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Tumor necrosis factor-a (TNF-a) is well recognized for its role in
mediating innate immune responses. However, the mechanisms of
TNF-a that influence the adaptive immune response to virus
infections are not well understood. In this study, we have inves-
tigated the role of TNF-a in activating the cellular and humoral
responses to systemic viral challenge with recombinant replication-
defective adenovirus (rAd). Evaluation of T cell function in TNF-a-
deficient (TNFKO) mice revealed impaired virus-specific prolifera-
tion of T cells derived from the draining lymph nodes of the liver.
Analysis of dendritic cells (DC) isolated from local draining lymph
nodes after systemic challenge showed that DC from TNFKO mice
were relatively immature compared with those from strain-
matched wild-type mice. In vitro, TNF-a was required to mature DC
efficiently during virus-mediated stimulation. Adoptive transfer of
primed, mature DC into TNFKO mice restored T cell responses and
reconstituted anti-adenovirus antibody responses. Thus, TNF-a
plays a significant role in the maturation of DC after adenovirus
challenge both in vitro and in vivo, highlighting the importance
of this innate cytokine in activating adaptive immunity to viral
challenge.

E lucidating the innate mechanisms that influence adaptive
immunity in viral infections is critical to understanding how

an appropriate immune response is established (1). The immu-
nogenic nature of replication-deficient adenoviruses (rAd) has
made them a useful model for studying the host response to virus
infection (1, 2). Immune responses to systemically administered
rAd in mice include activation of both early and late phases of
the immune system (3, 4). The early phase occurs in the first 2
days after infection and is characterized by early cytokine
expression, including tumor necrosis factor-a (TNF-a) and
IFN-g, coupled with a polymorphonuclear infiltration of the
liver (5, 6). During the late phase a potent antigen-specific CD41

and CD81 T cell response occurs (2). These innate and adaptive
immune responses result in efficient clearance of rAd-
transduced cells (2). Furthermore, induction of neutralizing
antibodies prevents efficient readministration of rAd (1).

Critical to the initiation of adaptive immune responses to rAd
and other viruses are dendritic cells (DC) (7, 8). DC are present
in nonlymphoid organs such as the liver and skin in an immature
state. During the course of an infection, DC take up viral
particles, mature, and migrate to the local draining lymph node,
where they efficiently activate both T and B cells (8). Maturation
of DC involves substantial up-regulation of MHC class II and
costimulatory molecules such as B7-1 and B7-2, thus making
DC the most potent antigen-presenting cells in the immune
repertoire (8).

A wide variety of viruses have evolved mechanisms to atten-
uate the host immune response (9, 10). Many of these viral
strategies are directed toward abrogating the effects of TNF and

the interferons (9), thus implicating these cytokines as critical to
the antiviral immune response. Evidence for the importance of
TNF in rAd infection has also been shown in studies in which in
vivo expression of TNF-signaling inhibitors by rAd has attenu-
ated inflammation and prolonged rAd-mediated transgene ex-
pression (11).

Generation of TNF-a-deficient (TNFKO) mice has facilitated
investigation of the role for TNF in the immune response to rAd
and other pathogens (12–15). Characterization of the immune
response to rAd in TNFKO mice has shown cellular and humoral
deficiencies relating to clearance of rAd-mediated transgene
expression and generation of anti-Ad antibodies (14, 15).

To understand further the antiviral immune abnormalities of
TNFKO mice, we conducted experiments to elucidate the mech-
anisms responsible for their compromised rAd response. Previ-
ous studies have shown that after i.v. rAd administration, the
majority of virus localizes to the liver (3, 16) and is cleared by
liver macrophages or Kupffer cells (5, 6). Consistent with these
findings, we have demonstrated a T cell response to systemic rAd
administration in draining lymph nodes of the liver that was
compromised in TNFKO mice. Because DC play an important
role in initiation of the immune response to rAd and other
viruses (7), we hypothesized that the immune defect in TNFKO
mice is directly related to impaired DC activation.

Materials and Methods
Mice and Viruses. TNFKO mice and their wild-type (WT) litter-
mates were generated on a C57BLy6 3 129ySv background and
have been described elsewhere (13). C57BLy6, 129, and BALByc
mice were purchased from The Jackson Laboratory. Ad5CAT,
Adbgal, and Ad5GFP are first-generation, E12 E32 replication-
deficient adenoviruses carrying genes encoding chlorampheni-
col acetyltransferase (CAT), b-galactosidase, and green fluo-
rescent protein, respectively, and have been described (14).

T Cell Proliferation Lymphocytes were taken from the portal
lymph nodes that have been described by Tilney (17) and shown
to drain the liver. The methods used to measure viral specific T
cell responses have been described (15). Single-cell suspensions
of lymphocytes were plated out in triplicate in a 96-well U-
bottom plate at 5 3 105 cells per well in RPMI medium 1640 1
5% FBS (R5). Restimulated cells were treated with 2,000
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particles per cell of AdGFP or AdCAT. Cells were incubated for
2 days with the last 8 h in the presence of 1 mCiy200 ml
[3H]thymidine (1 mCi 5 37 kBq), and incorporation was mea-
sured. BrdUrd measurement of proliferation was performed by
plating 2.5 3 105 cells in a 24-well plate with or without 2,000
particles of AdCAT per ml. Cells were incubated for 2 days in the
presence of a final concentration of 10 mM BrdUrd added every
12 h. Cells were harvested, stained for CD8 or CD4 (PharMin-
gen), permeabilized, and fixed as described (18). Cells were then
counterstained with FITC-conjugated anti-BrdUrd (Becton
Dickinson), and the percent of BrdUrd incorporation was de-
termined by flow cytometry.

Bone Marrow DC. Bone marrow-derived DC (BMDC) were iso-
lated from WT and knockout (KO) mice by using the method of
Inaba et al. (19). Bone marrow from mice was isolated and the
red blood cells were lysed. Bone marrow cells were then placed
in 24-well plates at 1 3 106 per ml, 1 ml per well, in R5 plus
granulocyte–macrophage colony-stimulating factor. Cells were
gently washed on days 2 and 4 to remove granulocytes and
harvested on day 6. Day 6 cells were replated at 1 3 106 per ml
in 10-cm plates.

Mixed Lymphocyte Reaction (MLR). Allostimulatory capacity was
measured as described (20). Allogeneic T cells from BALByc
mice (H-2KD) were purified from the spleen and lymph nodes by
using positive magnetic selection of cells stained with Thy-1.3
bead-conjugated antibody (Miltenyi Biotec, Auburn, CA). T
cells were plated in U-bottom plates at 1 3 105 per well. BMDC
were added to T cells at 5-fold dilutions in triplicate starting with
5 3 104 DC per well. The cells were incubated for 3 days with
the last 8 h in the presence of [3H]thymidine, and incorporation
was measured.

DC Addback. Day 6 WT or TNFKO-derived BMDC were infected
with either AdCAT or AdGFP at 8,000 particles per cell for 20
min in serum-free RPMI medium 1640. Cells were resuspended
in R5 1 granulocyte-macrophage colony-stimulating factor and
incubated for 48 h. Day 8 infected DC were washed three times
with sterile PBS and resuspended at 2–5 3 105 cells in 100 ml of
PBS and injected intravenously. To measure T cell proliferation
after transfer, mice were challenged with rAd 2 days after
transfer and assayed as described above on day 10 after infection.
For CAT expression and antibody induction, mice were chal-
lenged with rAd 7 days after transfer and assayed for antibody
as described above on day 21 after infection. CAT assays were
also performed on day 21 as described (14).

Analysis of DC Surface Phenotype. DC were stained on ice with rat
monoclonal antibodies for 30 min in PBS with 1% FBS. Cells
were fixed and analyzed by flow cytometry. The following
antibodies were used: phycoerythrin (PE)-anti CD86, PE-anti-
CD8, PE-anti-CD4, PE-and FITC-anti-CD11c, and biotinylated
anti-H-2Kb (PharMingen).

Results
Impaired T and B Cell Responses in TNFKO Mice. On the basis of the
compromised cellular and humoral immune response to rAd in
TNFKO mice (14, 15), we hypothesized that the absence of TNF
may result in suboptimal activation of T cells. To determine
whether TNFKO mice are compromised in their T cell response
to rAd, we measured proliferation of the portal lymph node T
cell populations [portal lymph nodes have been shown to drain
the liver (17)] 10 days after systemic rAd administration. Lym-
phocytes isolated from portal lymph nodes were restimulated
with rAd, and specific T cell proliferation was measured by
[3H]thymidine incorporation (Fig. 1A). WT mice infected with
rAd showed a strong adenovirus-specific proliferative response.

Lymphocytes isolated from TNFKO lymph nodes were nonre-
sponsive to rAd stimulation in this assay. Splenocytes failed to
show significant rAd-specific responses in either WT or TNFKO
mice (Fig. 1 A). Further analysis of the T cell proliferation in
response to rAd stimulation (Fig. 1B) demonstrated a dominant
CD81 T cell response and an induction of CD41 T cells in WT
animals. Neither population was measurably activated in the
TNFKO mouse (Fig. 1B). Analysis of antibody responses also
showed a failure to induce anti-adenovirus IgG antibodies in
TNFKO mice even after 8 weeks (data not shown). Therefore,
systemic administration of rAd induces a local T cell activation
in WT animals that is absent or compromised in TNFKO mice.
Furthermore, TNFKO mice have impaired humoral responses to
rAd.

TNFKO Mice Fail to Fully Mature DC in Response to Adenovirus.
Compromised local T cell activation after systemic administra-
tion of rAd in TNFKO animals suggested a previously unchar-
acterized defect in the cellular immune activation cascade.
Bone-marrow-derived DC are one of the primary antigen-
presenting cells responsible for cytotoxic T cell activation to viral
antigens (21). If the observed TNFKO T cell defect was caused
by compromised stimulation by DC, then we would predict that
the DC population from the local lymph node would be de-
creased or relatively immature after rAd challenge. To deter-
mine whether TNFKO mice have such a deficiency, portal lymph
nodes were isolated 48 h after challenge and isolated cells were
double stained with a dendritic cell-specific marker CD11c and

Fig. 1. Compromised T cell activation in TNFKO mice. (A) TNFKO and WT mice
(n 5 3) were challenged with AdGFP as indicated in Materials and Methods.
Ten days later portal lymph nodes that drain the liver were collected and
pooled, and single-cell suspensions were restimulated in vitro for 3 days with
or without 2,000 particles per cell (pycell) of AdGFP. Proliferating T cells were
labeled with [3H]thymidine. The results are expressed as the mean of tripli-
cates and are representative of two experiments. The number above each bar
is the ratio of stimulated to unstimulated proliferation. (B) Mice were chal-
lenged as in A, except AdCAT was used and cells were restimulated with 2,000
particles per cell of AdCAT. BrdUrd (BrdU) was added to a final concentration
of 10 mM during culture. The cells were harvested after 48 h and stained with
CD8 or CD4 and FITC-anti-BrdUrd antibody. The numbers in each histogram
represent percent BrdUrd-positive cells as measured by flow cytometry.
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the costimulatory marker CD86 (B7-2). The percentages of DC
(CD11c1) present in WT and TNFKO unchallenged animals
were similar at 1.9% and 1.7%, respectively (n 5 3) (data not
shown). The percentages of WT and TNFKO CD11c1 cells
present in the portal lymph nodes after rAd stimulation in-
creased to 4.3% in WT and 5.8% in TNFKO mice (Fig. 2B).
However, when CD86 expression was used as a marker for the
maturation stage of the respective DC populations, only the
challenged WT mice demonstrated a significant shift toward a
more mature DC population (Fig. 2). Brachial lymph nodes that
do not drain the liver were isolated from the same mice that were
challenged above. Analysis of these nodes did not show a change

in either WT or TNFKO mice, consistent with local activation in
the liver after systemic rAd challenge (Fig. 2). Therefore,
TNFKO mice did not seem to have a DC migration defect, but
did have a compromised maturation of local DC in response to
systemic rAd infection.

Compromised Function of TNFKO BMDC. Because the observations
above suggested defective maturation of DC in TNFKO mice,
the role of TNF in DC maturation was further examined by using
myeloid DC. Bone marrow precursors were isolated from WT
and TNFKO animals and cultured in the presence of granulo-
cyte-macrophage colony-stimulating factor under conditions
that induce DC differentiation and progressive maturation (19).
This ex vivo method of DC generation usually results in matu-
ration of DC by day 8 of the culture (19). Flow cytometric
analysis of day 8 BMDC revealed that TNFKO-derived DC were
significantly less mature than WT DC as determined by expres-
sion of the markers class II, CD86 (B7-2), and CD40 (Fig. 3A).
High expression levels of these markers are indicative of DC
maturation. Using the MLR as a measure of DC maturity and
function, we determined that TNFKO-derived DC also displayed
decreased T cell-stimulatory capacity compared with WT-
derived DC in an allogeneic MLR (Fig. 3B). We sorted TNFKO
DC for a CD861 subset to create a purified population of mature
TNFKO DC. This mature subset of TNFKO DC demonstrated
T cell stimulation potency comparable with WT DC (Fig. 3C),
illustrating that lack of sufficient numbers of mature DC, rather
than inherent abnormalities, was responsible for the compro-
mised MLR activity of DC from TNFKO mice.

Because BMDC cultures from TNFKO mice lack expression
of TNF, we sought to determine whether addition of TNF would
reconstitute DC maturation and MLR-stimulatory capacity.
TNFKO- and WT-derived BMDC were cultured in the presence
or absence of 500 pgyml recombinant mouse TNF-a. DC were
washed to remove any residual TNF before addition to the MLR.
Analysis of surface markers showed that culture of the BMDC
with TNF resulted in increased maturation of the TNFKO-

Fig. 2. Compromised maturation of local lymph node DC in TNFKO mice. WT
and TNFKO mice (n 5 3) were challenged with AdGFP. After 48 h, portal and
brachial lymph nodes were collected and pooled, and single-cell suspensions
were isolated. Cells were double stained for CDllc and CD86 and analyzed by
flow cytometry (A). Numerical flow data are also shown (B). DNL, draining
lymph nodes. The results are representative of two experiments.

Fig. 3. Decreased maturity and allostimulatory capacity of TNFKO-derived DC. (A) Day 8 WT and TNFKO BMDC were stained with surface markers as indicated
and analyzed by flow cytometry. The results are representative of three experiments. (B) Day 8 WT and TNFKO BMDC were coincubated with T cells for 3 days,
and [3H]thymidine incorporation was measured. The results are expressed as the mean of triplicates and are representative of three experiments. (C) Day 8 BMDC
were stained for CD86 and sorted for the CD861 population. CD861-sorted WT and TFNKO BMDC were assayed as in B. The results are expressed as the mean
of triplicates and are representative of two experiments. (D) TNFKO BMDC cultures were incubated for 8 days with or without mouse TNF-a (mTNF; 500 pgyml).
WT BMDC were incubated without additional TNF. DC allostimulatory capacity was assayed as in B. The results are the mean of triplicates and are representative
of two experiments.
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derived DC to WT levels (data not shown). The BMDC that
received TNF during culture were then used in an MLR assay
and shown to stimulate with equal efficiency to WT DC (Fig.
3D). However, addition of TNF directly to the MLR did not
reconstitute the T cell allostimulatory capacity of TNFKO DC
to WT levels (data not shown). Thus, addition of TNF to the
TNFKO BMDC culture resulted in increased maturation and
reconstitution of the TNFKO DC-mediated stimulation during
an MLR.

Previous studies have shown that rAd infection of DC stim-
ulates maturation, cytokine expression, and NF-kB induction
(22). Our studies have shown deficiencies of DC maturation in
TNFKO mice, implying that rAd infection coupled with TNF
expression may act synergistically to induce DC maturation. To
examine this question, maturation of day 5 WT and TNFKO
BMDC was evaluated by CD86 expression 24 or 48 h after rAd
infection (Fig. 4). Day 5 BMDC are immature and therefore
representative of the immature DC that are resident in tissues
and organs. Infection of DC with rAd induced a greater matu-
ration of WT DC than TNFKO DC (Fig. 4A). The addition of
recombinant TNF to TNFKO BMDC resulted in marked en-
hancement of maturation of TNFKO DC. Furthermore, block-
age of TNF with anti-TNF antibody during infection prevented
efficient maturation of WT DC (Fig. 4B). These experiments
illustrate that rAd promotes DC maturation and in the presence
of TNF, this maturation is significantly more efficient. Because
DC have been shown to express TNF after rAd infection (22),
autocrine stimulation by TNF could be responsible for the
increased maturation of WT DC.

Adoptive Transfer of rAd-Primed DC Corrects Immune Deficiencies of
TNFKO Mice. The data presented above suggest that defective
immune responses to rAd in TNFKO mice are caused by
compromised DC maturation. Adoptively transferred DC have
been shown to home to the liver and then migrate via the liver
lymphatics to the draining hepatic lymph nodes, where they
efficiently activate the immune system (23). Therefore, we
predicted that the immune defect in TNFKO mice could be

complemented if BMDC, matured and primed with rAd, were
adoptively transferred into TNFKO mice. As a negative control,
the same BMDC matured in the absence of rAd would not be
expected to complement the TNFKO defect because of the lack
of presentation of rAd antigens. After adoptive transfer of 2 3
105 rAd-primed WT DC, TNFKO mice were challenged and
rAd-specific T cell proliferation was determined (Fig. 5A).
Cellular activation was measured and T cell proliferation was
shown to be restored to WT levels. Addback of DC reconstituted
both the CD41 and CD81 proliferation as measured by BrdUrd
staining of TNFKO mice receiving rAd-primed DC (Fig. 5B).
The above in vitro data suggest that the maturity status of the DC
was relevant to efficient T cell activation. Therefore, it was also
important to confirm that mature TNFKO DC were able to
reconstitute immunity in TNFKO mice. To address this issue,
TNFKO BMDC were infected at day 5, and the CD861 popu-
lation was sorted to isolate the mature subset of rAd-primed,
mature TNFKO DC (Fig. 5A). Adoptive transfer of these DC
reconstituted T cell activation in TNFKO mice to levels even
greater than unsorted, primed WT DC, demonstrating that
mature TNFKO DC alone are sufficient to activate rAd-specific
T cell responses in TNFKO mice (Fig. 5A). Histology of livers
from TNFKO mice receiving DC showed increased infiltration
compared with TNFKO mice that were challenged, but did not
receive primed DC (data not shown).

Complementation of the cellular defect in TNFKO mice, as
measured by clearance of cells expressing the CAT transgene
after AdCAT infection, indicated enhanced but incomplete
clearance of CAT-expressing hepatocytes (Fig. 6A). Adoptive
transfer of DC was also able to reconstitute the humoral

Fig. 4. TNF potentiates adenovirus-mediated maturation of DC. (A) Day 5
immature WT and TNFKO BMDC were incubated for 24 h with or without rAd
at 5,000 particles per cell. For TNFKO DC treated with TNF, recombinant
murine TNF-a (5 ngyml) was added. (B) Same as A, except WT DC were treated
with anti-TNF-a antibody (5 mgyml). DC were stained with anti-CD86 PE. Cells
were analyzed by flow cytometry and the mean fluorescence intensity (MFI) of
CD86 surface expression was determined. The results are representative of
three experiments.

Fig. 5. Adoptive transfer of mature DC corrects the T cell response to
adenovirus administration. (A) Day 8 infected BMDC were washed and adop-
tively transferred into naive TNFKO mice (5 3 105 per mouse). Two days after
transfer naive TNFKO, WT, TNFKO, WT BMDC, and TNFKO 1 CD861 TNFKO
BMDC mice were challenged with 1 3 1010 particles of AdGFP. On day 10 portal
lymph nodes were collected and pooled, and single-cell suspensions were
restimulated with AdGFP. Proliferating T cells were labeled with [3H]thymi-
dine for the last 8 h. The results are the mean of triplicate assays and are
representative of two experiments. (B) BMDC were infected as in A, except
AdCAT was used. Mice were challenged with 1 3 1010 particles of AdCAT, and
single-cell suspensions were restimulated with AdCAT. During the culture, 1
mM BrdUrd was added. The cells were harvested after 48 h and stained with
CD8 or CD4 and FITC-anti-BrdUrd antibody. Percent BrdUrd-positive cells was
measured by flow cytometry.

Trevejo et al. PNAS u October 9, 2001 u vol. 98 u no. 21 u 12165

IM
M

U
N

O
LO

G
Y



response in TNFKO mice when antibody responses were mea-
sured (Fig. 6B). Anti-Ad titers were comparable with those
found in WT animals when challenged with rAd (Fig. 6B). In
comparison, animals that received naive WT DC generated
baseline anti-Ad titers. Purified WT B cells from noninfected
mice also failed to complement the TNFKO antibody deficiency
(data not shown), thus confirming that reintroduction of WT
TNF-expressing cells alone is not sufficient to correct TNFKO
mice. Therefore, adoptive transfer of primed, mature DC was
sufficient to correct both the humoral and cellular responses to
systemic rAd administration in TNFKO mice.

Discussion
This study uses rAd infection of mice as a model to examine the
mechanisms of TNF-a-mediated viral immunity in response to
systemic infection. Because these viruses are replication-
defective, immune activation primarily depends on the structure
of the virion along with the process of initial viral entry and
transgene expression (24). Therefore, this model of virus infec-
tion is particularly relevant to the initial events defining the
immune response to a viral infection. Systemic administration of
rAd results in predominant localization of virions to the liver (3,
16). In addition to hepatocytes, immune cells resident in the liver
such as macrophages and dendritic cells can take up viral
particles (6). Uptake by these cells results in innate immune
activation and subsequent viral-specific T cell activation by
mature DC presenting viral antigens (5, 7). Maturation and
proper education of DC depends on microbial stimulation, which
occurs during virus uptake and in many cases depends on

recognition of patterns inherent to the pathogen (25–27). Fur-
thermore, other signals such as cytokines synergize with micro-
bial stimulation to facilitate DC maturation (28, 29).

The host response to intracellular pathogens such as adeno-
virus relies on activation of the Th1 pathway, which seems to be
selectively deficient in TNFKO mice (12–14). In liver infection,
T cell activation occurs in the portal lymph nodes, which along
with parathymic lymph nodes have been shown to be the primary
nodes draining the liver in mice and rats (17). A potent CD41

and CD81 T cell response has been shown to be relevant to
clearance of rAd expression (2, 24). Our studies determined that
both the CD41 and CD81 portal lymph node T cells from
TNFKO mice were nonresponsive to rAd infection (Fig. 1 A and
B). In contrast, lymphocytes from WT mice that were challenged
systemically displayed significant adenovirus-specific prolifera-
tion. Previous reports studying TNFKO mice have not explicitly
identified T cell defects (12–14), perhaps because the lympho-
cytes from the spleen rather than the local draining lymph nodes
were analyzed. In our model, splenic derived cells from WT mice
did not display significant T cell proliferation differences relative
to the draining lymph nodes, highlighting the importance of local
immune activation (Fig. 1 A).

Deficiencies of both the humoral and cellular immune re-
sponse led us to hypothesize a common mechanism that was
upstream of T cell activation. Because DC mediate efficient
viral-specific T cell stimulation, we hypothesized that these mice
had deficient DC function. To determine the role of TNF in
virus-induced DC maturation, we analyzed TNFKO mice for DC
deficiencies in response to rAd challenge. Normal percentages of
DC were detected in the spleen and lymph node of TNFKO mice
(data not shown), suggesting that there is no abnormality in
differentiation of DC from bone marrow precursors. In addition,
after rAd administration, similar increases in CD11c1 DC were
identified in both TNFKO and WT lymph nodes draining the
liver. However, when DC were analyzed for expression levels of
the maturation marker CD86 (B7-2), those from TNFKO mice
expressed significantly lower levels than their WT counterparts.
Compromised maturation of hepatic DC in TNFKO mice is
proposed to account directly for the in vivo deficiency of liver
draining lymph node T cell activation. Because both CD41 and
CD81 T cells were nonresponsive to rAd infection in TNFKO
mice, deficiency of DC maturation provides a clear explanation
for the attenuation of cellular and humoral immune responses.
Previous studies have shown a role for TNF-mediated Langer-
hans cell migration in the skin (29–32). TNF has also been shown
to increase the migration of DC from the skin, kidney, and heart
(33) and increase maturation and motility of DC in vitro (34).
TNF-dependent maturation of hepatic DC may explain previous
observations of attenuated rAd responses in TNFKO mice (14),
as well as WT mice receiving rAd expressing a soluble inhibitor
of TNF (15).

To confirm our hypothesis of compromised TNFKO DC
maturation in vivo, we demonstrated that DC were able to
reconstitute both cellular and humoral immune responses by
adoptive transfer of rAd-primed BMDC. Previous studies have
determined that adoptively transferred, mature DC will traffic to
the draining hepatic lymph nodes in the same manner as
endogenous DC (23), thus supporting our model of DC recon-
stitution. After adoptive transfer, the TNFKO mice that received
primed, mature WT or TNFKO DC were able to mount normal
antibody and T cell responses and clear rAd-mediated transgene
expression (Figs. 5 and 6). These results illustrate that lack of
activation caused by decreased DC maturation is one of the
primary reasons for the immune deficiencies observed in
TNFKO mice. These results give further in vivo evidence for the
importance of TNF in early DC maturation in addition to its
well-defined role in apoptosis and inflammation. It is unclear
whether signaling of these functions of TNF occurs through

Fig. 6. Adoptive transfer of mature DC reconstitutes clearance of AdCAT
expression and corrects the antibody response to adenovirus in TNFKO mice.
(A) Day 6 BMDC obtained from WT mice were infected with AdCAT (8,000
particles per cell) for 48 h in the presence of granulocyte-macrophage colony-
stimulating factor. Day 8 infected BMDC were washed and adoptively trans-
ferred into naive TNFKO mice (2 3 105 per mouse). After 7 days the mice were
challenged with 1 3 1010 particles of AdCAT, and CAT expression was assayed
on day 21 after the challenge. Bars are averages of three mice. (B) Mice were
treated as in A, except AdGFP was used. After 7 days the mice were challenged
with 1 3 1010 particles of AdGFP, and their serum was assayed for anti-
adenovirus antibodies on day 21 after the challenge. Indirect ELISA of mouse
IgG was performed with whole adenovirus particles as the target antigen.
Serum was diluted 1:1000. Horizontal bars are average of three mice. The
results are representative of two experiments.
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TNFR1 or TNFR2, although both receptors have been impor-
tant in mediating antiviral effects of TNF (35). Furthermore,
Minter et al. (36) have shown a requirement for both receptors
in response to rAd challenge, suggesting that both may be
important for efficient DC activation.

Our model for the role of TNF in the anti-adenoviral response
emphasizes that both microbial stimulation and local TNF
expression contribute to efficient maturation and migration of
DC. A systemic challenge of adenovirus leads to uptake by
immature DC and Kupffer cells in the liver. The role of Kupffer
cells in rAd-mediated TNF expression has been highlighted in
previous studies showing Kupffer cell-dependent expression of
TNF within the first hour of rAd infection (5). On the basis of
our studies, exposure to rAd in the presence of TNF is critical for
efficient DC maturation and migration. Activation of macro-
phages and DC by rAd particles has been shown in both mouse
and primate models, consistent with the notion of rAd-mediated
stimulation of professional antigen-presenting cell (37, 38).
Because of the observed increase in the percentage of the portal
lymph node DC population after rAd infection in both WT and
TNFKO mice, there may be a lesser role for TNF in mediating
migration of DC compared with maturation in our system. DC
that have both taken up rAd and receive an autocrine or
paracrine signal from TNF undergo efficient maturation and
migrate to the draining lymph node, where they initiate potent
T and B cell responses. This model does not exclude the role of
other cytokines and molecules in the maturation of DC. In fact,

IL-1 and CD40 have both been shown to stimulate DC matu-
ration and may work together with TNF for efficient immune
activation (28, 39). Furthermore, in this model, the CD11c1 DC
or myeloid lineage DC may also elaborate TNF after virus
uptake (22), thus amplifying TNF-mediated maturation locally
and in the draining lymph node.

It is now becoming increasingly apparent that initial events
that result in professional antigen-presenting cell activation have
a strong influence on the shaping of our adaptive immune
responses to viruses and other pathogens (27). The activation of
DC and macrophages seems to be mediated in part by recogni-
tion of inherent viral patterns by the TollyIL-1 receptor family
leading to expression of inflammatory cytokines such as TNF
(26, 40, 41). Our data underscore the role of TNF as a bridge
between initiation of the inflammatory cascade and generation
of the antigen-specific response. Further investigation of this
complex interplay between the innate and adaptive immune
responses will have profound implications in viral immunology
and vaccine development.
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