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Background: RNA interference (RNAi) is a useful tool to know the function of a gene in a cell under any kind of stress.
Results: RNAi-mediated knockdown of genes in dendritic cells identified unreported genes and pathways that regulate its
various functions duringMycobacterium tuberculosis infection.
Conclusion: The identified genes could be potential targets in drug and vaccine designing.
Significance: Understanding the role of host factors that regulate priming of immune responses is crucial to study host-
pathogen interactions.

With rising incidence of acquired drug resistance among life-
threatening pathogens, alternative approaches to improve therapy
andvaccinationhave takencenter stage.To this end, genome-wide
and pathway-specific siRNA libraries are being employed increas-
ingly to identify genes that regulate immune responses against a
numberofpathogens. In this studyusingcalciumandcysteinepro-
tease pathway-specific siRNA libraries, we identified genes that
play critical roles inmodulatingdiverse functions of dendritic cells
(DCs) during Mycobacterium tuberculosis infection. Knockdown
of many of these genes in the two pathways resulted in reduced
bacterial burden within DCs. These included genes that regulated
activation of transcription factors, ubiquitin-specific peptidases,
and genes that are involved in autophagy and neddylation. Knock-
down of certain genes increased the expression of IL-12p40 and
surface densities of costimulatory molecules in an antigen- and
receptor-specific manner. Increased IL-12p40 and costimulatory
molecules on DCs also promoted the development of Th1
responses from aTh2 inducing antigen. Furthermore,modulation
of autophagy and oxidative burst appeared to be one of the mech-
anisms by which these genes regulated survival ofM. tuberculosis
within DCs. Although some genes regulated specific responses,
others regulated multiple responses that included IL-12 produc-
tion, T cell priming, as well as intracellular survival ofM. tubercu-
losis. Furtherdissectionof themechanisms suchasneddylation, by
which these genes regulate immune responses, would improve our
understanding of host parameters that are modulated during
M. tuberculosis infection.

Tuberculosis poses an ever-increasing risk during one’s life-
time (1–4). The specificity breadth and intensity of immune
responses to infection by Mycobacterium tuberculosis is
dependent on pathogen derived molecular patterns and host
responses (5–7). Elucidation of factors involved in mediating
immune responses during different stages of infection, namely
latent/asymptomatic, active disease and during chemotherapy
remains a prerequisite for the effective control of infection both
in terms of vaccine development and drug discovery (8). Mul-
tiple sets of interactions between the host and the pathogen at
all stages of infection are regulated at various levels culminating
in differential phenotypic outcomes. Identification of genes
that positively and negatively regulate these interactions would
identify factors that shape effective responses (9–11).
Among the antigen presenting cells of the immune system,

dendritic cells (DCs)3 are the most potent and act as a bridge
between the innate and the acquired armof the immune system
(12). This is attributed largely to their ability to stimulate naïve
quiescent T cells, thereby initiating a primary immune re-
sponse. DC subsets colonize, and are recruited to specific tis-
sues immediately following an antigenic insult, where they ini-
tiate divergent immune responses. Depending upon the
activation status, DCs initiate either inflammatory or regula-
tory responses that determine whether a pathogen will be
cleared or retained, thus, grossly affecting the survival of the
host (13, 14). Althoughmacrophages are the preferred hosts for
mycobacteria, it is being increasingly recognized thatM. tuber-
culosis infects DCs as well and DCs are crucial to initiate pro-
tective immune responses affecting mycobacterial survival in
the host (15, 16). Therefore, regulation of DC function in the
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detailed investigation.Mycobacteria target a number of surface
receptors on DCs, e.g. the mannose receptor, CD11b (Mac-1),
CD11c and DEC-205, TLR2, TLR4, and TLR9 (8, 17, 18). Some
of these receptors are employed by macrophages as well.
Recently, RNAi has emerged as an important genomic tool to

carryout large-scale functional studies. The use of siRNA librar-
ies against a specific pathway is a powerful technique to study
the effect of that pathway on the function of a set of related
genes inside a cell (9–11). Two key pathways that are targeted
by M. tuberculosis in DCs (and also macrophages) are the cal-
cium pathway that affects the survival and proinflammatory
response generation from DCs (19, 20) and the cysteine prote-
ase pathway that largely effect antigen processing and presen-
tation to T cells, therebymodulating priming of T cells early on
in the infection process (21).Our ownwork has also highlighted
the role of calcium homeostasis in regulating the survival of
M. tuberculosis both in vitro and in vivo (22).
Therefore, in the light of the above, in this study, we eluci-

dated the role of genes of these two pathways inmodulatingDC
functionwith respect toM. tuberculosis infection by employing
pathway-specific siRNA libraries. Our results identify a set of as
yet unreported genes that are targeted by M. tuberculosis in
modulating the activation and function of DCs with respect to
cytokine secretion and proinflammatory T cell responses, anti-
defense mechanisms such as autophagy, and reactive oxygen
species generation.

EXPERIMENTAL PROCEDURES

Animals—All experiments were conducted following ap-
proval from the institutional animal ethics committee. Female
BALB/cmice 4–6weeks of age that were kept in pathogen-free
environment were used.
Materials—Fluorescence-tagged antibodies against mouse

CD80, CD86, CD54, and CD40 were from BD Biosciences.
RecombinantmouseGM-CSFwas fromR&DSystems (Minne-
apolis,MN).Antibodies to Beclin-1, ATG5,�-actin, superoxide
dismutase 1 (SOD1), siRNAs against mouse genes, and Lumi-
nol kits for chemiluminescence detection were purchased from
Santa Cruz Biotechnology. Control siRNAs from Santa Cruz
Biotechnology (catalog no. sc-37007) was used as a nonspecific
control. Pathway-specific siRNA libraries for primary screen-
ing were fromDharmacon (Lafayette, CO). siRNAs for the sec-
ondary screen were procured from Santa Cruz Biotechnology.
ELISA kits were from eBioscience (San Diego, CA). Dichloro-
flourescin diacetate (DCFH-DA) and FITC-tagged Alexa Fluor
488 were obtained from Molecular Probes (Eugene, OR).
Recombinant M. tuberculosis antigens Rv2463 and Rv3416
were expressed and purified as described recently (23). TLR2
ligand Pam3Csk4 was purchased from Invivogen (San Diego,
CA). The following reagent was obtained through BEI
Resources (NIAID, National Institutes of Health; purified
lipoarabinomannan (LAM) from Mycobacterium tuberculosis,
strain H37Rv, NR-14848).
Generation of DCs—DCs were differentiated with GM-CSF as

described previously (23, 24). Briefly, bonemarrow from the tibias
and femurs of BALB/c mice were flushed out, and lymphocytes
and I-A� cells were depleted following magnet-assisted cell sort-
ing. Cells were cultured in RPMI 1640 medium containing 10%

FCS, 0.05 M 2-mercaptoethanol, 1 mM sodium pyruvate plus 15
ng/ml GM-CSF.
Transfection of DCs with siRNA and Stimulation—For

siRNA transfections, 4� 106/ml bonemarrow precursors were
transfected with 60 pmol of siRNA for 72 h using the Hiperfect
transfection reagent (Qiagen) in OPTIMEMmedium (Invitro-
gen). GM-CSF was added 5 h following transfection, and incu-
bation was continued for 72 h for DC differentiation. Knock-
down was verified by RT-PCR, following which, cells were
stimulated either with 1 �g/ml Pam3Csk4 or 5 �g/ml manno-
sylated lipoarabinomannan (manLAM) and/or either with 15
�g/ml Rv2463 or Rv3416 for 24 h. For some experiments,
siRNA-transfected DCs were infected with M. tuberculosis
H37Rv at 2.5MOI for indicated times. Cells were processed for
monitoring colony-forming units (cfu), reactive oxygen species
(ROS) measurement or Western blotting as described below.
Flow Cytometry—Cells were stained for the surface levels of

CD80, CD86, CD54, and CD40 using FITC-taggedmonoclonal
antibodies and analyzed by flow cytometry on FACS Calibur
(BD Biosciences) as described previously (23). The data were
plotted and analyzed using CellQuest Pro software.
T Cell Enrichment and Processing—Mice were immunized

intraperitoneally with chicken egg ovalbumin (50 �g/mouse)
for 7 days. Mice were sacrificed, and splenic T cells were
enriched by magnet-assisted cell sorting as described previ-
ously (25). Briefly, following RBC lysis of spleen homogenates,
adherent cells were removed by two rounds of panning over
plastic plates. Following this, cells were incubated with anti-
CD11c, anti-CD11b, anti-I-Ad, and anti-B220 microbeads to
remove contaminating DCs, macrophages, MHCII� cells, and
B lymphocytes, respectively. The purity of the enriched T cells
was 98%, as ascertained by surface staining with CD90. The
percentage of I-A� cellswas 0.05%.T cellswere coculturedwith
siRNA-transfected and ovalbumin-stimulated DCs for 48 h,
and cytokines were measured in culture supernatants.
Measurement of Cytokines—Cytokines in the culture super-

natants were measured by employing a sandwich ELISA as
described previously (23, 24). The samples were diluted to
obtain absorbance in the linear range of the standards.
Western Blotting for SignalingMolecules—At the end of incu-

bation, cells were chilled on ice, washed oncewith ice-cold PBS,
and lysed in buffer containing 10 mM HEPES (pH 7.9), 10 mM

KCL, 0.1 mM EDTA, 0.1 M EGTA, 0.5% Nonidet P-40, and 2
�g/ml each of aprotinin, leupeptin, and pepstatin. The suspen-
sionwas centrifuged at 13,000 rpm for 2min at 4 °C. The super-
natant was designated as the cytoplasmic extract. Twenty
micrograms of cytoplasmic extract was resolved on 10% SDS-
PAGE and subsequently transferred onto nitrocellulose mem-
brane (HybondCpure,AmershamBiosciences). The blotswere
then probed with antibodies to various molecules, followed by
HRP-labeled secondary antibodies. Furthermore, a parallel set
of samples was run separately on SDS-PAGE and probed for
�-actin as loading control. The blots were later developed by
chemiluminescence using the luminol reagent.
Measurement of Intracellular Reactive Oxygen Species—In-

tracellular ROS levels were measured by flow cytometry, as
described previously, using the redox-sensitive dye DCFH-DA
(23, 26). The nonfluorescent DCFH-DA readily diffuses into
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the cells where it is hydrolyzed to the polar derivative nonfluo-
rescent dichlorofluorescin, which is oxidized in the presence of
H2O2 to the highly fluorescent dichlorofluorescein. Thirtymin-
utes prior to the end of each incubation period, 1� 106 cells/ml
were incubated with 10 �M DCFH-DA in the dark. Cells were
thoroughly and quickly washed with pulse spin and immedi-
ately acquired for analyses in FACSCalibur (BD Biosciences).
The data were plotted and analyzed using CellQuest Pro
software.
Confocal Microscopy—2 � 106/ml siRNA-transfected DCs

were stimulatedwithmanLAMalongwith Rv2463 for 4 h. Cells
were fixedwith 2% paraformaldehyde, permeabilized with 0.1%
saponin, and incubated with antibodies against Beclin-1 or
ATG5 followed by anti-rabbit FITC-tagged Alexa Fluor 488.
Cells were again fixed with 4% paraformaldehyde. Confocal
imaging was performed with Nikon A1 laser scan confocal
microscope with 60� objective magnification, numerical aper-
ture 1.4, refractive index 1.5, Plan Apo optics equipped with an
argon laser, using excitation and emission wavelength of 488
and 525, respectively. Data were analyzed using the NIS Ele-
ments AR software. Expression levels were quantified as aver-
age of sum intensity of each fluorescent field.
Statistics—A two-tailed Student’s t test was carried out to

obtain p values. Values of p � 0.05 were considered as
significant.

RESULTS

Genes of Calcium Calmodulin and Cysteine Protease Path-
ways Modulate Survival of M. tuberculosis within DCs—First,
we employed pathway-specific libraries to identify genes that
regulated the survival ofM. tuberculosis inside DCs, in keeping
with the now accepted view that in addition to macrophages,
M. tuberculosis also targets DCs during primary infection (15).
Knockdown of a number of genes in either the calcium calmod-
ulin pathway (supplemental Fig. 1) or cysteine protease path-
way (supplemental Fig. 2) significantly modulated the survival
of M. tuberculosis in DCs. This included an increase as well a
decrease in the bacterial burden within DCs. This indicated
that the two pathways contain genes that play positive and neg-
ative roles in regulating the survival of mycobacteria within
DCs, although knockdown of very few genes in the cysteine
protease pathway significantly increased intracellular bacterial
loads. To proceed further, we chose to characterize the func-
tion of genes whose knockdown inhibited the survival of
M. tuberculosis inside DCs because understanding the mecha-
nisms by which these genes inhibited host-mediated responses
againstM. tuberculosis would identify strategies for either vac-
cine or drug development. These included calcium/calmodu-
lin-dependent protein kinase II � (Camkiia) that regulates acti-
vation of transcription factors NF-�B and NF-AT and the
activation of theMAPKpathway (27); proviral integration site 2
(Pim2) reported as an anti-apoptotic protein (28). It also
included a number of serine threonine kinases such as SNF-
related kinase (Snrk) and testis-specific serine kinase 1 (Stk22a),
which regulate chromatin remodeling. These also act as a novel
substrate for liver kinase B1 (Lkb1) and are involved in the sper-
matogenesis and hormone regulation in the testis (29). In addi-
tion, knockdown of Prkaa2 (protein kinase AMP-activated,

�2), which modulates the activation of K� channels and Ulk1
(unc51-like kinase 1)-mediated autophagy (30), also decreased
bacterial burden. As inhibiting these genes resulted in
enhanced killing of M. tuberculosis by DCs, this indicated that
M. tuberculosismodulates the activity and/or function of these
genes for its survival and regulation of immune responses from
DCs. Although the role of calcium in mediating the survival of
M. tuberculosis has been well studied, the role of these genes in
M. tuberculosis infection has not yet been documented.
Similarly, genes in the cysteine protease pathway, whose

knockdown resulted in reduced survival of M. tuberculosis
includedmembers of the ubiquitin-specific protease family, e.g.
Usp25 (ubiquitin-specific peptidase 25) and Usp9y (ubiquitin-
specific peptidase 9Y). Other genes that had a similar effect
were Uchl1 (ubiquitin carboxyl-terminal hydrolase L1), which
modulates free monomeric ubiquitin levels and has been iden-
tified as a novel gene for Parkinson disease (31), Lgmn (legu-
main), another cysteine endopeptidase that regulates apoptosis
(32), and Ctsh (cathepsin H), which plays a crucial role in proc-
essing and presentation of antigen peptides to T cells (33).
Interestingly, knockdown of SUMO/Senp8 (sentrin-specific

peptidase 8), which plays an important role in neddylation and
sumoylation (34) had a significant effect on the survival of
M. tuberculosis within DCs. A recent report indicated the role
of one such ubiquitin protease duringM. tuberculosis infection,
wherein some of the PE-polymorphic CG-proteins ofM. tuber-
culosiswere found to be resistant to these proteases (35). How-
ever, their roles in specifically regulating M. tuberculosis sur-
vival have not been reported.
To validate our results, we shortlisted some of the genes from

the above two pathways that significantly reduced the survival of
M. tuberculosis inside DCs and investigated their ability tomodu-
lateM. tuberculosis survival in DCs using siRNAs from a different
source. As shown in Fig. 1, knockdown of all of the 13 shortlisted
genes reduced the survival ofM. tuberculosis by�50%, and there-
fore, these 13 geneswere selected for subsequent experimentation
and characterization. Efficiency of knockdown of select genes was
ascertained by RT-PCR (supplemental Fig. 3).
DC Genes Differentially Regulate IL-12p40 Production by

TLR2 and DC-SIGNR1—We next carried out a detailed char-
acterization of the functional effects regulated by the validated
genes. First, we investigated the ability of these genes to influ-
ence the production of IL-12p40 from DCs. We had shown
recently that TLR2 induces higher IL-12p40 production in DCs
when comparedwithDC-SIGN (DC-specific ICAM-3 grabbing
non-integrin) R1 in the context ofM. tuberculosis infection. To
this end, we stimulated TLR2 with Pam3Csk4 and DC-SIGNR1
with manLAM as described previously (24). As shown in Fig. 2,
knockdown of many genes significantly up-regulated IL-12p40
expression over and above that obtained following TLR2
stimulation. Maximum effects with �2-fold increases were
observed upon knockdown of Camkiia, Usp25, Prkaa2, Uchl1,
and Senp8. Expectedly, and consistent with our earlier report,
DC-SIGNR1 stimulation did not result in any detectable induc-
tion of IL-12p40. However, following knockdown of either
Pim2 or Prkaa2 or Usp25 or Snrk or Usp9y or Stk22a, a signif-
icant induction of IL-12p40, albeit to different levels, was now
observed (Fig. 2). These results indicated that the genes that
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negatively regulated survival of M. tuberculosis also negatively
regulated IL-12p40 production, more significantly following
stimulation of DC-SIGNR1. Furthermore, some genes such as
Usp25 and Snrk mediated IL-12 increase from both receptors,
whereas others displayed a receptor specific effect, indicating
compartmentalization of functions.
Specific Genes Modulate M. tuberculosis Antigen-mediated

IL-12p40 Production—We recently reported the enrichment
and functional characterization of M. tuberculosis genes

expressed inside macrophages as a function of infection and
time. These geneswere named as day1 and day5 antigens, based
on their expression patterns at 24 and 120 h post-infection,
respectively (23). Characterization of these antigens revealed
their role in suppression of TLR2 andM. tuberculosismediated
IL-12p40 production, M. tuberculosis mediated expression of
surface T cell costimulatory and MHC molecules, surface
expression of cytokine receptors, generation of ROS and anti-
gen-specific T cell responses. Furthermore, overexpression of

FIGURE 1. Knockdown of select genes of the two pathways in DCs results in decreased survival of M. tuberculosis. DCs were transfected with siRNAs
against indicated genes belonging to either the calcium calmodulin pathway or cysteine protease pathway for 72 h, followed by infection with 2.5 MOI
M. tuberculosis H37Rv for 48 h. Cell lysates were plated onto 7H11 agar plates, and cfu were monitored after 2–3 weeks. Mock represents knockdown with a
control siRNA. Data represent mean � S.D. of three independent experiments. *, p � 0.012 for Mock versus Camkiia; **, p � 0.017 for MOCK versus Usp25; ***,
p � 0.006 for Mock versus Ctsh; and ****, p � 0.016 for Mock versus Snrk. TTN, titin.

FIGURE 2. Knockdown of specific genes results in enhanced IL-12p40 expression from TLR2 and DC-SIGNR1. DCs were transfected with siRNAs against
specific genes as in Fig. 1, followed by stimulation with either 1 �g/ml Pam3Csk4 (Pam) or 5 �g/ml manLAM for 24 h. Mock represents knockdown with a control
siRNA. IL-12p40 levels in culture supernatants were measured by ELISA. Bars represent mean � S.D. of three independent experiments. Upper panel, *, p � 0.012
for Mock versus Prkaa2; **, p � 0.006 for Mock versus Dcamkl1; ***, p � 0.013 for Mock versus Senp8; ****, p � 0.03 for Mock versus Usp9y. Lower panel, *, p � 0.016
for Mock versus Usp25; **, p � 0.01 for Mock versus Snrk; ***, p � 0.009 for Mock versus Stk22a.
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these day1 and day5 antigens also resulted in increased survival
ofM. tuberculosis insideDCs aswell asmacrophages. In light of
the above results, we therefore investigated the role of the host
genes identified in the present study in mediating the effects of
the day1 and day5 antigens in some of the above mentioned
responses. To this end, we knocked down genes in DCs fol-
lowed by stimulation with a day1 (Rv2463) or a day5 (Rv3416)
antigen along with costimulation of TLR2 and DC-SIGNR1.
Levels of IL-12p40 were scored in the supernatants. As shown
in Fig. 3, knockdown of genes such as Usp25, Senp8, and Snrk
significantly increased the levels of IL-12p40 expression follow-
ing stimulation of TLR2 and DC-SIGNR1 in the presence of
day1 and day5 antigens. In fact, the increase in the levels was
more significant with the day1 antigen when compared with
day5 antigen, thus indicating a role of these genes in modulat-
ing early responses. This also indicated an antigen specific
effect of these genes in mediating IL-12p40 production by
TLR2. In contrast, no significant up-regulation of IL-12p40was
observed following knockdown of Camkiia, Prkaa2, and
Stk22a. These results indicate a differential role for these genes
that is both antigen- and receptor-specific. Furthermore, the
fact that the increase was observed in the context of day1 anti-
gen stimulation also indicates that these genes play a negative
role in mediating early priming of Th1 responses.

Modulation of Costimulatory Molecule Expression by Host
Genes—A primary function of a DC is to initiate T cell
responses, during which the surface densities of costimulatory
molecules play a determinant role. We therefore investigated
the ability of three genes (based on their ability to significantly
modulate IL-12p40 responses) to modulate the surface densi-
ties of key costimulatory molecules on DCs. Our results indi-
cate that these genes differentially influenced the surface den-
sities of key costimulatory molecules. For example, as shown in
Table 1, knockdown of Snrk increased the expression of CD80
following stimulation with Rv2463 (day1 antigen) in the con-
text of TLR2 but not DC-SIGNR1. However, no significant
changes were observed with Rv3416 (day5 antigen) in the con-
text of either TLR2 or DC-SIGNR1. Similarly, knockdown of
Usp25 resulted in increased expression of CD80 and CD54 fol-
lowing stimulation with Rv3416 and DC-SIGNR1. Similar to
Usp25, knockdown of Senp8 showed a similar pattern with
increased expression of all the costimulatory molecules (CD80,
CD86, CD40) with maximum increase in the levels of CD54
following stimulation with Rv3416 and DC-SIGNR1.
Furthermore, the three genes showed an antigen- and recep-

tor-specific modulation of costimulatory molecules. Typically,
stimulation of DC-SIGNR1 in the context of Rv3416 a day5
antigen wasmore effective in increasing the expression of most

FIGURE 3. Day1 and day5 M. tuberculosis antigens differentially modulate IL-12p40 expression in pathway-specific gene-silenced DCs. Indicated
genes were knocked down in DCs followed by stimulation with either 15 �g/ml Rv2463 or Rv3416 for 24 h. Cells were later stimulated with either 1 �g/ml
Pam3Csk4 (Pam) or 5 �g/ml manLAM for 24 h. Culture supernatants were screened for the levels of IL-12p40. Mock represents knockdown with a control siRNA.
Data represent mean � S.D. of three independent experiments. Upper panel, *, p � 0.004 for Mock�Rv2463�Pam3Csk4 versus Camkiia�Rv2463�Pam3Csk4;
**, p � 0.01 for Mock�Rv2463�Pam3Csk4 versus Snrk�Rv2463�Pam3Csk4; ***, p � 0.017 for Mock�Rv3416�Pam3Csk4 versus Usp25�Rv3416�Pam3Csk4;
****, p � 0.1 for Mock�Rv3416�Pam3Csk4 versus Stk22a�Rv3416�Pam3Csk4. Lower panel, *, p � 0.16 for Mock�Rv2463�manLAM versus
Camkiia�Rv2463�manLAM; **, p � 0.009 for Mock�Rv2463�manLAM versus Senp8�Rv2463�manLAM; ***, p � 0.012 for MOCK�Rv3416�manLAM versus
Prkaa2�Rv3416�manLAM; ****, p � 0.004 for MOCK�Rv3416�manLAM versus Senp8�Rv3416�manLAM.
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costimulatory molecules following knockdown of different
genes when compared with similar stimulation of TLR2. This
indicated that early priming of T cells by the day1 antigen
(Rv2463) was regulated by these genes via modulation of IL-12

(as observed in Fig. 3); the late or secondary priming of T cells
by the day5 antigen (Rv3416) was regulated at the level of
costimulatory molecules by these genes. These results further
indicate a role for these genes in influencing immune responses
as a function of time and receptor triggering. These observa-
tions are consistent with the documentation that during
M. tuberculosis infections, TLR2 triggering occurs early on in
the infection process and is followed by stimulation of DC-
SIGNby solublemanLAMsecreted by infectedmacrophages as
the infection proceeds with time (36).
Knockdown ofGenes InduceTh1Responses byTh2-promoting

Antigen—Keeping the above results in mind, we next investi-
gated the quality of T cell responses from ovalbumin-stimu-
lated DCs following knockdown of the genes. Ovalbumin is an
antigen that is known to induce Th2 responses and is a typical
antigen widely used in mouse models of asthma (37). Because a
potent Th1 response is a prerequisite and a marker for protec-
tive responses during M. tuberculosis infections, we investi-
gated whether knockdown of the genes would skew the ovalbu-
min-induced Th2 response to a Th1 response. To this end,
genes were knocked down in DCs followed by stimulation with
ovalbumin for 24 h. TheDCswere then co-culturedwithT cells
enriched from ovalbumin-primed mice. The levels of IFN-�
and IL-10 were scored in the supernatants 48 h later. As shown
in Fig. 4, ovalbumin induced a typical Th2 response with higher

FIGURE 4. Knockdown of Prkaa2, Usp25, and Senp8 induces Th1 responses from ovalbumin-stimulated DCs. Indicated genes were knockdown in DCs
followed by stimulation with 15 �g/ml ovalbumin for 24 h followed by co-culture for 48 h with T cells enriched from ovalbumin-primed mice. Culture
supernatants were screened for the levels of IFN-� and IL-10. Mock represents knockdown with a control siRNA. Data represent the mean � S.D. of three
independent experiments. Upper panel, *, p � 0.013 for Mock versus Prkaa2; **, p � 0.01 for Mock versus Senp8; ***, p � 0.013 for Mock versus Ctsh; ****, p � 0.014
for Mock versus Snrk. Lower panel, *, p � 0.012 for Mock versus Pim2; **, p � 0.02 for Mock versus Prkaa2; ***, p � 0.014 for Mock versus Senp8; ****, p � 0.008 for
Mock versus Usp9y.

TABLE 1
Knockdown of specific genes modulates surface densities of costimu-
latory molecules on DCs
The indicated genes were knocked down in DCs with specific siRNAs followed by
stimulation with either Pam3Csk4 (Pam) ormanLAMalongwith Rv2463 or Rv3416,
as indicated. The surface levels of indicatedmarkers weremonitored by flow cytom-
etry. Data are represented as increase (�) or decrease (�) over that observed in
control siRNA transfected and similarly stimulated DCs. Number of � or � indi-
cates levels of increase or decrease, respectively. Data are representative of two
independent experiments.

Gene/stimulation CD80 CD86 CD40 CD54

SNRK
Rv2463�Pam �� �/� �/� �/�
Rv2463�manLAM �/� �/� �/� �/�
Rv3416�Pam �/� �/� �/� �/�
Rv3416�manLAM � � � �/�

USP25
Rv2463�Pam �/� �/� �/� �/�
Rv2463�manLAM � �/� �/� �/�
Rv3416�Pam � �/� �/� �
Rv3416�manLAM �� � � ���

SENP8
Rv2463�Pam � �/� �/� �/�
Rv2463�manLAM �/� �/� �/� �/�
Rv3416�Pam � �/� �/� �/�
Rv3416�manLAM � � � ���
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levels of IL-10 when compared with IFN-�. However, knock-
down of Prkaa2, Senp8, Dcamkl1, and Usp25 (and to some
extent knockdown of Snrk and Ctsh) significantly skewed the
Th2 response to aTh1 response by increasing the ratio of IFN-�
over IL-10. However, knockdown of Camkiia, Pim2, Ttn, and
Uchl1 had no significant effect, whereas knockdown of Stk22a
had a marginal decrease in IFN-� levels, indicating that not all
genes have the ability to influence all responses. Nevertheless,
these results were consistent with the role of these genes in
influencing IL-12p40 levels from TLR2 and DC-SIGNR1. The
results further indicated that these genes played a negative role
in the priming of Th1 responses from infected or antigen-stim-
ulated DCs during M. tuberculosis infections and inhibiting
these genes could indeed potentiate Th1 responses.
Genes of Calcium and Cysteine Protease Pathways Increase

Autophagy in DCs—Of late, autophagy has emerged as a key
defense mechanism employed by infected cells to clear intra-
cellular pathogens (38, 39). A recent report elucidated the role
of autophagy during M. tuberculosis infection, wherein pro-
moting autophagy by rapamycin increased the vaccine poten-
tial of Bacillus Calmette-Guerin (40). In addition, as mentioned
above, Prkaa2 is reported to modulate autophagic responses
(30). Therefore, to investigate whether knockdown of the genes
would modulate autophagic responses in DCs to regulate
M. tuberculosis survival, we monitored the expression levels of
some autophagic markers. Following silencing with specific
genes, we stimulated either TLR2 or DC-SIGNR1 along with
either the day1 or day5 antigen and scored for the expression
levels of ATG5 and Beclin-1. As shown in Fig. 5, knockdown of
Camkiia, Prkaa2, Usp25, Senp8, or Stk22a followed by stimu-
lation with TLR2 and day1 antigen, resulted in increased
expression of Beclin-1, whereas the expression of ATG5 was

increased following knockdown of Prkaa2, Usp25, Senp8, and
Snrk, and marginally by Camkiia but not by Stk22a. Interest-
ingly, knockdown of the above genes followed by stimulation of
TLR2 along with the day5 antigen showed a different pattern.
Although knockdown of only Camkiia or Stk22a significantly
increased the expression of both Beclin-1 and ATG5, knock-
down of the other genes had specific effects on either one of the
autophagic markers. For example, although knockdown of
Prkaa2 increased the expression of only Beclin-1 with no effect
on the expression ofATG5, a reverse pattern for observed in the
case of knockdown of either Usp25 and Snrk, wherein no sig-
nificant changes were observed with respect to Beclin-1 levels,
but a significant increase in the levels of ATG5 were observed.
Similarly, knockdown of all genes (except Stk22a) increased the
expression levels of Beclin-1 following by stimulation with DC-
SIGNR1 along with the day1 antigen. On the other hand,
knockdown of only four genes, namely Camkiia,Usp25, Senp8,
and Stk22a, significantly increased the expression of ATG5.
In contrast, stimulation of DC-SIGNR1 and the day5 antigen

either had no effect on Beclin-1 expression following knock-
down of most genes, whereas its levels were reduced below
basal levels following knockdown of Snrk and Stk22a. Interest-
ingly, the knockdown of only Snrk increased ATG5 levels, with
no effects upon knockdown of the other genes. These results
reiterate the receptor- and antigen-specific effects in the regu-
lation of autophagy by these genes. For example, a reverse effect
of Snrk was observed in the case of stimulation of DC-SIGNR1
with the day5 antigen, wherein a polar effect was evident with
respect to regulation of the expression of two genes in the
autophagic pathway. Similar opposite effects were seen in the
case of Stk22a with respect to ATG5 expression in the context
of TLR2 stimulation along with the day1 and the day5 antigen.

FIGURE 5. Knockdown of genes induces autophagy from TLR2 and DC-SIGNR1. DCs were transfected with siRNAs against indicated genes and later
stimulated with either 15 �g/ml Rv2463 or Rv3416 for 24 h, followed by stimulation with either 1 �g/ml Pam3Csk4 (Pam) or 5 �g/ml manLAM for 24 h.
Cytoplasmic extracts were Western blotted for Beclin-1 and ATG5 expression. Mock represents knockdown with a control siRNA. Numbers below the Beclin-1
or ATG5 blots indicate relative intensities of the bands. Data from one of three experiments are shown.

Specific Genes Regulate Dendritic Cell Function to M. tuberculosis

11114 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 14 • MARCH 30, 2012



Taken together, the results in Fig. 5, display an interesting pat-
tern, wherein specific genes in the calcium and cysteine prote-
ase pathway regulate the expression levels of different genes in
the autophagic pathway, depending on the type of receptor that
is stimulated by diverse antigens. Overall, the knockdown of
these genes had a positive effect on autophagy, albeit at differ-
ent levels, indicating a net negative role during mounting of
autophagic responses during M. tuberculosis infection. This
could reflect the redundancy that is observed for most pro-
cesses in biological systems following a stress response in the
form of pathogenic insult or abiotic pressures.
We also monitored the expression of Beclin-1 and ATG5 in

select groups by confocal microscopy. To this end, we selected
Camkiia,Usp25, and Senp8 because knockdown of these genes
significantly increased the expression of both Beclin-1 and
ATG5 following stimulation ofDC-SIGNR1with the day1 anti-
gen. As shown in Fig. 6, and consistent with the results in Fig. 5,
knockdown of either Camkiia or Senp8 or Usp25 maximally
increased the expression of Beclin-1 upon costimulation of
day1 antigen (Rv2463) with DC-SIGNR1.
Key Genes in Two Pathways Modulate Oxidative Burst in

DCs—Wehad earlier reported the role of ROS inmediating the
survival of mycobacteria inside DCs (26). Furthermore, we had
established a positive correlation between intracellular calcium
influx and ROS generation in DCs. Increased intracellular cal-
cium and ROS levels reduced the survival of mycobacteria in
DCs (26). Therefore, we monitored ROS levels following
knockdown of a few genes followed by specific antigen and
receptor stimulation. As shown in Fig. 7, an interesting pattern
was observed with respect to modulation of ROS by antigens

and receptors. In the case of day1 antigen (Rv2463), knockdown
of the three genes increased ROS levels by TLR2, whereas a
reverse effect was observed upon stimulation of DC-SIGNR1
(Fig. 7A). In contrast, in the case of the day5 antigen (Rv3416),
knockdown of the three genes increased ROS levels by DC-
SIGNR1, whereas a reverse effect was observed upon stimula-
tion of TLR2 (Fig. 7B). These results indicate that with the early
antigen (Rv2463), these genes played a negative role in ROS
induction from TLR2, whereas a positive role was observed
following DC-SIGNR1 stimulation. Conversely, with the late
antigen (Rv3416), these genes played a positive role in ROS
induction from TLR2 and a negative role upon DC-SIGNR1
stimulation. A similar pattern was obtained following knock-
down of Snrk and Stk22a and to an extent with Prkaa2 (supple-
mental Fig. 4). These results also point to a differential activa-
tion status of these genes during a time-dependent antigenic
stimulation of different receptors. Furthermore, these results
add support to our earlier report wherein we proposed a com-
plementary role for these antigens as a function of infection and
time that constantly work toward keeping immune responses
suppressed (23). These results indicated that modulating the
oxidative burst could be one of the mechanisms by which these
genes regulate survival ofM. tuberculosis in DCs.
Key Genes Regulate Autophagy in M. tuberculosis-infected

DCs—We extended the above observations with infection of
DCs with live virulent M. tuberculosis. Specific genes were
knocked down with specific siRNAs followed by infection with
M. tuberculosis H37Rv for 24 h. First, we monitored the effect
of knockdown of five genes in modulating autophagic
responses inM. tuberculosis-infected DCs. As shown in Fig. 8,

FIGURE 6. Knockdown of Camkiia or Usp25 or Senp8 increases antigen- and receptor-mediated Beclin-1 and ATG5 expression. A, DCs were transfected
with siRNAs against the indicated genes, followed by costimulation with 5 �g/ml manLAM and 15 �g/ml Rv2463 for 4 h. Cells were incubated with antibody
to Beclin-1 (A) and followed by staining with anti-rabbit FITC-tagged Alexa Fluor 488 (B). Images were captured under a confocal microscope. Bars below each
panel represent the expression levels quantified as average of sum intensity of each fluorescent point by using NIS Elements AR software. siControl represents
knockdown with a control siRNA. Data from one of three experiments are shown.
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knockdown of Camkiia, Prkaa2, Usp25, Senp8, and Snrk
increased the levels of Beclin-1, whereas knockdown of Stk22a
had a marginal effect. On the other hand, knockdown of Cam-
kiia, Prkaa2, Usp25, and Senp8 (to an extent Stk22a) signifi-
cantly increased ATG5 expression in M. tuberculosis infected
DCs, whereas knockdown of SNRK had no effect. The fact that
the increase in the levels of Beclin-1 was not as dramatic as
observed following stimulation with day1 or day5 antigens, and
TLR2 orDC-SIGNR1 could be attributed to the fact that during
M. tuberculosis infection multiple receptors would be stimu-
lated with multiple surface antigens, in contrast to stimulation
of specific receptors (TLR2 or DC-SIGNR1) with specific anti-
gens (Rv2463 or Rv3416). The cross-talk between signals ema-
nating from multiple receptors would indeed have bearings on

the levels of gene expression of the autophagic pathway. Nev-
ertheless, the fact that therewas an increase in the levels of both
Beclin-1 and ATG5 by one gene or the other indicates that
these genes played a net negative role in regulating autophagy
duringM. tuberculosis infection.
Key Genes Regulate ROS Generation and SOD1 Levels in

M. tuberculosis-infected DCs—Wenextmonitored the levels of
ROS inM. tuberculosisDCs following knockdown of the above
genes. As shown in Fig. 9, individual knockdown of all of the
genes increased ROS levels in infected cells albeit with different
kinetics and to different extents. Although the data in Fig. 7
indicated that an increase in ROS levels upon stimulation of
eitherTLR2orDC-SIGNR1with a day1 or the day5 antigenwas
observed within 30 min, the kinetics of increase in ROS levels

FIGURE 7. Day1 and day5 antigens differentially regulate ROS generation in gene-silenced DCs upon stimulation of TLR2 or DC-SIGNR1. DCs were
transfected with siRNAs against indicated genes, followed by stimulation with either Rv2463 (A) or Rv3416 (B) along with either 1 �g/ml Pam3Csk4 (Pam) or 5
�g/ml manLAM (ML) for the indicated times. 30 min prior to the incubation period, cells were loaded with 10 �M DCFH-DA. At the end of the incubation period,
cells were quickly and thoroughly washed with culture medium and immediately analyzed for ROS levels by flow cytometry. Mock represents transfection with
control siRNAs. Black lines depict ROS levels in DCs transfected with control siRNAs. Green lines depict DCs transfected with gene-specific siRNAs. Data from one
of three experiments are shown.
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were different with respect to M. tuberculosis infection.
Although knockdown of Senp8 or Camkiia orUsp25 increased
ROS levels 1-h post infection, knockdown of Prkaa2 or Stk22a
increased ROS levels within 30min. On the other hand, knock-
down of Snrk had no significant effect. These results once again
reiterate that these genes played a negative role in regulating

oxidative burst during M. tuberculosis infection, and the
delayed kinetics observed in some genes could be attributed to
stimulation of multiple receptors as against individual recep-
tors as argued above for autophagy.
Because generation of ROS is often associated with modula-

tions in the levels of the ROS quencher SOD1, we monitored
SOD1 levels in M. tuberculosis-infected DCs following knock-
down of the genes. As shown in Fig. 10, infectionwithM. tuber-
culosis increased SOD1 levels with time, indicating down-mod-
ulation of oxidative burst. However, knockdown of most genes
resulted in a significant decrease in SOD1 levels. With respect
to the MOCK control, knockdown of Camkiia or Usp25
resulted in a decrease of SOD1 levels by 56 and 50%, respec-
tively. Likewise, knockdown of Prkaa2 and Stk22a brought
down SOD1 levels by 40 and 44%, respectively. On the other
hand, knockdown of SENP8 and SNRK resulted in a modest
decrease of SOD1 expression levels by 22 and 13%, respectively,
with respect to the MOCK control. These results indicate that
although all the genes analyzed in effect decreased SOD1 levels,
they varied in their kinetics in down-modulating SOD1 levels.
For example, although knockdown of genes such as Camkiia,
Usp25, and Stk22a down-modulated SOD1 levels at later times
post-infection (2 h), knockdown of genes such as Prkaa2 and
Senp8 had an early effect with respect to down-regulation of

FIGURE 8. Knockdown of select genes induces autophagy in M. tubercu-
losis-infected DCs. DCs were transfected with siRNAs against indicated
genes, followed by infection with 2.5 MOI M. tuberculosis (M. tb) H37Rv for
24 h. Cytoplasmic extracts were Western blotted for Beclin-1 and ATG5
expression. MOCK represents knockdown with a control siRNA. Numbers
below the Beclin-1 or ATG5 blots indicate relative intensities of the bands.
Data from one of two experiments are shown.

FIGURE 9. Knockdown of select gens enhances ROS generation in M. tuberculosis-infected DCs. DCs were transfected with siRNAs against indicated genes
and later infected with 2.5 MOI M. tuberculosis H37Rv for indicated times. 30 min prior to the incubation period, cells were loaded with 10 �M DCFH-DA. At the
end of the incubation period, cells were quickly and thoroughly washed with culture medium and fixed with 4% paraformaldehyde for 2 h. Cells were washed
once again with culture medium and immediately analyzed for ROS levels by flow cytometry. Mock represents transfection with control siRNAs. Black lines
depict ROS levels in DCs transfected with control siRNAs. Green lines depict DCs transfected with gene-specific siRNAs. Data from one of two experiments are
shown.
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SOD1 as their effects were evident within 30 min post-infec-
tion. Knockdownof Snrk although showed amodest decrease at
2 h, but the fact that a downward trend was observed indicates
a late regulation of SOD1 post-infection by this gene. These
results are not only in agreementwith the data in Fig. 9, wherein
knockdown of most genes enhanced ROS levels, but also reit-
erate the complex network of regulation that is associated with
the generation of ROS, which is interlinked with SOD1 expres-
sion by genes in the calcium and cysteine protease pathways.
Overall, the results obtainedwith liveM. tuberculosis infections
confirm the negative role of the identified genes in regulating
immune responses during tuberculosis infection.

DISCUSSION

With the emergence of drug resistance in pathogenic strains,
including M. tuberculosis, and the increasing risk and failures
associated with multi-drug-resistant and extensively drug-re-
sistant TB, together with the protracted development of new
and effective drugs against these strains, research priorities
have begun to focus on the abilities of the host machinery to
combat long lasting and resurgent infections. To this end, sev-
eral attempts have been made to understand the role of host
genes inmediating protection as also the regulation of immune
responses against these pathogens (9–11). The survival of
M. tuberculosis in the host cell is facilitated through a dynamic

interplay of cellular and intracellular immune responses. These
include down-regulation and inhibition of antigen presenta-
tion, cellular activation pathways, and the activation of bacterial
responses (24, 41). Furthermore, several reports point toward a
role of M. tuberculosis antigens in mediating suppressive
responses on host cells. For example, the 19-kDa lipoprotein
inhibits IFN-�-mediated responses in macrophages via TLR2
(42). Over the years, we have also highlighted the role of
M. tuberculosis antigens, specifically CFP-10, in modulating
DC functions (22–24, 43, 44).
Several studies have demonstrated the utility of RNAi-based

screens, which use siRNA libraries to identify genes that play
crucial roles that shape functional and phenotypic outcomes
(45) and to identify potential drug targets (46). For example,
siRNA libraries against the apoptotic pathway have been used
to identify several genes regulating cancer (47). Furthermore,
siRNA libraries have been used in systematic and cost-effective
genome-wide loss-of-function screenswith the aimof assessing
the role of specific genes in neoplastic phenotypes and the rapid
identification of novel drug targets (46). The apoptotic pathway
library has been used to identify genes active during apoptosis,
proliferation, and cell cycle (48). MAPK pathway-specific
siRNA libraries have been used to study cell cycle regulation
(49). Using similar approaches, the role of phosphatases that
regulate NF-�B activation has been elucidated (50). Recently,
genes regulating the level of ploidy in HeLa cells were profiled
using genome-scale RNAi profiling and �2000 genes were
identified to regulate ploidy in cancerous cells (51). A recent
report has also identified genes in human macrophages that
regulate the survival of M. tuberculosis wherein inhibiting
xenophagic pathways and the formation of autophagosomes as
an increase in the levels of LC3 II upon the silencing of some
target genes was observed (52).
In light of the above reports, we investigated the roles of

genes that mediate immune responses to M. tuberculosis via
DCs. To that end, we restricted our studies to investigating the
roles of genes involved in specific pathways, namely the calcium
calmodulin pathway and cysteine protease pathway. These
pathways were chosen based on reports, including ours, on the
role of calcium in modulating immune responses to M. tuber-
culosis fromDCs andmacrophages (22) and the important role
of antigen presentation in stimulating T cell responses (12–14).
In addition, calcium plays a determinant role in the generation
of proinflammatory responses (19, 20) and also regulates the
survival ofM. tuberculosis in macrophages and DCs (22).
Using siRNA libraries to these pathways, we initially investi-

gated the role of these genes in mediating survival ofM. tuber-
culosis inside DCs. This was carried out to shortlist crucial
genes that could be pursued for further characterization. A set
of 13 genes was identified whose knockdown resulted in a sig-
nificant reduction in cfus. Interestingly, many of the genes have
not been reported to regulate immune responses to M. tuber-
culosis, although these genes have been reported to influence
various immune related responses. For example, TLR stimula-
tion of DCs result in the activation of Camkiia and it is also
involved in the regulation and distribution of MHCII levels in
DCs (53).

FIGURE 10. Knockdown of genes decreases SOD1 expression from
M. tuberculosis-infected DCs. DCs were transfected with siRNAs against
indicated genes, followed by infection with 2.5 MOI M. tuberculosis (M. tb)
H37Rv for the indicated times. Cytoplasmic extracts were Western blotted for
SOD1 expression. Mock represents knockdown with a control siRNA. Numbers
below the SOD1 blots indicate relative intensities of the bands. Data from one
of two experiments are shown.
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PIM-2, an anti-apoptotic protein (28, 54), is expressed at high
levels in acute promyelocytic leukemia patients (55). Usp25, a
ubiquitin-specific protease enzyme, is involved in deubiquiti-
nation process that has an essential role in regulating various
cellular pathways, cell cycle regulation, transcription etc.
Dcamkl1 (doublecortin and CaM kinase-like-1) is expressed in
post-mitotic neurons (56) and is known as a putative stem cell
marker. Senp8 is a NEDD8-specific protease that has an impor-
tant role in deneddylation of cullin, a substrate for neddylation
(34). In addition to playing a role during apoptosis, Lgmn, an
asparaginyl endopeptidase, is overexpressed in many human
solid tumors, breast, colon, and prostate cancer and sparsely
expressed in normal tissues (32). Snrk is reported as a novel
substrate for liver kinase B1 (29). It also controls angioblast
populations in the lateral plate mesoderm in zebrafish (57).
Usp9y is one of the major Y-linked spermatogenesis genes,
which acts as a fine tuner to improve efficiency of human sper-
matogenesis (58).
As reported by others, several responses observed with live

infections can be reproduced by stimulating immune cells such
as DCs or macrophages with M. tuberculosis antigens (22,
42–44). To this end, we also recently reported the role of anti-
gens expressed inside ofM. tuberculosis-infected macrophages
as a function of infection and time inmodulatingM. tuberculo-
sis-mediated responses to DCs and macrophages (23).
Therefore, in the next set of experiments, we investigated the

ability of these genes to modulateM. tuberculosis antigen-spe-
cific responses from DCs. To that end, again based on our ear-
lier report (24), we focused on the roles of two receptors, TLR2
and DC-SIGNR1, which induce contrasting responses with
respect toM. tuberculosis (59). Taken together, the results indi-
cate that knockdown of many of these genes resulted in
enhanced proinflammatory cytokine responses, (as observed by
increased levels of IL-12p40) from both TLR2 and to some
extent DC-SIGNR1. This was further corroborated with
increases in the surface densities of costimulatorymolecules, as
well as induction of Th1 responses from an antigen known to
favor Th2 responses. These results emphasize an as yet
unknown function of these genes in regulating immune
responses toM. tuberculosis.
Following this, we next investigated themechanism involved

in regulation ofM. tuberculosis survival insideDCs asmediated
by the identified genes. To that end, our results indicated that
they regulate autophagy and the generation of oxidative bursts.
The results indicate that knockdown of most of the genes are
able to increase the expression of Beclin-1 and ATG5,
autophagic markers upon TLR2 and DC-SIGNR1 stimulation
with day1 and day5 M. tuberculosis antigens. Likewise, the
generation levels of ROS also showed an enhanced effect fol-
lowing knockdown of genes upon stimulation of TLR2 andDC-
SIGNR1 with day1 and day5M. tuberculosis antigens. Interest-
ingly, ROS was regulated by these genes in a manner that was
reflective of time-based responses. This indicated differential
activation of these genes at different times post-infection when
antigens secreted from infected macrophages would counter
DCs that are recruited to the sites of infection and modulate
their function as proposed in our earlier report (23).

Collectively, our results indicate the identification of genes
that play a significant role in modulating immune responses to
M. tuberculosis from DCs. Genes such as Usp25, Snrk, and
Senp8 displayed broad negative regulation with respect to pro-
inflammatory responses from DCs as well as regulation of
M. tuberculosis survival. Furthermore, many of the genes iden-
tified in this report acted in a specificmanner that are indicative
of fine tuning of immune responses during infection and the
ability of M. tuberculosis to modulate the activation status of
these genes for immune evasion. Interestingly, Senp8 is
involved in neddylation of various intracellular molecules (60).
The role of neddylation during M. tuberculosis infection has
not been reported. Some of the above results were extended to
experimentation with live M. tuberculosis infections and simi-
lar results were obtained. Most genes down-regulated
autophagy and ROS during live infections thereby adding sup-
port to the above observations. This indicated that these genes
played a negative role during specific antigenic stimulation as
well as whole bacterial infection. Therefore, delineating the
mechanisms employed by these genes in regulating some of
these responses could increase our understanding on the roles
played by these genes in the pathogenesis ofM. tuberculosis.
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