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The expression of MHC class II (MHC-II) on the surface of
antigen-presenting cells, such as dendritic cells (DCs), is
tightly regulated during cellular activation. Many cells, includ-
ing DCs, are activated following stimulation of innate Toll-like
receptors (TLRs) by products of microorganisms. In the rest-
ing (immature) state, MHC-II is ubiquitinated in immature
DCs and is rapidly degraded; however, after activation of these
cells with MyD88-dependent TLR ligands, MHC-II ubiquitina-
tion is blocked, and MHC-II survival is prolonged. We now
show that DC activation using MyD88-dependent TLR ligands,
MyD88-independent TLR ligands, and even infection with the
intracellular parasite Toxoplasma gondii leads to identical
changes in MHC-II expression, ubiquitination, and surface
stability, revealing a conserved role for enhanced MHC-II sta-
bility after DC activation by different stimuli.

Dendritic cells (DCs)3 are antigen-presenting cells that play
a vital role in the immune system. A major function of DCs is
to capture, process, and present antigens to T cells (1). To
perform this task, DCs possess MHC class II (MHC-II) pro-
teins onto which processed antigens are loaded (2). The pep-
tide-MHC-II (pMHC-II) complexes are subsequently trans-
ported to the cell surface, where they are presented to CD4�

T cells. In the resting (immature) state, DCs are relatively
poor activators of T cells; however, T cell-stimulating activity
dramatically improves when DCs receive a maturation signal.
Upon receipt of such a signal, DCs go through profound
changes, including increased surface expression of molecules
important for T cell activation, such as pMHC-II and the co-
stimulatory molecules CD40 and CD86 (1). Chemokine re-
ceptor expression pattern is also modified upon DC activa-
tion, resulting in efficient recruitment of DCs to secondary
lymphoid tissues, where they encounter T cells and initiate
appropriate immune responses.

Toll-like receptors (TLRs) are expressed on antigen-pre-
senting cells, and these TLRs trigger DC activation after they
bind to pathogen-associated molecular patterns present on
microorganisms (3). There are 13 known TLRs found in
mammals, and they can be found on the plasma membrane as
well as in intracellular compartments. Pathogen-associated
molecular patterns are typically conserved structures found in
microorganisms, and when TLRs bind a pathogen-associated
molecular pattern, a signaling cascade is initiated that leads to
up-regulation of molecules and cytokines that will fight and
eliminate the encountered microorganisms.
The ligands that bind TLRs vary and include cell wall com-

ponents of Gram-negative bacterial LPS for TLR4 and Gram-
positive bacterial peptidoglycan (PGN) for TLR2, single-
stranded RNA for TLR7/8, double-stranded RNA (or
poly(I:C)) for TLR3, and unmethylated bacterial CpG DNA
for TLR9 (3). The immune response following TLR activation
also varies depending on the nature of the ligand and results
in a myriad of different immunological consequences depend-
ing on the particular TLR stimulated.
All TLR family members signal using adaptor molecules

upon ligand binding. Four cytosolic adaptor molecules are
thought to play a crucial role in the specificity of the individ-
ual TLR-mediated signaling pathway: MyD88, MAL (MyD88
adaptor-like), TRIF (Toll/IL-1 receptor domain-containing
adaptor-inducing IFN-beta), and TRAM (TRIF-related adap-
tor molecule) (4). The signaling pathways activated by TLRs
can be broadly classified as MyD88-dependent and MyD88-
independent (3, 4). MyD88 is recruited and utilized by all of
the TLRs except TLR3, which utilizes TRIF. Curiously, TLR4
can also signal via TRIF, increasing the diversity of responses
from antigen-presenting cells stimulated with bacterial LPS.
MHC-II is known to be ubiquitinated in immature DCs (5,

6), and one of the many consequences of DC activation with
LPS is that expression of the MHC-II E3 ubiquitin ligase
MARCH-I is terminated and MHC-II ubiquitination abol-
ished (7, 8). We have recently demonstrated that one result of
impaired MHC-II ubiquitination in DCs is that the MHC-II
half-life is prolonged (23); however, it remains to be deter-
mined whether activation of DCs with different TLR ligands,
or even non-TLR ligands, leads to similar changes in MHC-II
stability.
In this study, we activated monocyte-derived human DCs

with ligands targeting different TLRs to investigate if there is
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a difference in MHC-II behavior depending on the signaling
pathway utilized. We used LPS (TLR4), PGN (TLR2), and
poly(I:C) (TLR3) as TLR ligands. We also infected DCs with
the intracellular parasite Toxoplasma gondii, a pathogen that
is known to stimulate DCs but whose mechanism of action on
human DCs remains unknown. By assaying for up-regulation
of MHC-II and CD86 on the cell surface, survival of MHC-II
on the surface, and ubiquitination of pMHC-II, we found that
regardless of the TLRs activated (both MyD88-dependent and
MyD88-independent), the maturation of DCs followed the
same pattern with up-regulation of pMHC-II and CD86 on
the cell surface, cessation of MHC-II ubiquitination, and pro-
longed survival of plasma membrane MHC-II. These data
strongly suggest that stabilization of MHC-II appears to be a
highly conserved feature common to all forms of DC
activation.

EXPERIMENTAL PROCEDURES

Cells and Antibodies—Human DCs were generated from
elutriated human monocytes obtained from the National In-
stitutes of Health Blood Bank as described previously (9).
Briefly, monocytes were cultured in RPMI 1640 medium sup-
plemented with 10% heat-inactivated FBS, 50 ng/ml human
GM-CSF (PeproTech, Rocky Hill, NJ), 35 ng/ml human IL-4
(PeproTech), 2 mM L-glutamine, 50 �g/ml gentamycin, 1 mM

sodium pyruvate, 55 �M �-mercaptoethanol, and nonessential
amino acids (Sigma). Half of the medium was changed every 2
days, adding fresh medium containing twice the concentra-
tion of the cytokines mentioned above. After 6 days in culture,
the cells were activated using 1 �g/ml LPS (Sigma), 10 �g/ml
PGN (Sigma), or 5 �g/ml poly(I:C) (Sigma). DCs were incu-
bated with irradiated T. gondii overnight at a multiplicity of
infection of 1:10. Stimulated DCs were analyzed 24 h after the
addition of each stimulus.
Anti-human pMHC-II mAb L243, anti-CD86 mAb, mouse

IgG2a, and mouse IgG1 antibodies were from BD Biosciences.
Biotinylated anti-ubiquitin mAb P4D1 was from Covance
(Denver, PA). Anti-human MHC-II �-chain mAb XD5.A11
has been described previously (10). Alexa Fluor-conjugated
secondary antibodies were fromMolecular Probes (Eugene,
OR), and HRP-conjugated reagents were from Southern Bio-
tech (Birmingham, AL). Transgenic T. gondii tachyzoites ex-
pressing YFP or RFP (kindly provided by Boris Striepen (Uni-
versity of Georgia) and Michael Grigg (NIAID), respectively)
were maintained by serial passage on human foreskin fibro-
blasts cultured at 37 °C in DMEM (Invitrogen) supplemented
with 10% heat-inactivated FBS. Parasites were harvested from
80% lysed fibroblast monolayers, and non-replication
tachyzoites were obtained by irradiation using 15,000 rads (JL
Shepherd Mark I cesium irradiator).
FACS Staining—DCs cultured overnight in medium alone

or in the presence of different stimuli were harvested, washed
once with FACS buffer (Hanks’ balanced salt solution (HBSS)
containing 2% FCS), and incubated with primary mAb L243
or anti-CD86 mAb for 20 min on ice. The cells were washed
twice with FACS buffer before being incubated with Alexa
488-labeled goat anti-mouse secondary antibody for 20 min
on ice. The cells were subsequently washed twice with FACS

buffer and finally fixed in HBSS containing 1% paraformalde-
hyde. The cells were analyzed in a FACSCalibur flow cytome-
ter using mouse IgG2a as a negative control for mAb L243
and mouse IgG1 as a control for anti-CD86 mAb.
Immunoprecipitation and Immunoblotting—DCs cultured

overnight in medium alone or in the presence of different
stimuli were harvested and washed once with HBSS. The cells
were lysed in 10 mM Tris and 150 mM NaCl (pH 7.4) contain-
ing 1% Triton X-100, protease inhibitors, and 25 mM N-ethyl-
maleimide to inhibit deubiquitination activity. pMHC-II com-
plexes were isolated by immunoprecipitation using mAb L243
immobilized on protein A-Sepharose beads (Sigma) and ana-
lyzed by immunoblotting. Immunoblots were probed for
ubiquitinated proteins using biotinylated anti-ubiquitin mAb
P4D1 and HRP-streptavidin and probed for total MHC-II
�-chain present in each immunoprecipitate using mAb
XD5.A11 as described previously (11).
Surface MHC-II Survival—Plasma membrane proteins of

immature and mature DCs were surface-biotinylated by incu-
bating �10 � 106 cells/ml using the membrane-impermeable
biotinylation reagent sulfo-NHS-biotin (1 mg/ml; Pierce) in a
buffer of HBSS for 30 min on ice according to the manufac-
turers instructions. After biotinylation, cells were extensively
washed with ice-cold HBSS, resuspended in complete me-
dium, and incubated for various times on ice or at 37 °C. Cells
were then harvested and lysed in Triton X-100 lysis buffer,
and surface proteins were isolated using streptavidin-agarose
beads as described previously (9). Proteins adsorbed to the
streptavidin-agarose beads were analyzed by immunoblotting
for the presence of surface MHC-II using mAb XD5.A11. The
bands were revealed with Western Lightning Plus chemilumi-
nescence reagent (PerkinElmer Life Sciences). The relative
amount of MHC-II present in each sample was determined by
quantitative densitometry using a Molecular Dynamics densi-
tometer and was expressed as a percentage of the amount of
MHC-II isolated after culture at 37 °C compared with the
amount of MHC-II isolated from the biotinylated cell popula-
tion after culture on ice.
RNA Extraction and Quantitative Real-time PCR—RNA

extractions were carried out with the RNeasy minikit (Qiagen,
Valencia, CA) according to the manufacturer’s instructions.
RNA was reverse-transcribed into cDNA using a standard
procedure and reagents from Promega. After initial template
melting, PCR was performed using 30 cycles at 95 °C for 45 s,
65 °C for 45 s, and 72 °C for 60 s with a 2-min product exten-
sion time at 72 °C. The human MARCH-I forward primer
sequence was caggagccagtcaaggttgt, and the reverse primer
sequence was gaggggtttgagcttggtct. Gel images were acquired
using an AlphaImager HP system (Alpha Innotech Corp., San
Leandro, CA) and analyzed using Multi Gauge V3.0 (Fujifilm,
Cypress, CA). Expression of GAPDH was monitored as a
loading control. Serial dilutions of each template were used to
avoid saturating conditions. Real-time PCR was performed
using an ABI Prism 7900HT sequence detection system and a
QuantiTect SYBR Green PCR kit (Qiagen) according to the
manufacturer’s instructions. Real-time PCR primers for
MARCH-I were as described above, and the primer set for
GAPDH was obtained from Qiagen.

DC Activation Promotes MHC Class II Survival

41750 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 53 • DECEMBER 31, 2010



RESULTS AND DISCUSSION

Stimulation of Human DCs with Different TLR Ligands Pro-
motes Surface pMHC-II and CD86 Expression—Activation of
DCs results in their transformation to efficient antigen-pre-
senting cells, and increases in expression of both signal 1
(pMHC-II complexes) and signal 2 (co-stimulatory molecules,
such as CD40 and CD86) are typically used as markers of DC
activation. Stimulation of DCs with either LPS (TLR4) or CpG
(TLR9) activates DCs and terminates ubiquitination of
MHC-II (5–8). To investigate how MHC-II ubiquitination is
regulated during DC activation and whether it is solely regu-
lated by MyD88-dependent TLR signaling, we stimulated hu-
man DCs with MyD88-dependent (TLR2 and TLR4) and
MyD88-independent (TLR3) ligands for 24 h. Stimulation of
TLR2 (PGN), TLR3 (poly(I:C)), and TLR4 (LPS) resulted in a
robust increase in expression of both pMHC-II and CD86 on
the DC surface that was similar under all conditions tested
(Fig. 1).
To rule out the possibility that the different DC stimuli

used in this study were contaminated with the potent DC ac-
tivator endotoxin/LPS, wild-type or LPS-resistant immature
mouse DCs were incubated with PGN, poly(I:C), or LPS for
24 h, and DC activation was assessed by CD86 up-regulation.
PGN and poly(I:C) activated both wild-type (C3H/HeN) and
LPS-resistant (C3H/HeJ) immature DCs, whereas LPS acti-
vated only wild-type DCs but not LPS-resistant DCs (supple-
mental Fig. 1). These data demonstrate that the preparations
of PGN and poly(I:C) used in this study were not contami-
nated with LPS and show that DC activation by TLR2, TLR3,
and TLR4 results in similar profiles of MHC-II expression on
DCs.
Ubiquitination of MHC-II Is Terminated upon DC

Activation—MHC-II is oligoubiquitinated in immature DCs
(5, 6, 12), and activation of these cells with the TLR4 ligand
LPS prevents MHC-II ubiquitination at lysine 225 in the
MHC-II �-chain (5, 6). Immunoprecipitation of pMHC-II
from immature human DCs followed by anti-ubiquitin immu-
noblotting revealed a ladder of up to five 7-kDa ubiquitin
chains on MHC-II (Fig. 2). Activation of human DCs by stim-
ulation of TLR4 with LPS, TLR2 with PGN, or TLR3 with
poly(I:C) prevented MHC-II ubiquitination despite the fact
that these triggers actually augmented the amount of MHC-II
present in each immunoprecipitate. These data demonstrate
that regardless of the stimulus, DC activation leads to the ter-
mination of MHC-II ubiquitination.
Expression of MARCH-I Is Terminated upon DCActivation—

The E3 ligase MARCH-I has been found to be the major E3
ligase responsible for the ubiquitination MHC-II in B cells
and DCs (12), and MARCH-I mRNA and protein expression
has been reported to be down-regulated upon DC maturation
with LPS (7, 8). Unfortunately, we were unable to visualize
MARCH-I protein by either immunofluorescence microscopy
or immunoblot analysis, most likely due to the very low ex-
pression of this protein in DCs. Therefore, to determine
whether MARCH-I expression is terminated by the same sig-
nals that lead to the cessation of MHC-II ubiquitination, we
performed RT-PCR analysis of resting and stimulated human

DCs to monitor MARCH-I mRNA expression. Using primers
specifically targeting MARCH-I and the ubiquitously ex-
pressed GAPDH gene, we found that MARCH-I mRNA ex-
pression was markedly down-regulated when DCs were stim-
ulated with LPS (TLR4), PGN (TLR2), or poly(I:C) (TLR3)
(Fig. 3). Quantitative real-time PCR confirmed that activation
with each of these ligands profoundly reduced MARCH-I ex-
pression. Together with previous work showing that stimula-
tion of TLR9 on mouse DCs with CpG inhibits MHC-II ubiq-
uitination (8), these data demonstrate that stimulation of
distinct TLRs leads to a common pathway of reduced
MARCH-I expression and blocked MHC-II ubiquitination in
DCs.
The Half-life of Surface MHC-II Is Prolonged in Mature

DCs—It is well established that activation of DCs prolongs
the half-life of MHC-II molecules, thereby enhancing the
probability that activated DCs can present stimulatory
pMHC-II complexes to CD4 T cells (13). It has also been
shown that ubiquitination by MARCH-I dramatically reduces
MHC-II expression in B cells (12) and promotes lysosomal

FIGURE 1. DCs are activated by different TLR ligands. Human DCs were
left in medium alone (mock) or incubated for 24 h in the presence of LPS,
PGN, or poly(I:C). The cells were analyzed by FACS analysis for expression of
surface pMHC-II complexes using the conformation-sensitive mAb L243
(upper panel) and the co-stimulatory molecule CD86 (lower panel). The stain-
ing of an isotype control mAb is shown in light blue. Each experiment was
performed at least three times, and representative histograms are shown.
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proteolysis of MHC-II (5), highlighting the importance of
ubiquitination in MHC-II expression and/or stability. To in-
vestigate the fate of MHC-II in DCs activated with different
stimuli, we examined the stability of surface MHC-II in im-
mature DCs and DCs stimulated with LPS (TLR4), PGN
(TLR2), and poly(I:C) (TLR3). Surface proteins on each DC
population were biotinylated on ice, and the cells were then
cultured at 37 °C or kept on ice. After 2 h, the cells were lysed,
surface proteins were isolated using avidin-agarose beads, and
the presence of biotinylated (surface) MHC-II in the lysate
was determined by immunoblot analysis. More than 40% of
the total pool of surface MHC-II lost immunoreactivity when
immature DCs were cultured at 37 °C for 2 h; however,
MHC-II stability was dramatically enhanced when the cells
were pre-activated with LPS, PGN, or poly(I:C) (Fig. 4). These
results demonstrate that surface MHC-II is stabilized against
degradation regardless of whether DCs are activated by trig-
gering TLR2, TLR3, or TLR4.
Infection with T. gondii Activates Human DCs and Promotes

MHC-II Stability—We attempted to identify a physiologically
relevant pathogen that activates DCs to determine whether
pathogens affect MHC-II biology in a manner indistinguish-
able from purified TLR ligands. Furthermore, to test our hy-
pothesis that DC activation promotes an “MHC-II stability
cascade” that is ligand-independent, we wanted to specifically
use a pathogen whose mechanism of DC activation remains
unknown. T. gondii is an intracellular parasite that activates

FIGURE 4. Survival of cell-surface MHC-II is prolonged following activa-
tion of DC with different TLR ligands. Immature (mock) or LPS-, PGN-, or
poly(I:C)-treated human DCs were surface-biotinylated on ice and returned
to culture in complete medium at 37 °C. The amount of biotinylated MHC-II
isolated after incubation for 2 h from each DC population was determined
by immunoblotting and is expressed as a percentage of the total amount of
biotinylated MHC-II present in aliquots of cells that remained on ice after
biotinylation. The data shown are the mean � S.D. obtained from three
independent experiments. *, p � 0.05.

FIGURE 2. Ubiquitination is down-regulated upon DC activation. Human
DCs were left in medium alone (mock) or incubated in the presence of LPS,
poly(I:C), or PGN. After 24 h, the cells were lysed in Triton X-100, and ali-
quots of the lysate were subjected to immunoprecipitation (IP) using anti-
pMHC-II mAb L243. The immunoprecipitates were analyzed by immuno-
blotting with antibodies recognizing ubiquitin (upper blot) or total MHC-II
�-chain (lower blot). The ubiquitination of MHC-II in each condition was
quantitated by densitometry and is expressed relative to that in the mock-
treated sample. Each value was normalized for the total amount of MHC-II
�-chain present in each immunoprecipitate. The data shown are the
mean � S.D. obtained from three independent experiments. *, p � 0.05.

FIGURE 3. MARCH-I expression is reduced upon DC activation. A, human
DCs were left in medium alone (mock) or incubated for 24 h in the presence
of LPS, PGN, or poly(I:C). cDNA was synthesized from each culture condition
and used as a template for RT-PCR. Specific primers were used to amplify
human MARCH-I and GAPDH mRNAs. B, the relative amount of MARCH-I
mRNA present in each condition was determined by real-time PCR. The data
were normalized based on the amount of GAPDH mRNA present in the
same cDNA sample and is expressed as a percentage of the amount of
MARCH-I mRNA present in the mock (immature) DC sample. The data
shown are the mean � S.D. obtained from three independent experiments.
*, p � 0.05.
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FIGURE 5. Infection with T. gondii stimulates DC activation, prevents MHC-II ubiquitination, and promotes surface MHC-II survival. Human DCs were
left in medium alone (mock) or incubated for 24 h in the presence of LPS or YFP- or RFP-tagged T. gondii. A, DCs were analyzed by FACS analysis for ex-
pression of surface pMHC-II complexes using the conformation-sensitive mAb L243 and the co-stimulatory molecule CD86. The staining of an iso-
type control mAb is shown in solid light blue. FACS analysis revealed that �85% of the cells in the T. gondii-infected population were YFP-tagged
T. gondii-positive. B, cells were fixed, permeabilized, and stained with anti-pMHC-II mAb L243 (green). The presence of RFP-tagged T. gondii (red) can
be seen in vacuoles in infected cells. C, cDNA was prepared from mock-, LPS-, or T. gondii-treated DCs, and expression of MARCH-I and GAPDH
mRNAs present in each sample was determined by RT-PCR. D, DCs obtained after incubation for 24 h in medium alone (mock) or with T. gondii were
lysed in Triton X-100 and subjected to immunoprecipitation (IP) using anti-pMHC-II mAb L243. The immunoprecipitates were analyzed by immuno-
blotting with antibodies recognizing ubiquitin (upper blot) or total MHC-II �-chain (lower blot). The ubiquitination of MHC-II in each condition was
quantitated by densitometry and is expressed relative to that in the mock-treated sample. Each value was normalized for the total amount of MHC-II
�-chain present in each immunoprecipitate. The data shown are the mean � S.D. obtained from three independent experiments. *, p � 0.05. E, im-
mature (mock) or LPS- or T. gondii-treated human DCs were surface-biotinylated on ice and returned to culture in complete medium at 37 °C. The
amount of biotinylated MHC-II isolated after incubation for 4 h from each DC population was determined by immunoblotting and is expressed as a
percentage of the total amount of biotinylated pMHC-II present in aliquots of cells that remained on ice after biotinylation. The data shown are the
mean � S.D. obtained from three independent experiments. *, p � 0.05.
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both human and mouse DCs (14–17), and although this
pathogen is known to stimulate TLR11 in mice (18), the
mechanism by which T. gondii activates human DCs remains
unknown. Incubation of human DCs with T. gondii effectively
stimulated pMHC-II and CD86 expression in a manner in-
distinguishable from that of LPS (Fig. 5A). DC activation by
T. gondii is not a consequence of LPS contamination, as
T. gondii preparations do not stimulate TLR11 mutant DCs
that remain responsive to LPS (18). In the process of parasite
invasion, T. gondii establishes a non-fusogenic parasitopho-
rous vacuole that avoids fusion with host cell endocytic and
exocytic vesicular trafficking pathways (19–21). Nevertheless,
T. gondii-induced DC maturation caused redistribution of
MHC-II from the intracellular compartments out to the cell
surface (Fig. 5B), similar to that induced by the TLR4 ligand
LPS as described previously (22). Furthermore, like LPS-
treated DCs, T. gondii-infected DCs did not express
MARCH-I (Fig. 5C), did not possess ubiquitinated MHC-II
(Fig. 5D), and showed a remarkable increase in surface
MHC-II stability after incubation at 37 °C (Fig. 5E). Although
the underlying molecular mechanism remains unclear, these
data demonstrate that infection of human DCs with T. gondii
leads to similar changes in MHC-II biology as those induced
by direct TLR signaling with purified ligands.
It is well established that activation by TLR ligands, such as

LPS, leads to increased MHC-II, CD40, and CD86 expression
on DCs and re-localization of MHC-II from intracellular anti-
gen-processing compartments to the cell surface (22), re-
duced expression of the E3 ubiquitin ligase MARCH-I (7, 8),
reduced MHC-II ubiquitination (5, 6), and prolonged stability
of surface-expressed pMHC-II complexes (13). In this study,
we investigated whether different stimuli lead to similar
changes in MHC-II biology in DCs. MyD88 is an important
adaptor protein that links the cytoplasmic Toll/IL-1 receptor
domain of different TLRs to intracellular signaling pathways
(4). We now show that stimulation of human DCs with either
MyD88-dependent or MyD88-independent TLRs or with a
pathogen that utilizes a yet unidentified mechanism of DC
activation (T. gondii) leads to essentially identical changes in
MHC-II expression, ubiquitination, and surface stability. Each
of these DC stimuli activates a wide variety of signaling path-
ways, and it remains a challenge for the future to determine
the common (or distinct) molecular signaling pathway(s) that
lead(s) to the MHC-II stabilization phenotype observed here.
Nevertheless, the common consequence of all of the ligands
used in this study is that regardless of the DC activation stim-
ulus, MHC-II expression is stabilized by activation-induced
changes in MARCH-I expression and MHC-II ubiquitination.
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