal centers in the spleen (Fig. 4E). Moribund Btk�/�

mice had vasculitis, meningeal vascular necrosis, and vascular
degeneration in the brain (Fig. 4J and data not shown); their
spleens had excessive lymphoid necrosis (Fig. 4K), and their
livers had significant lymphoplasmacytic hepatitis (Fig. 4L).

FasL mRNA levels were altered in MAV-1-infected Jh mice.
BALB/SCID and CB.17/SCID mice are susceptible to MAV-1
infection, and MAV-1 targets the liver in these mice (10, 35).
However, hepatic disease induced by MAV-1 in CB.17/SCID
mice resembled Reye’s syndrome; there was no significant he-
patic necrosis or inflammation (35). In contrast, MAV-1-in-
fected Jh mice exhibited significant hepatic necrosis (Fig. 3S)
resembling acute human adenovirus hepatitis in immunosup-
pressed patients (44). Since T cells are present in Jh mice but
not BALB/SCID mice, we hypothesized that T cells contribute
to acute hepatitis in MAV-1-infected Jh mice. To address this
hypothesis, we analyzed the mRNA levels of genes associated
with T-cell function in the liver. The Fas/FasL pathway is an

FIG. 2. Quantitation of virus from (A to C) B6 and �MT,
(D) BALB/c and Jh, and (E and F) B6 and Btk�/� mice; (E) three mice
each were infected intraperitoneally or intravenously (symbols to the
left and right, respectively, in each group). Each symbol represents an
individual mouse. B6, �; �MT, ‚; BALB/c, �; Jh, ƒ; Btk�/�, E. Solid
symbols, mice that were moribund when euthanized. The short hori-
zontal lines indicate means for three or more log-transformed titers;
the dotted line at 2 � 103 PFU/g indicates the limit of detection. *, P

 0.01; in panel F the asterisk relates to moribund Btk�/� mice
compared to B6 mice and to Btk�/� mice not showing disease signs.
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important mechanism of T-cell-mediated cytotoxicity (19). We
found that FasL liver mRNA levels were induced in infected Jh
mice but not control BALB/c mice (Fig. 5). These results are
consistent with T cells’ contributing to hepatitis in Jh mice.

Early T-cell-independent antibody correlates with survival
of acute MAV-1 infection. We analyzed the humoral immune
response to MAV-1. There was an increase in neutralizing
antibody titer and antiviral IgM 6 d.p.i. in the sera of B6 and
T-cell-deficient mice but not Btk�/� mice after infection with
104 PFU (Fig. 6A and 7A, same mice as shown in Fig. 2E).
Similarly, T-cell-independent antiviral IgM was detected
6 d.p.i. in B6 and T-cell-deficient mice infected with a lower
dose, 700 PFU (Fig. 7B). Antiviral IgG levels were low or
undetectable in the sera shown in Fig. 7A and B (data not
shown). Sera of B6 but not Btk�/� mice infected with 700 PFU
(same mice as Fig. 1C) had neutralizing antibody titers at

FIG. 3. (A to L) Organs taken at 7 d.p.i. from B6, �MT, and
Btk�/� mice infected with 700 PFU. Tissue sections were stained with
hematoxylin and eosin or processed for in situ hybridization. Insets
(magnification, 400�) show endothelial cells of the same organ stained
positively with a viral in situ hybridization probe. (M to T) Organs
taken at 9 d.p.i. from BALB/c and Jh mice infected with 700 PFU.
Tissue sections were stained with hematoxylin and eosin. Arrowheads
in N and P show the boundary of germinal centers. The inset in panel
T is a 400� view of the boxed area showing a viral inclusion body. e,
perivascular edema; f, fibrin in the perivascular space; hn, hepatic
necrosis; pp, Peyer’s patch; v, blood vessel.

FIG. 4. Representative hematoxylin- and eosin-stained tissue sec-
tions from organs taken at 12 d.p.i. from B6 and Btk�/� mice that had
been mock infected or infected with 1 PFU. Arrowheads in E show the
germinal center boundary. *, lymphocytes adherent to endothelial
cells. va, vasculitis; m, meningeal vascular necrosis; h, hepatitis.

VOL. 78, 2004 FATAL DISSEMINATED MAV-1 DISEASE IN Btk�/� MICE 5587



7 d.p.i. (Fig. 6B). Neutralizing antibody was induced in major
histocompatibility complex class II-deficient (A�

b�/�) and con-
trol mice (Fig. 6C). B6 mice infected with 1 PFU produced
neutralizing antibody antiviral IgM and IgG at 12 d.p.i,
whereas Btk�/� mice did not (Fig. 6D and 7C, same mice as in
Fig. 2F). At 12 weeks postinfection, major histocompatibility
complex class II was required for anti-MAV-1 IgG, whereas
CD4 was dispensable (Fig. 7D). Interestingly, A�

b�/� and
CD4�/� mice survive to 12 weeks postinfection, like controls
(33); thus, antiviral IgG is not required for survival of MAV-1
infection. Taken together, the results show that T-cell-inde-
pendent antiviral IgM and T-cell-independent neutralizing an-
tibody correlated with survival of acute MAV-1 infection,
whereas the absence of antiviral IgG had no effect on survival.

Passive transfer of immune antisera protects RAG-1�/� and
Btk�/� mice from MAV-1 infection. We first tested whether
neutralizing antibody or natural antibody could protect RAG-
1�/� mice from MAV-1 infection. Treatment of RAG�/� mice
with naïve B6 serum (natural antibody) on days 0 to 7 postin-
fection had no effect on virus loads, whereas treatment with
MAV-1-immune serum reduced them significantly (Fig. 8A).
We then tested whether early neutralizing antibody could pro-
tect MAV-1-infected Btk�/� mice. Treatment at 4 to 9 d.p.i.

with serum from 6- to 9-day-infected mice that had both anti-
viral IgM and IgG (Fig. 8B) protected three of four Btk�/�

mice (Fig. 8C).

DISCUSSION

We demonstrated here a crucial role for B cells and Btk in
preventing fatal disseminated MAV-1 disease. This parallels
the observations, albeit from a small number of patients, that
Btk-deficient people suffer adverse effects after human adeno-
virus infection (25, 27, 28). B-cell- and Btk-deficient mice were
highly susceptible to MAV-1 and succumbed with high viral
loads and disseminated infection (Fig. 1 and 2). This suggests
that Btk may be an integral component of the immune re-
sponse to adenoviruses.

Infection of B-cell- or Btk-deficient mice with MAV-1 re-
sulted in hepatitis (Fig. 3G, K, and S) that was histologically
similar to human adenovirus hepatitis in immunocompromised
patients (6, 7, 44). �MT and Btk�/� mice infected with 700
PFU succumbed with hepatic necrosis and mild cellular in-
flammation (Fig. 3G and K). MAV-1 endothelial cell tropism
(insets, Fig. 3G and K) was consistent with previous findings
for mice with a B6 or 129 background (10, 15) (data not
shown). Btk�/� mice infected with as little as 1 PFU also
succumbed with hepatic necrosis but had significant cellular
inflammation (Fig. 4L). Thus, the pathology of MAV-1 hepa-
titis in Btk�/� mice depended on the virus dose and presum-

FIG. 5. Northern analysis of FasL polyadenylated RNA in BALB/c
and Jh liver. RNA isolated 9 d.p.i. from the liver of BALB/c and Jh
mice that had been mock infected (m) or infected (i) with 700 PFU.
Each lane has RNA from an individual mouse. The level of FasL was
normalized to the actin level and then to the value for the mock-
infected BALB/c mouse, as indicated under the lanes. FasL levels were
higher in infected Jh than BALB/c livers (P � 0.002).

FIG. 6. Serum neutralizing antibody titers. Sera obtained (A) pre-
infection (open symbols) and at 6 d.p.i. (solid symbols) from B6,
TCR��/�, and Btk�/� mice that had been infected with 104 PFU,
(B) 7 d.p.i. from B6 and Btk�/� mice that had been infected with 700
PFU, (C) 9 d.p.i. from B6 and A�

b�/� mice that had been mock
infected (open symbols) or infected (solid symbols) with 700 PFU, and
(D) 12 d.p.i. from B6 and Btk�/� mice that had been mock infected
(open symbols) or infected (solid symbols) with 1 PFU of MAV-1. The
dotted line represents the limit of detection. Each symbol represents
serum from an individual mouse.

FIG. 7. Anti-MAV-1 IgM and IgG. (A) Pooled sera preinfection
(open symbols) and 6 d.p.i. (solid symbols) from B6 (�, n � 3),
TCR��/� (�, n � 5), and Btk�/� (E, n � 2) mice infected with 1 �
104 PFU assayed for antiviral IgM. (B) Sera obtained preinfection
(open symbols) and 6 d.p.i. (solid symbols) from five B6 and five
TCR�x��/� mice infected with 700 PFU assayed for antiviral IgM.
Mean values � standard deviation are shown. (C) Sera from mock-
infected B6 (�, n � 1) or Btk�/� (E, n � 1) mice and pooled sera from
B6 (■ , n � 4) and Btk�/� (F, n � 6) mice infected with 1 PFU were
assayed for antiviral IgM (solid lines) and antiviral IgG (dashed lines)
at 12 d.p.i. (D) Mean values for sera from five B6 (■ ) mice and five
CD4�/� (�) mice, pooled sera from 5 A�

b�/� (�) mice, and pooled
sera from two TCR�x��/� (�) mice assayed for antiviral IgG at 12
weeks p.i. with 700 PFU. Mean values � standard deviation are shown
for B6 and CD4�/� samples.
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ably the kinetics of inflammation. In contrast, Jh mice (B-cell
deficient on a BALB/c background) infected with 700 PFU
succumbed with confluent, glassy hepatic necrosis without in-
flammation (Fig. 3S). MAV-1 inclusion bodies were seen in
hepatocytes of Jh but not �MT mice (data not shown) and
have been observed in the hepatocytes of infected BALB/
SCID and CB.17/SCID mice (10, 35). It is likely that the host
genetic background contributed to the differences in cell and
organ tropism and pathology observed in MAV-1-infected
�MT and Jh mice. Residual B cells in �MT mice (34) may also
have contributed to the phenotypic differences.

We hypothesize that T cells play a key role in MAV-1 hep-
atitis because the virus induces hepatitis in B-cell-deficient but
not SCID (T-cell and B-cell deficient) mice (10, 35) (Fig. 2G
and S). Furthermore, mice lacking T cells succumb to MAV-1
infection 9 to 16 weeks postinfection with encephalomyelitis
and MAV-1 dissemination to the liver but no liver pathology
(33). T-cell function may be defective in MAV-1-infected B-
cell-deficient mice, as is the case for lymphocytic choriomen-
ingitis virus-infected �MT mice (17). FasL mRNA levels were
higher in MAV-1-infected Jh livers than BALB/c livers (Fig.
5). Further experiments are needed to assess the role of the
Fas/FasL cytolytic pathway in MAV-1-induced hepatitis. FasL
contributes to lymphocytic choriomeningitis virus-induced
hepatitis (1). Our data are consistent with a model in which
early T-cell-independent antiviral IgM plays a pivotal role in

protection against MAV-1 infection. In the absence of such
IgM (in B-cell or Btk deficient mice), a disseminated infection
ensues in which T cells induce immunopathology. Experiments
testing the role of T cells and FasL in MAV-1 hepatitis may
reveal an immunoregulatory role for early T-cell-independent
antibody.

Early T-cell-independent neutralizing antibody and T-cell-
independent antiviral IgM correlated with survival of acute
MAV-1 infection (Fig. 6 and 7). In contrast, the absence of
anti-MAV-1 IgG had no effect on survival (33) (Fig. 7D).
Antigens that activate B cells in the absence of T cells have
been classified into two groups based on whether they induce
antibody in Xid mice (TI-1) or not (TI-2) (32). Polyomavirus is
a TI-2 antigen and elicits protective T-cell-independent IgM
and IgG in T-cell-deficient mice (41, 42). Our results showed
that MAV-1 behaves like a TI-2 antigen (Fig. 6 and 7). Natural
and early virus-induced IgM contributes to protection against
influenza virus (3). However, in contrast to MAV-1 infection,
�MT and Btk-deficient mice are not susceptible to polyoma-
virus- or influenza virus-induced disease (4, 36). Baumgarth
has proposed that T-cell-independent IgM regulates B-cell ac-
tivation (2). MAV-1 may be useful for testing this model.

MAV-1 infection of B-cell- and Btk-deficient mice resulted
in high viral loads, disseminated infection, hepatitis resembling
human adenovirus-induced hepatitis in immunocompromised
humans, and lethality. Our data indicate that early T-cell-
independent neutralizing antibody and T-cell-independent
IgM play a crucial role in protection from disseminated
MAV-1 infection. Treatment of MAV-1-infected Btk�/� mice
with early antiviral antiserum had a significant effect on mor-
tality (Fig. 8B and C). Though modestly neutralizing in vitro
(Fig. 8B), early antibody (e.g., IgM) may have potent antiviral
and/or immunostimulatory potential in vivo.
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