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Both	mucosal	and	systemic	immune	responses	are	required	for	preventing	or	containing	HIV	transmission	
and	chronic	infection.	However,	currently	described	vaccination	approaches	are	largely	ineffective	in	induc-
ing	both	mucosal	and	systemic	responses.	In	this	study,	we	found	that	the	ubiquitin-editing	enzyme	A20	—	an	
inducible	feedback	inhibitor	of	the	TNFR,	RIG-I,	and	TLR	signaling	pathways	that	broadly	controls	the	matu-
ration,	cytokine	production,	and	immunostimulatory	potency	of	DCs	—	restricted	systemically	immunized	
DCs	to	induce	both	robust	mucosal	and	systemic	HIV-specific	cellular	and	humoral	responses.	Mechanistic	
studies	revealed	that	A20	regulated	DC	production	of	retinoic	acid	and	proinflammatory	cytokines,	inhibit-
ing	the	expression	of	gut-homing	receptors	on	T	and	B	cells.	Furthermore,	A20-silenced,	hyperactivated	DCs	
exhibited	an	enhanced	homing	capacity	to	draining	and	gut-associated	lymphoid	tissues	(GALTs)	after	sys-
temic	administration.	Thus,	this	study	provides	insights	into	the	role	of	A20	in	innate	immunity.	This	work	
may	allow	the	development	of	an	efficient	HIV	vaccination	strategy	that	is	capable	of	inducing	both	robust	
systemic	and	mucosal	anti-HIV	cellular	and	humoral	responses.

Introduction
Since transmission of HIV-1 mainly occurs at mucosal surfaces, 
HIV-1 vaccines should activate the mucosal arm of the immune 
system to prevent or contain viral transmission and the estab-
lishment of chronic infection in gut-associated lymphoid tissues 
(GALTs) (1–4). Antigen-specific effector T and B cells in the blood-
stream recognize mucosal high endothelial venules and enter the 
mucosa (5, 6). Antigen-specific CTLs can kill HIV-infected cells, 
while mucosal and systemic antibodies could block HIV transmis-
sion by inhibiting HIV transcytosis and neutralizing viral infec-
tion (2, 7). However, the host defenses cannot mount cellular and 
humoral immune responses of sufficient magnitude and breadth 
to contain HIV infection at the mucosal entrance. Most of the 
DC subsets in mucosal GALTs transmit HIV to T cells though  
C-type lectins (8–11), which leads to mucosal T cell depletion dur-
ing the acute phase of infection regardless of the mucosal or sys-
temic transmission route (12, 13), whereas Langerhans cells, DCs 
in the epidermis, were reported to specifically express langerin 
to inhibit HIV transmission (14). Immunization with peripheral 
antigen delivery usually fails to induce a robust mucosal immune 
response, and, likewise, mucosal immunization primarily induces 
poor systemic immune responses, for the route of antigen entry 
determines the differential acquisition of tissue-specific homing 
molecules on lymphocytes (2, 15). Hence, there is an urgent need 
to develop an HIV vaccination strategy that is capable of inducing 
both robust systemic and mucosal anti-HIV immune responses.

DCs, the most potent of APCs, play critical roles in initiating 
and regulating innate and adaptive immunity against viral infec-
tions by providing proinflammatory cytokines and costimulatory 
molecules and presenting processed or unprocessed antigens to 
T and B cells (16). DCs use TLRs to recognize conserved micro-

bial products to activate MAP kinase and NF-κB, resulting in the 
activation of innate and adaptive immunity (17, 18). In addition 
to their role in antigen presentation, DCs critically affect the traf-
ficking and tissue homing of the lymphocytes they activate. The 
homing phenotypes of antigen-specific effector T and B cells are 
predetermined by APCs activated at the antigen-processing site 
(19–21). Mucosa-tropism of activated T and B lymphocytes is 
governed by sequential interactions between intestinal homing 
receptors, particularly the integrin α4β7 and chemokine receptor 
CCR9 on activated lymphocytes, and their counter-receptors on 
endothelial cells (5, 6, 22). Several recent studies indicate that acti-
vation of TLR or retinoic acid–inducible gene I (RIG-I) signaling 
in DCs plays a critical role in promoting the mucosal homing of 
activated lymphocytes (23, 24). Johansson-Lindbom et al. reported 
that α4β7

+CCR9+ CD8+ T cells were efficiently generated in GALTs 
in the presence of TLR ligands (23). It was also reported that pro-
tective mucosal immunity was induced by systemic administration 
of an attenuated replication-competent SIV, likely due to the fact 
that replicating SIV dsRNA activated RIG-I signaling in APCs, pro-
moting the mucosal homing of activated lymphocytes (24).

A20 is a zinc-finger ubiquitin-modifying enzyme and inhibits 
several key proinflammatory signal transduction pathways of TNF 
receptor (TNFR), TLR, and RIG-I in a feedback manner (25–30). 
A20 was originally discovered as a TNF-inducible gene and is an 
NF-κB target gene whose expression is induced in many types of 
cells by various stimuli (25, 31). A20 was recently found to inhibit 
these signaling pathways by ubiquitination or deubiquitination 
of receptor-interacting protein (RIP), TNFR-associated factor 6 
(TRAF6), and other molecules for either promotion of target pro-
tein degradation or regulation of the interaction of the target pro-
teins with other signaling molecules (26–29, 32). Because TRAF6 
is a common signal component that is shared by all members of 
the TLR family, A20 uniquely suppresses both MyD88-depen-
dent and MyD88-independent TLR signaling pathways. RIG-I is 
an intracellular sensor of viral dsRNA and mediates the activa-
tion of NF-κB and interferon regulatory factor 3 (IRF3) indepen-
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dent of the TLR pathways (33). It was recently reported that A20 
blocked RIG-I–mediated signaling to NF-κB and IRF3 by promot-
ing the degradation of TRIF and other molecules (30). A20-defi-
cient mice develop severe inflammation in multiple organs, are 
neonatally lethal, and are highly hypersensitive to LPS and TNF 
(26–28). A20-deficient macrophages display prolonged NF-κB 
activity (27, 28), and A20-silenced DCs induce robust antitumor 
immune responses to reject engrafted tumors in immunized mice 
(34). Recently, Breckpot et al. reported that A20-silenced human 
DCs had an enhanced capacity to polarize the IFN-γ–producing 
CD4+ T cell response and to prime the tumor-specific CD8+ T cell 
response (35). These results indicate that A20 plays a critical role 
in controlling immunostimulatory potency of APCs. In this study, 
we investigated the role of A20 in controlling DC-mediated anti-
HIV immunity, and demonstrated that A20-silenced DCs possess 
a superior potency to trigger HIV-specific mucosal and systemic 
immune responses when being administrated systemically.

Results
Immunization of A20-silenced, bone marrow–derived DCs induces systemic 
anti-HIV immunity. To investigate the role of A20 in HIV antigen 
presentation by DCs, we generated a recombinant adenoviral vector 
(Ad-siA20) that expresses siA20 capable of downregulating about 
90% of mouse A20 mRNA in transfected cells (34), along with a 
control Ad vector (Ad-siGFP) (Supplemental Figure 1A; supple-
mental material available online with this article; doi:10.1172/
JCI42656DS1). Ad vectors were able to efficiently transduce bone 
marrow–derived DCs (BM-DCs), as determined by flow cytometric 
assays (Supplemental Figure 1B). A20 expression was significantly 
downregulated in Ad-siA20–transduced DCs at both mRNA and 
protein levels (Supplemental Figure 1C). For evaluation of the 
immunostimulatory potency of A20-silenced DCs, mouse BM-
DCs were transduced with Ad-siA20 or Ad-siGFP at an MOI of 500, 
loaded with recombinant HIV envelope (Env) gp120 proteins, and 
matured with LPS ex vivo. Groups of mice were then immunized 
with Ad-transduced DCs or PBS via footpad twice with a week 
interval. ELISPOT assay showed that Ad-siA20-BM-DCs elicited 
approximately 1.5-fold stronger gp120-specific CD8+ CTL response 
and 1-fold stronger gp120-specific CD4+ T cell (Th) response than 
did the control Ad-siGFP-BM-DCs (Figure 1A). Given that A20 is 
an inducible feedback regulator of TLR and TNFR-mediated signal-
ing (36), we tested whether in vivo administration of TLR agonists 
enhances the immunostimulatory potency of Ad-siA20-BM-DCs. 
Groups of mice were immunized with Ad-transduced DCs or PBS, 
followed by stimulation with LPS or poly(I:C) in vivo. ELISPOT 
assays showed that HIV Env–specific CTL and Th responses were 
significantly enhanced in mice immunized with Ad-siA20-BM-DCs 
in response to in vivo stimulation of TLR agonists, compared with 
those in Ad-siGFP-BM-DC mice (Figure 1A). Intracellular cytokine 
staining (ICS) demonstrated higher percentages of IFN-γ+, IL-2+, 
or TNF-α+ CD8+ T cells in the draining LNs of Ad-siA20-BM-DC 
mice compared with those in Ad-siGFP-BM-DC–immunized mice 
(Figure 1B). Furthermore, the percentages of cytokine-producing 
CD4+ T cells were also higher in Ad-siA20-BM-DC mice (Figure 
1C). We also examined whether Ad-siA20-BM-DC immunization 
affected the expression of effector molecules in T cells. Figure 1D 
shows that expression levels of the cytotoxic molecules FasL and 
granzyme B were increased in CD8+ T cells in the draining LNs 
of Ad-siA20-BM-DC mice, compared with those from Ad-siGFP-
BM-DC mice. However, the expression of effecter molecules such 

as perforin and granzyme A on Ad-siA20-BM-DCs was only mod-
estly enhanced. Finally, we examined the potency of A20-silenced 
BM-DCs to induce anti-HIV humoral responses. Figure 1E shows 
that Ad-siA20-BM-DCs elicited enhanced gp120-specific IgG2a 
and IgG1 responses compared with the control Ad-siGFP-BM-
DCs in the immunized mice. The preferential enhancement of HIV 
gp120–specific IgG2a responses suggests a Th1-polarized anti-HIV 
response induced by Ad-siA20-BM-DCs.

Systemic immunization with A20-silenced BM-DCs induces mucosal anti-
HIV immunity. We then tested whether A20-silenced BM-DCs are able 
to induce HIV-specific CTL and Th responses at intestinal mucosal 
sites of systemically immunized mice. We isolated mesenteric LNs 
from mice that were systemically immunized with Ad-transduced 
BM-DCs via footpad for various immune assays. ICS revealed that 
higher frequencies of gp120-specific CD8+ T cells expressed IL-2 or 
IFN-γ in the mesenteric LNs of Ad-siA20-BM-DC mice, compared 
with those in Ad-siGFP-BM-DC mice (Figure 2A). The percentages 
of the Th1-polarizing cytokine-producing CD4+ T cells were also 
increased in the mesenteric LNs of Ad-siA20-BM-DC mice (Figure 
2B). Double IFN-γ– and IL-2–secreting CD8+ and CD4+ T cells were 
preferentially induced in mesenteric LNs derived from Ad-siA20-
BM-DC mice (Figure 2C). Furthermore, the mucosal CD8+ T cells 
activated by Ad-siA20-BM-DCs showed enhanced levels of effector 
molecules such as granzymes A and B (Figure 2D).

One of the hallmarks of mucosal immunity is production of secre-
tory IgA (sIgA), which acts to prevent microbial mucosal invasion by 
neutralizing HIV or blocking HIV transcytosis (1, 2). Accordingly, we 
examined the production of HIV Env–specific mucosal sIgA in the 
mice immunized with Ad-siA20-BM-DCs via nonmucosal footpad 
injection. Figure 2E shows an approximately 4-fold increase in HIV 
Env–specific sIgA antibody titers in mice systemically immunized 
with Ad-siA20-BM-DCs, compared with those in Ad-siGFP-BM-DC 
mice. Hence, these results indicate that A20 silencing endows BM-
DCs with the distinctive ability to induce robust mucosal CTL and 
Th responses and antibody responses against HIV Env, in addition 
to triggering systemic anti-HIV immunity.

Systemic immunization with A20-silenced BM-DCs induces mucosal 
anti-HIV immunity equivalent to HIV gp120 intrarectal immunization. 
After demonstrating the ability of the systemic immunization with 
A20-silenced BM-DCs to induce mucosal anti-HIV immunity, we 
compared the relative potency of the footpad immunization of 
Ad-siA20-BM-DCs with the commonly used method of intrarectal 
(i.r.) mucosal immunization with HIV gp120 protein/cholera toxin 
(CT) in inducing mucosal and systemic immune responses. Groups 
of mice were immunized with Ad-transfected, HIV gp120–pulsed 
(10 μg/ml) BM-DCs via footpad or 10 μg HIV gp120 in combina-
tion with cholera toxin via i.r. immunization (37, 38). Seven to  
10 days after the second immunization, the splenic and mesenteric 
lymphocytes were isolated for various immune assays. As shown 
in Figure 3A, comparable or higher frequencies of gp120-specific 
CD8+ and CD4+ T cells expressed TNF-α, IL-2, and IFN-γ in the 
mesenteric LNs of Ad-siA20-BM-DC mice, compared with those in 
i.r. immunized mice. Furthermore, the mesenteric B220+ cells iso-
lated from mice systemically immunized with DCs or from mice i.r. 
immunized with gp120 secreted a similar level of sIgA, as assessed 
by IgA surface staining. Although the i.r. immunization with HIV 
gp120 also activated splenic T cells (37), the frequencies were lower 
than those triggered by the footpad immunization with Ad-siA20-
BM-DCs (Figure 3B). Systemic immunization with Ad-siA20-BM-
DCs and i.r. immunization with gp120 induced a similar level of 
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IgA+B220+ splenic B cells (Figure 3B). These results indicate that 
systemic immunization with Ad-siA20-BM-DCs induces an equiva-
lent mucosal immune response but an enhanced systemic response 
compared with i.r. mucosal immunization with HIV gp120.

To investigate whether systemic administration of TLR adju-
vant with HIV gp120 antigen also achieves a similar level of muco-
sal immune responses, we used HIV gp120 (10 μg) emulsified in 
incomplete Freund’s adjuvant (IFA) (Sigma-Aldrich) in parallel 

with Ad-siA20-BM-DCs for systemic immunization of C57BL/6 
mice, followed by 50 μg of poly(I:C) administration 3 times in 
all the mice. As shown in Supplemental Figure 2, A and B, sig-
nificantly higher frequencies of gp120-specific CD8+ and CD4+  
T cells that expressed TNF-α, IL-2, and IFN-γ were detected in the 
mesenteric LNs of Ad-siA20-BM-DC mice, compared with those 
in gp120/IFA poly(I:C)–immunized mice. Moreover, the Ad-siA20-
BM-DC mice also displayed a higher level of secreted IgA com-

Figure 1
Ad-siA20-BM-DCs induce potent systemic HIV gp120–specific immune responses. Groups of C57BL/6 mice were immunized with HIV gp120 
protein–pulsed (100 μg/ml), Ad-transfected BM-DCs (1 × 106 cells/mouse) twice with a week interval, followed by no stimulation or poly(I:C)  
(50 μg/mouse) or LPS stimulation (30 μg/mouse) (i.p.) daily for 3 consecutive days after each DC immunization. (A) CD8+ T cells or CD4+ T cells 
isolated from pooled splenocytes of immunized mice (n = 2–3) were subjected to IFN-γ ELISPOT assays. (B and C) ICS of CD8+ T cells (B) and 
CD4+ T cells (C) from draining LNs of immunized mice was performed after 6–8 hours in vitro restimulation. (D) The expression levels of perforin, 
granzymes A and B, and FasL in gated CD8+ T cells of pooled draining LNs of immunized mice are shown. (E) Systemic antibody responses 
enhanced by siA20-BM-DCs. HIV gp120–specific IgG1 and IgG2a subclass titers from the pooled sample of each group (4–6 mice/group) were 
quantified by capture ELISA. Antibody titers are reported as the mean ± SD of endpoint titers (36). Experiments were repeated 3 times with 
similar results. *P < 0.05, **P < 0.01, Ad-siGFP-BM-DCs versus Ad-siA20-BM-DCs.
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pared with gp120/IFA-immunized mice. The result demonstrated 
the superior ability of systemic Ad-siA20-BM-DC immunization 
to induce mucosal immune responses.

A20-silenced BM-DCs display enhanced migration to mesenteric LNs. 
Through flow cytometric assays, we found that the expression of 
chemokine receptors such as CCR7 was enhanced approximately 
5- to 10-fold on Ad-siA20-BM-DCs (Figure 4A). As a consequence, 
in vitro Transwell migration assays showed that Ad-siA20-BM-
DCs had approximately 6-fold-enhanced migration activity in 
response to CCL21, the ligand of CCR7, compared with Ad-siGFP-
BM-DCs (Figure 4B). Consistent with this finding, flow cytomet-
ric assays revealed that expression levels of CCR7 were enhanced 
in Ad-siA20-BM-DC populations that had migrated to the bottom 
chamber containing CCL21 (data not shown). Given the critical 
role of CCR7 in mediating DC migration to mesenteric LNs (39), 
we investigated the effect of A20 silencing on DC migration to 
mesenteric LNs in the systemically immunized mice. An in vivo 
migration assay analyzing CFSE-labeled DCs at 16 hours after 
footpad injection showed that Ad-siA20-BM-DCs more efficiently 
migrated to the mesenteric LNs compared with Ad-siGFP-BM-

DCs (Figure 4C). Dynamic analysis of the footpad-injected, CSFE-
labeled DCs revealed that more Ad-siA20-BM-DCs migrated to 
mesenteric LNs (also to the draining LNs) as fast as 2 hours after 
injection (Figure 4D). Taken together, these results indicate that 
A20-silenced DCs more efficiently home to mesenteric LNs after 
systemic administration, likely due to the enhanced expression 
of chemokine receptors. In addition, we also tested the ability of 
Ad-siA20-BM-DCs to attract other immune cells in vitro. Figure 
4E shows that the culture media of Ad-siA20-BM-DCs attracted 
more BM-DCs and splenocytes from naive mice than those of Ad-
siGFP-BM-DC, implying that A20-silenced DCs can efficiently 
attract other immune cells, likely due to the enhanced produc-
tion of various chemokines (data not shown), for induction of 
anti-HIV immune responses.

A20-silenced BM-DCs imprint gut-homing receptors on activated T 
and B cells. The enhanced mucosal immune responses induced by 
A20-silenced BM-DCs also prompted us to examine the effect of 
siA20-DC immunization on the expression of gut-homing recep-
tors, such as α4β7 and CCR9, on T cells and B cells. Figure 5A 
shows the expression levels of CCR9 were markedly increased on 

Figure 2
Systemic immunization of Ad-siA20-BM-DCs induces mucosal anti-HIV immune response. Groups of mice were immunized twice with gp120-
pulsed, Ad-transfected BM-DCs (1 × 106 cells/mouse) via footpad, followed by in vivo stimulation with poly(I:C). (A and B) Two weeks later, 
mesenteric LNs were harvested and pooled, and cell suspensions were then subjected to ICS. (C) The average cell numbers of IFN-γ/IL-2 
double-positive CD8+ T cells and CD4+ T cells per mesenteric LN were examined. (D) The expression of effector molecules on gated CD8+ T cells 
from mesenteric LNs was also examined. (E) Mucosal HIV gp120–specific sIgA titers from the pooled sample of each group (4–6 mice/group) 
were quantified by capture ELISA. Antibody titers are reported as the mean ± SD of endpoint titers (36). Data from 1 experiment representative 
of 3 are presented. *P < 0.05, Ad-siGFP-BM-DCs versus Ad-siA20-BM-DCs.
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both CD8+ and CD4+ T cells in the mesenteric LNs of mice sys-
temically immunized with Ad-siA20-BM-DCs. Consistent with 
this observation, expression levels of α4β7 on CD8+ and CD4+ 
T cells were also increased in the mice systemically immunized 
with Ad-siA20-BM-DCs. Furthermore, A20-silenced DC immuni-
zation also increased expression of both CCR9 and α4β7 on the 
B220+ B cells in mesenteric LNs. Unexpectedly, CCR9 and α4β7 
were also found to be highly expressed on CD4+ and CD8+ T cells, 
as well as B cells that were derived from the spleen (Figure 5B), 
and draining LNs (data not shown) of Ad-siA20-BM-DC–immu-
nized mice. Given that Ad-siA20-BM-DC–primed T cells more 
efficiently localized to mesenteric LNs and other secondary tis-
sues after adoptive transfer into naive mice (Supplemental Fig-
ure 3), it is postulated that the lymphocytes activated ex situ by 
Ad-siA20-BM-DCs (Figure 5B) also contribute to the constitution 
of the mucosal lymphocyte pool in the immunized mice due to 
enhanced expression of gut-homing receptors.

To investigate the mechanism(s) by which Ad-siA20-BM-DCs 
induce enhanced expression of  the gut-homing receptors, we 
directly examined the effect of siA20-BM-DCs on the expression 
of gut-homing receptors on activated T cells in vitro. Ad-siA20–
transduced BM-DCs and control Ad-siGFP-BM-DCs were pulsed 
with OT-I or OT-II peptides and then cocultured with CD8+ OT-I 
or CD4+ OT-II T cells isolated from OT-I or OT-II epitope–specific 
TCR transgenic mice, respectively. Figure 6A shows that expres-
sion levels of CCR9 on both CD8+ OT-I and CD4+ OT-II cells after 
coculture with Ad-siA20-BM-DCs were substantially higher than 
those on cells cocultured with control Ad-siGFP-BM-DCs. Simi-
larly, enhanced expression of α4β7 was also observed on both CD8+ 

OT-I and CD4+ OT-II cells after coculture with Ad-siA20-BM-DCs 
(Figure 6B), indicating that Ad-siA20-BM-DCs have the distinctive 
ability to induce the expression of the gut-homing receptors α4β7 
and CCR9 on antigen-specific T cells.

Recent studies by Iwata et al. and Mora et al. found that GALT-
DCs, but not peripheral LN-DCs, produced retinoic acid (RA) to 
induce the expression of gut-homing receptors (19, 21, 40). Accord-
ingly, we examined whether A20 silencing may allow BM-DCs to 
produce RA for the induction of gut-homing receptors α4β7 and 
CCR9. In agreement with the previous reports (19, 21, 40), the 
addition of RA substantially enhanced the expression of α4β7 and 
CCR9 on OT-I and OT-II cells (Figure 6, A and B). The blockade 
of RA receptors by antagonist LE135 (40, 41) substantially reduced 
the ability of Ad-siA20-BM-DCs to induce the expression of α4β7 
and  CCR9  on  both  OT-I  and  OT-II  cells  (Figure  6,  C  and  D).  
However, we noticed that the RA receptor antagonist LE135 had a 
greater influence on the CCR9 expression of CD8+ T cells than that 
of CD4+ T cells. Due to the technical difficulty of directly measuring 
RA concentrations, we examined the mRNA levels of enzymes that 
are involved in RA synthesis from its precursor vitamin A (retinol) 
in siA20-BM-DCs by quantitative real-time RT-PCR (qRT-PCR). The 
main pathway of RA synthesis is dependent upon the intracellular 
oxidative metabolism of retinol to retinal, which is catalyzed by a 
subfamily of alcohol dehydrogenases (ADHs) (42), and of retinal to 
RA, which is then catalyzed by retinal dehydrogenases (RALDHs), 
of which there are at least 4 isoenzymes. Figure 6E shows that the 
expression levels of retinal-producing enzymes and RA-produc-
ing enzymes were significantly enhanced in Ad-siA20-BM-DCs, 
compared with those in Ad-siGFP-BM-DCs. Taken together, these 

Figure 3
Systemic immunization with Ad-siA20-BM-DCs induces an equivalent mucosal immune response but an enhanced systemic response compared 
with i.r. immunization with HIV gp120. Groups of C57BL/6 mice were immunized twice at a 1-week interval with Ad-transduced BM-DCs pulsed 
with HIV gp120 (10 μg/ml) or with HIV gp120 (10 μg) emulsified in adjuvant by i.r. injection. Seven days after the second immunization, the mice 
were sacrificed, and the HIV gp120–specific immune response of mesenteric LNs (A) or spleens (B) was analyzed by ICS. Data from 1 experi-
ment representative of 2 are presented.
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results indicate that A20-silenced BM-DCs possess the unique abil-
ity to induce the expression of gut-homing receptors on activated  
T cells, at least partly due to the enhanced production of RA.

A20-silenced DCs preferentially activate CTL and Th, but not Treg, 
responses.  To  further  assess  the  underlying  mechanism(s)  for 
the enhanced mucosal as well as systemic anti-HIV immunity, 
we examined the role of A20 in regulating DC maturation and 
cytokine/chemokine production. In concordance with our pre-
vious results (34), FACS analysis showed that Ad-siA20-BM-DCs 
exhibited significantly higher levels of CD40, CD80, CD86, and 
MHC  class  II  than  Ad-siGFP-BM-DCs,  either  before  or  after 
stimulation with LPS (Supplemental Figure 4). As tipping the bal-
ance between the IL-12 family members represents an important 
mechanism to control antiviral immunity, and mucosal vaccines 
usually exhibit better immune stimulation when administered 

concomitantly with exogenous IL-12 or substances that stimulate 
endogenous IL-12 production (37), we specifically evaluated how 
A20 controls expression of IL-12 family members in BM-DCs. As 
shown in Figure 7A, A20-silenced DCs expressed higher levels of 
IL-12 (500 pg/ml) and IL-27 (80 pg/ml), but undetectable IL-23 
(data not shown) compared with Ad-siGFP-BM-DCs, implying a 
preferential type 1 polarization.

Consistent with the proinflammatory status of Ad-siA20-BM-
DCs, an in vitro priming assay showed that CD8+ OT-I T cells acti-
vated by Ad-siA20-BM-DCs proliferated more intensely and pro-
duced significantly more IFN-γ and TNF-α than those activated by 
control Ad-siGFP-BM-DCs (Figure 7B). Ad-siA20-BM-DCs pulsed 
with OT-II peptides led OT-II cells to have a higher proliferation 
rate and to produce enhanced levels of both Th1- and Th2-polariz-
ing cytokines such as IFN-γ, TNF-α, IL-4, IL-5, and IL-17, but lower 

Figure 4
Enhanced migration and chemoattraction of Ad-siA20-BM-DCs. (A) Enhanced expression of chemokine receptors CCR7 on Ad-siA20-BM-DCs 
either with or without LPS (100 ng/ml for 18 hours) using flow cytometric analysis; data are from 1 of 3 repeated assays. *P < 0.05, Ad-siGFP-
BM-DCs versus Ad-siA20-BM-DCs. (B) Percentages of migrated Ad-siA20– or Ad-siGFP–transduced BM-DCs in triplicate Transwells following 
3 hours of exposure to recombinant CCL21 (100 ng/ml, GeneTex) in vitro; data are from 1 of 3 repeated experiments. *P < 0.05, Ad-siGFP-BM-
DCs versus Ad-siA20-BM-DCs. (C and D) In vivo migration of CFSE-labeled BM-DCs that were transduced with Ad-siA20, Ad-siGFP, or PBS 
(mock transduction) to mesenteric LNs (MLNs) at 16 hours (C) or to draining LNs (DLNs) or MLNs at different times (D) after footpad injection 
using flow cytometric assays; data are from 1 of 2 repeated experiments. (E) Enhanced chemoattraction of Ad-siA20-BM-DCs. Percentages of 
migrated BM-DCs or splenocytes from naive mice following 3 hours exposure to the culture media of Ad-siA20– or Ad-siGFP–transduced BM-
DCs; data are from 1 of 2 repeated experiments. *P < 0.05, Ad-siGFP-BM-DC media versus Ad-siA20-BM-DC media.
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levels of IL-10 and transcription factor FoxP3 (Figure 7, C and D). 
Despite the reported antiapoptotic role of A20 in TNF-induced 
apoptosis (26), siA20-BM-DCs and control siGFP-BM-DCs had 
comparable viability in the presence or absence of a TLR agonist 
(Supplemental Figure 5A). Ad-siA20-BM-DCs also retained com-
parable endocytic activity (Supplemental Figure 5B). Collectively, 
these results indicate that Ad-siA20-BM-DCs possess an inherent 
potential to induce effector T cell responses.

A20-silenced BM-DCs induce robust anti-HIV immunity in CD4+ T 
cell–deficient mice. Previous studies demonstrate that activation 
of TLR and CD40 signaling in DCs could alleviate the need for 
CD4+ T cells to induce CTL responses (43, 44). Since A20 silencing 
hyperactivates DCs, which exhibit enhanced expression of costim-
ulatory molecules such as CD40 and proinflammatory cytokines 
(Supplemental Figure 4 and ref. 34), we investigated the immunos-
timulatory potency of siA20-BM-DCs to induce anti-HIV immune 
responses in mice deficient in CD4+ T cells. C57BL/6 mice were 
treated with anti-CD4 antibodies (GK1.5) (44) to reach 95% CD4+ 
T cell depletion, as confirmed by flow cytometric assay. CD4+  
T cell–depleted mice were immunized twice at a 1-week interval 
with gp120-pulsed (100 μg/ml), Ad-transfected DCs matured with 
LPS, followed by in vivo stimulation with poly(I:C) (i.p.) daily for 3 
consecutive days after each immunization. Ad-siGFP-BM-DC sys-
temic immunization plus in vivo stimulation with the TLR agonist 
poly(I:C) was unable to induce HIV Env–specific CTL responses 
in the mice in which CD4+ T cells were depleted with anti-CD4 
antibodies. In contrast, Ad-siA20-BM-DCs effectively  induced 
HIV Env–specific CTL responses  in  the CD4+ T cell–depleted 
mice, as demonstrated by ICS and ELISPOT assays (Figure 8, A 

and B). CD8+ T cells derived from Ad-siA20-BM-DC–immunized, 
CD4-depleted mice had robust CTL activity against gp120-pulsed 
syngeneic TC1 cells (Figure 8C). Moreover, anti–HIV gp120 anti-
bodies were also induced in the Ad-siA20-BM-DC–immunized, 
CD4+-depleted mice (Figure 8D). Thus, A20-silenced BM-DCs 
have the ability to activate HIV-1 Env–specific CTL responses in 
the mice deficient in CD4+ T cells.

Discussion
Our previous study revealed that A20, an inducible feedback inhib-
itor of the TNFR, RIG-I, and TLR signaling pathways, broadly con-
trols the maturation, cytokine production, and immunostimula-
tory potency of DCs. A20 functions as an antigen presentation 
attenuator (APA) to critically regulate tumor antigen presentation 
by DCs, and subsequently, the magnitude and polarization of 
adaptive antitumor immune responses. Here, we further revealed 
that A20-silenced, hyperactivated DCs exhibit a superior capacity 
to induce both mucosal and systemic anti-HIV cellular/humoral 
immune responses after systemic immunization. Several studies 
have reported that CCR7 is a critical signal that determines DC 
exit from peripheral tissue and access to draining lymphoid tissues 
(45–47). A recent finding from Jang et al. further indicated that 
CCR7 is also critically important for DC migration to mesenteric 
LNs (39). A20-silenced DCs express a high level of CCR7, which 
endows the DCs with a superior capacity to home to draining and 
gut-associated LNs after systemic administration to induce potent 
mucosal and systemic anti-HIV immunity.

This study further uncovers an important role of A20 in con-
trolling the ability of DCs to induce the expression of gut-homing 

Figure 5
Systemic immunization with Ad-siA20-BM-DCs induced gut-homing receptors on lymphocytes. (A) Expression of CCR9 and α4β7 on gated CD8+ 
T cells and CD4+ cells, and CCR9 and α4β7 on gated B220+ B cells of pooled mesenteric LNs of mice immunized with gp120-pulsed Ad-siA20-
BM-DCs or Ad-siGFP-BM-DCs via nonmucosal footpad administration. (B) Expression of CCR9 and α4β7 on gated CD8+ T cells and CD4+  
T cells, and CCR9 and α4β7 on gated B220+ B cells of pooled splenocytes of mice immunized with gp120-pulsed Ad-siA20-BM-DCs or Ad-siGFP-
BM-DCs via nonmucosal footpad administration.
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receptors on T and B cells by regulating the production of RA and 
proinflammatory cytokines. Increasing evidence indicates that 
the gut-homing phenotypes of antigen-specific effector T and B 
lymphocytes are predetermined or imprinted by DCs from GALTs 
such as Peyer’s patches and mesenteric LNs in the presence of TLR 
ligands (19–21). Whereas naive lymphocytes migrate to secondary 
lymphoid organs, effector T and B lymphocytes selectively express 
different adhesion molecules and chemokine receptors that direct 
their preferential homing for different peripheral tissues such as 

the intestinal mucosa and inflamed skin (5, 48). During the prim-
ing of naive lymphocytes, GALT-DCs preferentially induce the 
expression of a distinct set of adhesion molecules such as α4β7, 
whose ligand MAdCAM-1 is expressed on postcapillary venules 
in the intestinal lamina propria, and chemokine receptor CCR9, 
whose ligand CCL25 is selectively expressed by intestinal epithelial 
cells (15, 19–21, 23, 49, 50). GALT-DCs induce the expression of 
these gut-homing molecules, α4β7 and CCR9, by producing RA 
and proinflammatory cytokines such as IL-6, while peripheral  

Figure 6
Ad-siA20-BM-DCs induced gut-homing receptors on T cells in vitro. (A and B) Surface expression of CCR9 (A) and α4β7 (B) on CD8+ OT-I 
or CD4+ OT-II T cells after in vitro coculture with Ad-siA20- or Ad-siGFP-BM-DCs pulsed with H-2Kb/OT-I or OT-II peptide (10 μg/ml) (5 × 104 
cells/well) in the presence or absence of RA (Sigma-Aldrich, 100 nM); data are from 1 of 2 repeated experiments. (C and D) Reduced expression 
of CCR9 (C) and α4β7 (D) by blocking RA receptors. Surface expression of CCR9 and α4β7 on CD8+ OT-I or CD4+ OT-II T cells was examined 
by flow cytometry after coculture with Ad-siA20- or Ad-siGFP-BM-DCs pulsed with H-2Kb/OT-I or OT-II peptide in the presence or absence of 
the RA receptor antagonist LE135 (1 μM, Tocris Bioscience). Data from 1 of 2 repeated experiments are presented. (E) Increased expression 
of RA-producing enzymes by Ad-siA20-BM-DCs. qRT-PCR was used to analyze Ad-siA20-BM-DCs and Ad-siGFP-BM-DCs after stimulation 
with LPS for 12 hours. The relative mRNA levels of the RA-producing enzymes from 1 of 2 repeated experiments are presented. *P < 0.05,  
Ad-siGFP-BM-DCs versus Ad-siA20-BM-DCs.
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LN-DCs induce the expression of E- and P-selectin ligands and 
chemokine receptors CCR4 and CCR10 for T cell homing to skin  
(19–21, 40, 51). Mora et al. recently found that the environments 
where DCs reside, not a distinct set of DCs, were responsible for 
their ability to induce the gut-homing receptors on activated lym-
phocytes (20). The results of this study demonstrate that A20-
silenced BM-DCs effectively induce the expression of gut-homing 
receptors α4β7 and CCR9 on T/B lymphocytes in mesenteric LNs, 
as well as in other secondary lymphoid tissues such as draining 
LNs and spleen. Furthermore, the present study revealed that A20 
silencing leads to the activation of RA synthesis genes, as well as a 
large number of proinflammatory cytokine genes in A20-silenced 
DCs, as a result of unbridled TNFR, RIG-I, and TLR signaling, 
which may explain why the systemic immunization of A20-silenced 

DCs leads to expression of the gut-homing receptors in multiple 
secondary lymphoid tissues. Further studies are under way to 
investigate the molecular mechanism(s) by which A20 silencing 
results in the activation of RA synthesis genes.

A20-silenced DCs efficiently activated antigen-specific lympho-
cytes for the induction of both robust mucosal and systemic anti-
HIV immunity. One of the mechanisms may be that A20-silenced 
DCs are able to induce expression of different homing receptors to 
drive migration of the activated effector cells to multiple secondary 
lymphoid organs, as evidenced by the findings that T cells primed 
in vitro by A20-silenced DCs migrate to the different secondary 
lymphoid tissues with enhanced efficiency, and that the T cells 
activated by A20-silenced DCs also expressed a higher level of skin-
homing in addition to gut-homing receptors (data not shown). 

Figure 7
Ad-siA20-BM-DCs had a reduced ability to activate Foxp3+ Tregs. (A) Enhanced expression of IL-12 and IL-27 by Ad-siA20-BM-DCs after  
24 hours of stimulation with LPS in vitro. *P < 0.05, **P < 0.01, Ad-siGFP-BM-DCs versus Ad-siA20-BM-DCs. (B) Enhanced activation of antigen-
specific CD8+ T cells by Ad-siA20-BM-DCs in vitro. CD8+ OT-I T cells (5 × 105 cells) from OT-I transgenic mice were cocultured with Ad-siA20-
BM-DCs or Ad-siGFP-BM-DCs (1 × 105 cells) pulsed with 5 μg/ml of OT-I peptide for 5 days. [3H]thymidine incorporation rates and cytokine 
production of OT-I cells after the depletion of CD11c+ DCs were then examined. Data from 1 representative experiment of 3 are presented.  
*P < 0.05, Ad-siGFP-BM-DCs versus Ad-siA20-BM-DCs. (C and D) Enhanced activation of antigen-specific CD4+ Th cells. CD4+ OT-II T cells 
from OT-II transgenic mice were cocultured with Ad-siA20-BM-DCs or Ad-siGFP-BM-DCs (1 × 105 cells) pulsed with 5 μg/ml OT-II peptide for 
5 days. [3H]thymidine incorporation rates and Th1- and Th2-polarizing cytokine production (C) and intracellular IL-17 or Foxp3 expression (D) 
of OT-II cells after the depletion of CD11c+ DCs were then examined; data from 1 representative experiment of 3 are presented. *P < 0.05,  
Ad-siGFP-BM-DCs versus Ad-siA20-BM-DCs.
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Although it was reported that peripheral LN-DCs induced the 
expression of selectin ligands on T cells, which was suppressed by 
GALT DCs (20), Campbell et al. found that memory T cells coex-
pressed α4β7 as well as LN-homing CCR7 and L-selectin, which 
may allow them to home to gut mucosa and peripheral LNs (52). It 
was also reported that P-selectin ligands play a role in CD4+ T cell 
homing to the intestinal lamina propria (53). Our results, together 
with these reports, indicate that A20 silencing programs BM-DCs 
to acquire the unique ability to induce expression of multiple 
homing receptors on T cells, and the expression of any homing 
receptors on activated T cells may not be exclusive.

Another  interesting  observation  of  this  study  is  that  A20-
silenced, hyperactivated DCs are capable of inducing both anti-
HIV CTL responses and antibody responses in a CD4+ T cell–defi-
cient host, which implies a possible application of the technique 
in developing therapeutic HIV vaccines in immunocompromised 
AIDS patients. CD4+ T cells are known to be the essential helper 
cells in inducing immune responses. Several recent studies showed 
the induction of CTL or antibody responses in CD4+ T cell knock-
out animals. Zheng et al. reported that a DNA or DC vaccine 
expressing CD40L elicited significant CTL responses in CD4+  
T cell–deficient mice (43, 44). Yao et al. found that a hemaggluti-
nin/simian HIV-like particle vaccine induced Th cell–independent 
CTL and antibody responses (54). Both of these studies have relat-
ed the bypass of CD4+ T cell requirement in the induction of anti-
HIV immune response to the activation of DCs by the incorpo-
rated genes. In that regard, A20-silenced DCs exhibit high levels of 

CD40, CD80, CD86, and other costimulatory molecules and pro-
duce copious amounts of proinflammatory molecules in response 
to TLR stimuli, which may contribute to alleviating the need for 
CD4+ T cells in induction of anti-HIV CTL and antibody responses 
in CD4+ T cell–deficient hosts. Developing a therapeutic vaccine 
to treat HIV represents a challenging task. Lu et al. reported that 
immunization with virus-pulsed DCs suppressed viral load in HIV-
infected patients (55), demonstrating the feasibility of therapeutic 
vaccines for the control of HIV infection. Letvin et al. also revealed 
that the magnitude of vaccine-elicited cellular immune responses 
was associated with the duration of survival of SIV-infected mon-
keys (56), underscoring the importance of enhancing the potency 
of anti-HIV immunity to control HIV infection.

In summary, this study provides insights into the role of A20 in 
developing an efficient HIV vaccination strategy that is capable 
of inducing both robust systemic and mucosal anti-HIV cellular 
and humoral responses. However, future studies are needed to 
test the ability of this A20 inhibition approach, together with use 
of the conservative, but subdominant protective HIV epitopes 
or antigens (57–63), in a prophylactic or therapeutic vaccination 
setting to induce immune responses and protection in animal 
models of SIV/HIV infections.

Methods
Mice. C57BL/6, BALB/c mice, H-2Kb/OT-I–TCR (OT-I) transgenic mice, 
and H-2Kb/OT-II–TCR (OT-II) transgenic mice were purchased from The 
Jackson Laboratory and maintained in mouse facilities at Baylor College 

Figure 8
CD4+ T cell–independent CTL and antibody responses induced by Ad-siA20-BM-DCs. Groups of C57BL/6 mice (n = 6) were treated with anti-
CD4 antibodies (GK1.5, 200 μg/mouse, i.p. injection) 3 days before each immunization (44) and then immunized twice with gp120-pulsed (100 
μg/ml), Ad-transfected DCs matured with LPS at a weekly interval, followed by in vivo stimulation with poly(I:C) (i.p., 50 μg/mouse) daily for 
3 consecutive days. Splenocytes pooled from immunized mice were subjected to ICS (A), IFN-γ ELISPOT (B), and cytolytic assays against 
gp120-pulsed syngeneic TC1 cells (36) (C). HIV gp120–specific IgG antibody titers from pooled sera were analyzed by ELISA (D). Data from  
1 of 2 repeated experiments are presented. *P < 0.05, Ad-siGFP-BM-DCs versus Ad-siA20-BM-DCs.
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of Medicine and the University of Southern California according to insti-
tutional guidelines. This study was approved by the Institutional Animal 
Care and Use Committees of Baylor College of Medicine and the Univer-
sity of Southern California.

Construction and production of recombinant adenoviral vectors. An E1- and E3-
deleted Ad-Easy system (Quantum Biotechnologies Inc.) was used to con-
struct and generate replication-defective adenoviruses. Synthetic mouse 
A20 small hairpin RNA oligo duplexes (5′-GATCCCCCAAAGCACTTATT-
GACAGATTCAAGAGATCTGTCAATAAGTGCTTTGTTTTTGGAAA) 
with the cloning sites of SpeI and ClaI or control siGFP duplexes were 
first cloned into a pSuper vector (64). The H1 RNA polymerase promoter-
siA20 or siGFP DNA fragments were generated by PCR and cloned into 
the Pac I–cut Ad-Easy shuttle vector (65). The recombinant replication-
deficient Ad-siA20 and Ad-siGFP viruses were then generated according 
to the manufacturer’s instructions and confirmed by DNA sequencing. 
Recombinant adenoviruses were produced and titrated in 293 cells using 
Adeno-X Rapid Titer Kits (BD).

qRT-PCR assays. The relative expression of mouse A20 was evaluated by 
quantitative real-time RT-PCR, as described previously (64). Pre-developed 
primer/probe sets for mouse A20 and 18S ribosomal control (VIC) were 
purchased from Applied Biosystems (primers for A20, 5′-TTTGCTAC-
GACACTCGGAAC-3′ and 5′-TTCTGAGGATGTTGCTGAGG-3′, and the 
hybridization probes, 5′-CACCTGCAGCCCGAAGTGGA-3′). The relative 
expression of RA-producing enzymes was evaluated by qRT-PCR as well, 
and the primers (PPM04366A, PPM04370A, PPM04391A, PPM28943A, 
and PPM31491A) were from SuperArray.

Transfection and immunization of BM-DCs. Mouse BM-DCs were gener-
ated by culturing with GM-CSF and IL-4 (64) and were transfected with 
Ad-siA20 or Ad-siGFP at an MOI of 500 IFU, which routinely yielded a 
transfection efficiency of about 70% of BM-DCs. The transfected DCs were 
pulsed with recombinant soluble HIV gp120 proteins (SF162), which were 
produced and purified from CHO cells and provided by the NIH AIDS 
Research and Reference Program and Chiron Corp., for 6 hours, followed 
by ex vivo maturation with LPS (100 ng/ml, Sigma-Aldrich). The DCs 
were then injected into C57BL/6 or BALB/c mice (The Jackson Labora-
tory) via footpad. Some of the immunized mice were treated with LPS (30 
μg/mouse) or poly(I:C) (50 μg/mouse) intraperitoneally 3 times on days 1, 
2, and 3 after DC immunization.

i.r. immunization.  Mice were immunized twice with 10 μg recombinant HIV 
gp120 in 100 μl endotoxin-free PBS emulsified 1:1 with 10 μg cholera toxin 
(List Biological Laboratories). For i.r. immunization, mice were sedated with 
ketamine hydrochloride (10 mg/kg intramuscularly [i.m.]) and placed in a 
biosafety cabinet in ventral recumbency with hindquarters elevated. The tail 
was elevated dorsally, and a 3-cc slip-tip syringe was atraumatically inserted 
into the rectum. The tail was lowered to assure complete delivery.

ELISPOT. ELISPOT assays of isolated CD8+ and CD4+ T cells and spleno-
cytes were performed as described in our previous studies (36, 64). DCs pulsed 
with HIV gp120 or an irrelevant protein (ovalbumin; Sigma-Aldrich) were 
used for T cell stimulation. T cells were isolated from splenocytes by using 
MACS CD4 (L3T4) or MACS CD8 (Ly-2) MicroBeads (Miltenyi Biotec).

CTL assays. In vitro CTL activity was assessed by a standard 4-hour 51Cr 
release assay against labeled target cells as previously described (36). Briefly,  
splenic T cells obtained from immunized mice were restimulated in vitro 
with HIV gp120–pulsed (20 μg/ml) syngeneic irradiated splenocytes for  
5 days. The effector cells were then mixed at various ratios with 51Cr-
labeled syngeneic target cells that were loaded with HIV gp120 antigens for  
4 hours. Spontaneous release of 51Cr was determined by incubating the tar-
get cells with medium alone, and maximum release was determined by add-
ing Triton X-100 to a final concentration of 5%. The percentage of specific 
lysis was calculated as follows: 100 × ([experimental release – spontaneous 

release]/[maximum release – spontaneous release]). Each experiment was 
performed twice using triplicate samples.

Flow cytometric analysis. For ICS, splenocytes or lymphocytes were har-
vested from draining or mesenteric LNs or spleens of immunized mice and 
cultured with gp120-loaded BM-DCs for 8 hours at 37°C. For the final 
6 hours of culture, GolgiPlug (BD Biosciences —Pharmingen) was added 
to the supernatant. After surface staining with anti-CD8 or -CD4, cells 
were permeabilized and stained for intracellular cytokines, as previously 
described (36). For cell surface staining, cells were incubated with antibod-
ies conjugated with FITC, PE, or allophycocyanin (APC) in PBS contain-
ing 0.1% NaN3 and 2% FCS. mAbs specific for mouse CD8 (clone 53-6.7), 
CD11c (HL3), CD40 (3/23), CD80 (16-10A1), CD86 (GL1), CCR9, CCR7, 
α4β7, MHC-II, and matched isotype controls were purchased from BD Bio-
sciences — Pharmingen or eBioscience. Stained cells were analyzed on a 
FACSAria II (BD) flow cytometer and FlowJo software (TreeStar Inc.).

Antibody and cytokine ELISA assays. To determine gp120-specific serum 
IgG and mucosal sIgA, sera were collected from mice and vaginal lavage 
was obtained by rinsing the vaginal cavity with PBS. Supernatants of lavage 
and sera were then used for ELISA assays, as described previously (36, 66). 
The results are expressed as reciprocal endpoint titers, determined from 
a scatter plot with OD values on the y axis and dilution-1 on the x axis, 
for which the x-axis scale was logarithmic. After the data were plotted, a 
logarithmic curve fit was applied to each individual dilution series, and 
the point where the curve fit intersects the positive-negative cut-off value 
was determined. The cutoff value was calculated for each antibody isotype 
as the mean (+3 SD) of all dilutions from control mouse sera. All samples 
were tested in triplicate with repeated assays (36). To detect cytokine pro-
duction in BM-DCs and T cells, the culture supernatants were harvested 
and detection performed with commercial cytokine kits (BD).

In vitro T cell proliferation assays. T cells were purified from wild-type mice 
or OT-I or OT-II transgenic mice (The Jackson Laboratory) using the MACS 
CD8+ or CD4+ T cell isolation kit (Miltenyi Biotec). For antigenic stimulation 
of TCR transgenic OT-I or OT-II cells, 5 × 104 purified T cells and 5 × 103 Ad-
transfected BM-DCs pulsed with H2-Kb–restricted OT-I (SIINFEKL) or OT-II 
(ISQAVHAAHAEINEAGR) peptides (64) were placed in each well of a round-
bottom 96-well microtiter plate in triplicate in 200 μl RPMI 1640 medium 
supplemented with 10% FCS, 4 mM l-glutamine, 1 mM sodium pyruvate, 100 
U/ml penicillin and streptomycin, 10 mM HEPES, and 5 μM 2-ME. After 3–6 
days of coculture, the cells in the cocultures were subjected to flow cytometric 
assays. In some experiments, RA (Sigma-Aldrich) or LE135 (Tocris Bioscience) 
was added into the cocultures at a final concentration of 100 nM or 1 μM, 
respectively. To assess T cell proliferation and cytokine production, CD11c+ 
BM-DCs were depleted by using MACS columns, activated T cells were seeded 
into plates in the presence of anti-CD3 (2.5 μg/ml) for 16 hours, and culture 
media were then collected for ELISA analysis of the indicated cytokines (BD 
Biosciences — Pharmingen). T cell proliferation was assessed by adding 1 μCi 
[3H]TdR per well for the last 8 hours of culture and measured using a Micro-
Beta scintillation counter (TopCount NXT, Packard). Triplicate determina-
tions were performed and are representative of repeated experiments.

Adoptive transfer assay. The isolated OT-II cells from OT-II transgenic mice 
were cocultured with OT-II peptide–pulsed DCs for 5 days with a DC/T 
ratio of 1:5. The cocultured OT-II cells (5 × 106) were harvested and labeled 
with 25 μM CFSE (Molecular Probes, Invitrogen) and transferred into naive 
C57BL/6 mice by retro-orbital injection. Sixteen hours after the adoptive 
transfer, migration of the labeled T cells to the mesenteric LNs, draining 
LNs, or spleen in the recipient mice was analyzed by flow cytometric assay.

In vitro and in vivo migration assay. In vitro migration assay was performed 
in Transwell plates (Costar) of 6.5-mm diameter with 5-μm pore filters 
separating the upper and lower compartments of the Transwells. A total of 
500,000 cells in 100 μl assay medium (0.5% BSA/RPMI) was added to the 
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upper compartment, and 600 μl assay medium with or without chemokines 
or culture medium of Ad-siA20– or Ad-siGFP–transfected BM-DCs was 
added to the lower compartment in triplicate. After 3 hours incubation, the 
cells that migrated to the lower compartments were measured. For in vivo 
migration assays, Ad-transfected BM-DCs were labeled with 25 μM CFSE 
(Molecular Probes, Invitrogen) for 15 minutes at 37°C, cultured overnight, 
and then injected into mice via footpads at 4 × 106 BM-DCs per mouse. At 
different time points, mice were sacrificed and cell suspensions generated 
from draining and mesenteric LNs were subjected to flow cytometry.

Statistics. We used the 2-tailed Student’s t test and 95% confidence limits 
to assess results for statistical significance, defined as P < 0.05. Results are 
typically presented as mean ± SD.
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