SP110b Controls Host Immunity and Susceptibility to Tuberculosis

Jia-Shiun Leu™, Mei-Ling Chen®*, So-Yi Chang®, Sung-Liang Yu®, Chia-Wei Lin®, Hsuan Wang®, Wan-Chen Chen?,

Chin-Hao Chang®, Jann-Yuan Wang®, Li-Na Lee’, Chong-Jen Yu®

, Igor Kramnik®, and Bo-Shiun Yan®

"Institute of Microbiology and Immunology, National Yang-Ming University, Taipei, Taiwan; 2Graduate Institute of Oncology, ®Institute of
Biochemistry and Molecular Biology, and “Department of Clinical Laboratory Sciences and Medical Biotechnology, National Taiwan
University Medical College, Taipei, Taiwan; °Department of Medical Research, ®Department of Internal Medicine, and ’Department of
Laboratory Medicine, National Taiwan University Hospital and National Taiwan University Medical College, Taipei, Taiwan;

and ®Pulmonary Center, Department of Medicine, National Emerging Infectious Diseases Laboratory, Boston University School of

Medicine, Boston, Massachusetts

ORCID ID: 0000-0002-9613-4788 (B.-S.Y.).

Abstract

Rationale: How host genetic factors affect Mycobacterium
tuberculosis (Mtb) infection outcomes remains largely unknown.
SP110b, an IFN-induced nuclear protein, is the nearest human
homologue to the mouse Iprl protein that has been shown to control
host innate immunity to Mtb infection. However, the function(s) of
SP110b remains unclear.

Objectives: To elucidate the role of SP110b in controlling host
immunity and susceptibility to tuberculosis (TB), as well as to identify
the fundamental immunological and molecular mechanisms affected
by SP110b.

Methods: Using cell-based approaches and mouse models of
Mtb infection, we characterized the function(s) of SP110b/Iprl.
We also performed genetic characterization of patients with TB
to investigate the role of SP110 in controlling host susceptibility
to TB.

Measurements and Main Results: SP110b modulates nuclear
factor-k B (NF-kB) activity, resulting in downregulation of tumor
necrosis factor-o. (TNF-at) production and concomitant upregulation of
NE-kB-induced antiapoptotic gene expression, thereby suppressing
IFN-y-mediated monocyte and/or macrophage cell death. After Mtb
infection, TNF-a is also downregulated in Iprl-expressing mice that
have alleviated cell death, less severe necrotic lung lesions, more efficient
Mtb growth control in the lungs, and longer survival. Moreover, genetic
studies in patients suggest that SP110 plays a key role in modulating TB
susceptibility in concert with NFkBI and TNFa genes.

Conclusions: These results indicate that SP110b plays a crucial role
in shaping the inflammatory milieu that supports host protection
during infection by fine-tuning NF-«kB activity, suggesting that
SP110b may serve as a potential target for host-directed therapy
aimed at manipulating host immunity against TB.
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At a Glance Commentary

Scientific Knowledge on the
Subject: Host genetic factors have
been shown for years to contribute to
Mycobacterium tuberculosis infection
outcomes in both humans and
experimental animal models; however,
how these factors affect host immunity
and susceptibility to tuberculosis (TB)
remains largely unknown. Moreover,
the crucial issue of how host cells
prevent excessive inflammation to
reduce inflammation-associated
immunopathology during

M. tuberculosis infection has not been
fully addressed.

What This Study Adds to the
Field: We demonstrate that SP110b,
via fine-tuning nuclear factor-«B
activity, alleviates cell death to
facilitate the host’s control of
unwanted immunopathology during
infection-mediated inflammation.
Genetic characterization of patients
with TB suggests that SP110 plays

a key role in modulating TB
susceptibility in concert with the
nuclear factor-kB 1 and tumor necrosis
factor-a genes. The findings of this
study present a novel mechanism of
host genetic control of immunity and
susceptibility to TB, suggesting that
SP110b may serve as a potential target
for host-directed therapy to protect

against TB.

Tuberculosis (TB), a disease caused by
Mpycobacterium tuberculosis (Mtb)
infection, remains the leading cause of
death from a single infectious agent (1).
Host genetic factors have been shown to
contribute to Mtb infection outcomes
(2-5); however, these factors are extremely
intricate and poorly understood. Using
mouse models, the intracellular pathogen
resistance 1 (Iprl) gene, which is located
within the supersusceptibility to
tuberculosis 1 (sst1) locus (6), has been
identified as a genetic determinant that
confers host innate immunity to Mtb
infection (7). The Iprl orthologous gene
in humans is SP110, located on
chromosome 2q37.1. Expression of both
genes is intensively regulated by IFNs,
suggesting that their function(s) is related
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to that of IFNs (8). Protein structural
analyses demonstrated that both Iprl and
SP110 are similar to nuclear proteins
involved in transcriptional regulation

and may function as a transcriptional
coactivator and/or corepressor (9). SP110
proteins have various isoforms, including
the more dominantly expressed SP110 a, b,
and, c isoforms, whose functions have yet
to be defined.

IFN-vy and tumor necrosis factor-a
(TNF-a) are two proinflammatory
cytokines that have been best characterized
by genetic deficiency states for their key
roles in the control of human TB (10). Both
cytokines activate macrophages, thereby
promoting mycobacterial killing and
mediating inflammation in response to Mtb
infection (11). Within Mtb-infected lesions,
TNF-a (which can also be induced by
IFN-v) is produced by alveolar
macrophages in an autocrine fashion or
by the Thl lymphocytes, and it synergizes
with IFN-v, thereby activating the
antimycobacterial properties of macrophages
(12, 13). Therefore, host cells must
appropriately integrate the strength and
duration of both cytokine-mediated
intracellular signaling networks to ensure an
appropriate milieu in response to infection.

The present study provides evidence
demonstrating that SP110b, the SP110
isoform most similar to mouse Iprl,
suppresses IFN-y-induced monocyte
and/or macrophage cell death by
modulating nuclear factor-kB (NF-«B)
activity. The suppression was dependent at
least in part on downregulating TNF-a
production and upregulating antiapoptotic
gene expression induced by NF-«B.
Because TNF-a production can be
upregulated by IFN-y and many genes
turned on by IFN-v are also TNF-
a—inducible, IFN-v signaling synergizes the
effects of TNF-a and generates a positive
feedforward loop (14). Our findings
indicate that SP110b plays a crucial role in
regulating host immunity by functioning as
a “fine-tuner” of NF-kB activity to prevent
overamplifying signaling of both cytokines,
thereby facilitating the host’s control of
unwanted immunopathology.

Methods

A detailed description of the methods is
provided in the METHODS section of the
online supplement.

Cell Lines

The human monocytic leukemia cell lines
THP1 and U937 (Bioresource Collection and
Research Center, Hsinchu, Taiwan) and the
human embryonic kidney cell line HEK293T
(American Type Culture Collection, Manassas,
VA) were cultured at 37°C in a 5% CO,
atmosphere in RPMI 1640 medium containing
penicillin-streptomycin, 2 mM 1-glutamine,
and 7.5% tetracycline-free fetal bovine serum
(Life Technologies, Carlsbad, CA).

Microarray Analysis

The functional and biological relevance of the
differentially expressed genes from the
GeneChip array (Human Genome U133 Plus
2.0 Array; Affymetrix, Santa Clara, CA) was
analyzed using MetaCore software
(GeneGo/Thomson Reuters, New York, NY).
The microarray data were deposited in the
National Center for Biotechnology
Information Gene Expression Omnibus
database (GEO accession number GSE58096).

Study Approval

Human subject study was conducted in
accordance with the terms of the informed
consent forms that were provided to and
received from participants prior to inclusion
in the study. The study was approved by the
National Taiwan University Hospital
Institutional Review Board (IRB
200612009M and IRB 201003013R). Mouse
experiments were performed with the full
knowledge and approval of the Harvard
Medical School Standing Committee on
Animals (protocol 03000).

Statistical Analyses

Quantitative data were analyzed by two-
tailed unpaired ¢ test or nonparametric one-
way analysis of variance using GraphPad
Prism software (GraphPad Software, La
Jolla, CA). Survival curves were compared
by log-rank test with GraphPad Prism
software. P values less than 0.05 were
considered statistically significant. The
associations of gene polymorphisms and
gene-gene interactions with TB were
analyzed using SAS software (SAS Institute,
Cary, NC) in logistic regression mode.

Results

SP110b Suppresses IFN-y-induced
Cell Death

To define SP110b functions, stable THP1
cell lines that could be induced with
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Figure 1. SP110b suppresses IFN-y—induced cell death. (A) Western blot analysis of SP110 expression in THP1-enhanced green fluorescent protein
(THP1-eGFP) and THP1-eGFP-SP110b clonal cell lines at 2 days post-treatment. (B) Confocal microscopy was used to visualize the cellular distribution of
eGFP-SP110b and eGFP in the THP1 clonal cell lines at 2 days after doxycycline (Dox) induction. Scale bars: 10 wm. (C) Fluorescence-activated cell
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doxycycline (Dox) to overexpress enhanced
green fluorescent protein (eGFP)-SP110b
fusion protein were generated and validated
(Figures 1A and 1B; see Figure E1A in the
online supplement). As shown in Figure 1B,
expressed eGFP-SP110b protein was
localized to the nucleus, forming nuclear
speckles as previously reported (9), while
expression of eGFP alone was present in
both the nucleus and the cytoplasm.
Because IFN-v, which plays a critical role in
TB immunity, has been shown to regulate
the cell death features of monocytes and/or
macrophages (11, 15, 16), we examined the
response of eGFP-SP110b-expressing
THP1 cells to IFN-y stimulation. These
experiments demonstrated that THP1 cell
death increased between 2 and 6 days
post-IFN-vy treatment but that Dox-
induced eGFP-SP110b expression
decreased IFN-y-induced cell death
(Figures 1C and 1D). Cell death
suppression was not observed in the eGFP-
expressing THP1 cells upon Dox induction
(see Figure E1B). Moreover, eGFP-SP110b
expression prevented cell death caused
by either low (1-10 U ml™ ") or high
(50-100 U ml ") IFN-vy concentrations (see
Figure E1C). Similar suppressive effects
of SP110b on cell death were also observed
for two additional THP1-eGFP-SP110b
clones, in differentiated THP1-eGFP-
SP110b cells, in U937-eGFP-SP110b cells,
and in human monocyte-derived
macrophages (see Figures EID-E1G). Our
data indicate that prolonged IFN-vy
stimulation caused monocyte and/or
macrophage cell death; however, these effects
were mitigated by SP110b upregulation.
Dox-induced eGFP-SP110b expression
protected cells against mitochondrial injury
(recognized as an early stage of apoptosis)
that was elicited by the IFN-y treatment
(Figures 1E and 1F), indicating that SP110b
rescued the cells from the early stage of
apoptosis that was induced by IFN-y
stimulation. We further demonstrated that

SP110b decreased the cleaved caspase-3
(CASP3) (17) and poly(adenosine
diphosphate)-ribose polymerase (18) levels
(both represent hallmarks of an apoptotic
pathway) that were upregulated by the IFN-y
treatment at Day 4 and Day 3 to Day 4,
respectively (Figure 1G). In contrast to
apoptosis, CASP1-mediated pyroptosis,
which occurs during inflammation (19),
was barely affected by SP110b (Figure 1G).
These data indicate that SP110b expression
suppressed cell death mediated by CASP3
but not by CASPI.

SP110b Reduces TNF-«, Resulting in
Suppression of Cell Death

A genome-wide microarray analysis was
used to identify genetic determinants that
are associated with IFN-y-induced cell
death and regulated by SP110b (see Figures
E2A and E2B). This analysis identified
three primary sets of genes whose
expression levels were at least statistically
twofold different (Figure 2A). Among the
194 probes (see Table E1 in the online
supplement) that were present in all three
sets, TNF-a expression was most
significantly inhibited by Dox-induced
SP110b expression at both time points
post-IFN-vy treatment (Figure 2B and
Table 1). The SP110b expression-mediated
decreases in IFN-y-induced TNF-a
expression were further validated at both
the mRNA and protein levels (Figures 2C
and 2D). In addition, expression of a panel
of genes as well as a few other key cytokines
upregulated by IFN-y treatment and
differentially regulated by SP110b
expression was determined by real-time
quantitative polymerase chain reaction (see
Figures E2C and E2D). To determine
whether SP110b suppressed IFN-
y-induced cell death by downregulating
TNF-a, we demonstrated that the extent of
cell death suppression that was mediated by
conditioned medium generated from IFN-
y-treated THP1 cells with eGFP-SP110b

expression was similar to that mediated by
TNF-a-neutralized conditioned medium
from IFN-y-treated THP1 cells without
eGFP-SP110b expression (Figure 2E; see
Figure E2E). Moreover, CASP8 (20)
activation was inhibited by SP110b

(Figure 2F). Because cross-talk exists
between CASP8 and mitochondria-
mediated cell death via BH;-interacting
domain death agonist and CASP9 (21), we
further demonstrated that SP110b inhibited
CASP9 activation and CASP8-mediated
cleavage of BH;-interacting domain death
agonist (Figure 2F). These data indicate
that SP110b represents a critical regulator
of TNF-a production and signaling and
that SP110b suppresses IFN-y-induced cell
death by downregulating TNF-a.

SP110b/Ipr1 Downregulates TNF-« in
Mice Infected with Mtb

To determine the effects of SP110b/Iprl
on TNF-a production in vivo, we
characterized TNF-a expression levels by
performing immunohistochemistry in sst1-
susceptible (sst1%) C3HeB/Fe] mice (which
do not express the mouse orthologue of
SP110 [i.e., Iprl]) and sstI-resistant (sst1%)
C3H.B6-sst1 mice (expressing Iprl)
following Mtb infection. Our results
demonstrated that higher TNF-a
production levels were detected in the lungs
and spleens of the sst1° mice than in the
sst1® mice (Figures 3A and 3B; see Figure
E3A). In addition, higher IFN-y production
levels were observed in the lungs and
spleens of the Mtb-infected sstI° mice
(Figures 3A and 3B; see Figure E3A).
Moreover, a higher level of active Casp3
was also detected in the lung lesions of the
Mitb-infected sst15 mice (Figure 3C). These
results indicate that cell death was more
strongly induced in the lung lesions of the
Mtb-infected sst1° mice and support our
data showing that cell death was suppressed
in the SP110b-expressing cells during
inflammation (Figure 1). Moreover, the

Figure 1. (Continued). sorting (FACS) analysis was used to examine IFN-y-induced cell death of a THP1-eGFP-SP110b clonal cell line (with or without
eGFP-SP110b induction) using annexin V/propidium iodide (PI) staining 4 days post-treatment. (D) Kinetic analysis of the cell death frequency of a
THP1-eGFP-SP110b clonal cell line by FACS using annexin V/PI staining at the indicated time points post-treatment. Statistical analyses were
conducted between the —Dox+IFN-vy groups and the +Dox+IFN-y groups. (E and F) The mitochondrial health status of cells of the THP1-eGFP and
THP1-eGFP-SP110b clonal cell lines was determined using JC-1 staining, followed by (E) FACS analysis and (F) high-content imaging at 4 days post-
treatment. (G) Caspase-3 (CASP3), poly(adenosine diphosphate)-ribose polymerase (PARP), and CASP1 expression and cleavage in a THP1-eGFP-
SP110b clonal cell line was characterized by Western blot analysis at the indicated time points post-treatment. Data in D and F are presented as the
mean * SD of three cultures. Statistical significance was calculated using a two-tailed, unpaired t test. **P < 0.01; **P < 0.001. In D, for multiple-
comparisons adjustments, the P values less than 0.0125 were considered to be statistically significant. All data represent at least three independent

experiments.
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Figure 2. SP110b expression downregulates tumor necrosis factor-a (TNF-a) production, resulting in suppression of IFN-y—induced cell death. (A) Venn
diagram showing the number of genes that were up- or downregulated following doxycycline (Dox)-induced SP110b expression in a THP1-enhanced

green fluorescent protein (€GFP)-SP110b clonal cell line following microarray analyses at 2 and 4 days after IFN-y treatment. (B) Heat map representing
the set of differentially expressed genes regulated by SP110b in the THP1-eGFP-SP110b clonal cell line at 2 and 4 days post-IFN-y treatment. —4 to
4 refer to logs ratio values (log, fold change). Orange indicates upregulated genes, and green indicates downregulated genes. (C and D) SP110b-mediated
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Table 1. Differentially Expressed Genes Regulated by SP110b in THP1-eGFP-SP110b Cells 2 and 4 Days Post-IFN-y Treatment

Fold Change Fold Change
(+Dox+IFN-vy vs. (+Dox+IFN-vy vs.

Gene Symbol Probe Set ID +IFN-vy 4 d) Regulation +IFN-y 2 d)
TNF 207113_s_at -10.89 Down —4.26
LOC284801 225762_x_at —9.54 Down -2.11
RCAN2 203498_at —8.46 Down -3.28
PDGFRL 205226_at —8.40 Down —-3.72
CD14 201743_at -7.92 Down —4.84
TRIM2 202341_s_at -7.33 Down —3.44
KCNET1 236407 _at —6.51 Down —4.45
ARRDC4 225283_at —6.09 Down —-11.48
CcCL2 216598_s_at -5.77 Down -2.33
CYP19A1 203475_at —5.60 Down -3.07

Fold Change
(+IFN-+y vs.
Regulation Control 2d) Regulation

Down 9.99 Up
Down 3.36 Up
Down 3.60 Up
Down 5.48 Up
Down 4.91 Up
Down 3.43 Up
Down 5.84 Up
Down 6.15 Up
Down 29.96 Up
Down 3.25 Up

Definition of abbreviations: Dox = doxycycline; eGFP = enhanced green fluorescent protein.

Mitb-infected sst1° mice presented with
more severe necrotic lung lesions

(Figure 3D; see Figure E3B), which
correlated with less efficient control of Mtb
growth in the lungs (Figure 3E) and shorter
survival time (sstI° vs. sst1%; P=0.0003)
(Figure 3F). Given that excessive TNF-a
induces a hyperinflammatory milieu that
results in immunopathology (22-24), our
data suggested that Iprl-mediated
suppression of TNF-a contributed to
reduced cell death, alleviated tissue damage,
limited Mtb replication in the lungs, and
increased survival duration in the infected
sst1® mice by preventing excessive
inflammation. These findings indicate that
SP110b/Iprl plays a crucial role in host
immunity against Mtb.

SP110b Downregulates TNF-« via
Modulating NF-kB Activity
SP110b-mediated downregulation of TNF-a
was not mediated through the JAK-STAT
pathway (25), because STAT1 expression
and phosphorylation levels were not
downregulated by SP110b expression (see
Figures E4A and E4B). Next, we determined
whether TNF-a downregulation was
mediated via NF-kB, which has been shown
to play an essential role in preventing

and suppressing TNF-a-induced cell death

(26, 27). In the presence of IFN-vy, SP110b
expression increased RELA (p65), but

not NF-kB1 (p105/p50), protein levels
(Figure 4A), while the mRNA levels of both
RELA (the gene that encodes NF-kB p65
subunit) and NFkBI were not significantly
affected (Figure 4B). The effects of SP110b
on NF-kB-driven TNF-a transcription were
examined subsequently using luciferase
reporter assays with the TNF-a promoter
region. These results showed that p50
overexpression induced the highest TNF-o
promoter activity levels, whereas this activity
decreased when the p65/p50 ratio was
increased (Figure 4C). The p50-driven
TNF-a promoter activity was suppressed by
SP110b and p65 but enhanced by the
expression of SP110a, which is the other
SP110 isoform (Figures 4D and 4E).
However, neither SP110a nor SP110b
significantly influenced p65- or p50/p65-
driven TNF-o promoter activity (see Figure
E4C). Using a different reporter assay
system with a basic promoter element linked
to the five kB sites, we demonstrated that
neither p50- nor p65-driven transcriptional
activation was significantly affected by
SP110a or SP110b (see Figure E4D). These
results indicate that SP110b expression
selectively downregulated the observed
p50-driven TNF-o promoter activity.

SP110b Interacts with NF-kB-Binding
Sites in TNF-a Promoter

Using a coimmunoprecipitation assay,

we further demonstrated that SP110b
interacted with either p65 or p50

(Figure 5A) and that phosphorylation
facilitated these interactions (see Figure
E5A). Knocking down endogenous RELA
expression did not restore the p50-driven
TNF-a promoter activity in the presence
of SP110b (Figure 5B; see Figure E5B),
suggesting that it is unlikely that SP110b
expression inhibited the p50-driven
TNF-a promoter activity by enhancing
endogenous p65 protein levels. Because
SP110Db is regarded as a transcriptional
corepressor (9), we further demonstrated
that SP110b interacted with several
NF-kB-binding regions within the TNF-a
promoter (Figure 5C; see Figure E5C).
Moreover, quantitative chromatin
immunoprecipitation and reporter assays
demonstrated that the interaction between
the p50 complex and several DNA
elements containing kB-binding sites in
the TNF-o promoter was inhibited in the
presence of SP110b (Figures 5D-5F; see
Figures E5D and E5E). These data suggest
that SP110b inhibits p50-driven TNF-a
promoter activity by interacting with
NEF-kB-binding regions in the TNF-a

Figure 2. (Continued). suppression of TNF-a expression in the THP1-eGFP-SP110b clonal cell line was validated (C) at the RNA level by quantitative
polymerase chain reaction 2 and 4 days after treatment and (D) at the protein level by intracellular staining 2 days after treatment. (E) THP1 cell death
was measured using fluorescence-activated cell sorting analysis of annexin V/propidium iodide (Pl)-stained cells after 3 days of culture in the presence of
conditioned medium. THP1 cells were cultured in conditioned medium (in the presence or absence of TNF receptor 1 [TNFR1]-Fc) that was generated
from THP1-eGFP-SP110b cells that had been treated for 2 days with either IFN-vy alone or IFN-y + Dox. See also Figure E2E. (F) Caspase-8 (CASP8),
CASP9, and BHs-interacting domain death agonist (BID) expression was characterized with Western blot analyses at the indicated time points post-
treatment. Data in C are presented as the mean = SD of three cultures. Statistical significance was calculated using a two-tailed, unpaired t test. **P <
0.01; **P < 0.001. The results represent one experiment in A and B and three independent experiments in C—F.
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promoter, thus suppressing TNF-a
production.

SP110b Upregulates Antiapoptotic
Genes Induced by NF-«xB

The receptor-interacting protein (RIP), a
marker that reflects a divergence in the TNF
receptor 1 pathway and that is implicated as
collaborating with death receptor proteins
to regulate the balance between cell survival
and death (28), is cleaved by CASP8
following TNF-a-induced apoptosis, and
RIP cleavage further abolishes TNF-
a-induced NF-kB activation (29). The
cleaved RIP (RIP1 and RIP3) levels
decreased in the presence of SP110b
(Figure 6A), suggesting that the SP110b-
mediated downregulation of cleaved RIP
may lead to NF-kB activation. NF-kB
activation promotes the expression of

a number of antiapoptotic genes, including
members of the inhibitor of apoptosis
protein family, the Bcl-2 family,

and c-FLIP (Fas-associated death
domain-like IL-1B-converting
enzyme-inhibitory protein) (30). We
demonstrated that the expression of
several antiapoptotic genes was enhanced
concomitant with SP110b induction
(Figure 6B). These results indicate that
SP110b not only modulates NF-kB
activity to suppress TNF-a production
but also enhances the expression of
antiapoptotic genes, resulting in a
reduction in cell death during
proinflammation.

SP110 Regulates TB Susceptibility in
Concert with NFkB1-TNFa

We examined polymorphisms in the SP110,
NFkBI, and TNFa genes for associations
with Mtb infection control by performing
genetic characterization of patients with
TB. In total, 12 single-nucleotide
polymorphisms (SNPs) in SP110, 23 in
NFkBI, and 9 in TNFa were analyzed in
296 pulmonary patients with TB and 231
healthy household contacts (including

family members and nurses of the patients)
(see Tables E2-E5). These results
demonstrated that epistatic interactions

of SP110 with NFkBI and TNFa gene
polymorphisms produced much more
noticeable associations with the genetic
susceptibility to TB infection than the
effects of the NFkBI-TNFa interaction and
individual genes (Table 2; see Tables E6 and
E7). In addition, the association of
NFkBI-TNFa interaction with TB
susceptibility is determined by the SP110
alleles. These genetic studies in patients
with TB suggest that SP110 plays a key role
in modulating TB susceptibility in concert
with NFkBI and TNFa genes. Altogether,
our findings indicate that SP110 controls
TB susceptibility by regulating
NFkB1-TNFa interaction-mediated
responses.

Discussion

Most humans susceptible to Mtb infection
are not immunodeficient, and susceptible
humans with active TB indeed develop
Mtb-specific immunity (11). One
explanation for why this immunity fails
to protect susceptible humans from
infection is that overactivity of the
immune response elicited by Mtb infection
causes immunopathology that further
contributes to TB susceptibility in these
individuals. Among various host-
protective immune factors, TNF-a plays
an important role in controlling Mtb
infection and disease reactivation;
however, overproduction of TNF-a may
cause pathology (22, 31). Our studies
demonstrated that SP110b, whose
expression is upregulated by IFNs,
downregulated TNF-a production of
cells activated by IFN-v, thereby
preventing cell death, and that Iprl
(homologue of SP110b) prevented
overproduction of TNF-a and further
development of necrotic lung lesions

during Mtb infection. Wu and colleagues
found that, consistent with our findings,
Iprl overexpression downregulated TNF-o
production in mouse macrophages infected
with Mtb in vitro (32). These studies
indicate that SP110b/Ipr1 acted as a
regulator of proinflammatory cytokines
of host immunity, contributing to the
reduction of tissue damage caused by
excessive inflammation during Mtb
infection.

SP110 is a single-copy gene that is
located on chromosome 2 in humans;
however, the mouse Iprl gene is part of a
rearranged and repeat cluster containing
60-2,000 copies of Iprl and 20
neighboring genes on chromosome 1 in all
inbred experimental mouse strains (33, 34),
making the generation of an Ipri-knockout
mouse strain using gene-targeting
approaches currently infeasible. Therefore,
we used C3HeB/Fe] mice with a natural
deficiency in the Iprl gene, which
mediates innate immunity to TB, and
demonstrated that necrotic lesions that
incapacitated the control of Mtb growth
specifically developed in the lungs of the
mice following intravenous infection with
either high (1 X 10%) (35) or low (3.3 X
10*) Mtb doses (Figure 3D; see Figure
E3B). Our immunohistochemical results
further demonstrated that the absence
of the Iprl gene in the susceptible mice
was associated with increased TNF-o
production in necrotic lung lesions and
spleens compared with the levels observed
in resistant mice (Figures 3A and 3B).
These results are consistent with, and
represent an extension of, our in vitro
observations demonstrating that SP110b
expression downregulated TNF-a
production, which contributed to cell
death (Figure 2). In our mouse models of
infection, high IFN-vy production levels
were detected in the spleens (Figure 3B),
indicating that T-cell priming still
occurred in the susceptible mice. This
finding is consistent with our previous

Figure 3. (Continued). anti~IFN-y antibodies, respectively. Scale bars: 50 um. Bottom: Graphs of the immunohistochemistry scores (H scores). Ten fields
in four replicates were counted at X400 magnification. See the MetHops section in the online supplement for details. (C) Lungs harvested from the Mtb-
infected sst7° and sst1™ mice were subjected to immunohistochemical analysis with anti-caspase-3 antibody. Scale bars: 200 um. Right: Graph of the H
scores. Ten fields in four replicates were counted at X400 magnification. (D) The results of histological analysis (hematoxylin and eosin staining) of the lungs
that were harvested from the Mtb-infected sst7° and sst1” mice are shown. Scale bars: 200 um (left panels), 50 wm (right panels). (F) Mtb burden was
determined using the indicated organs that were harvested from the sst1° and sst17 mice by plating organ homogenates at 3 weeks after intravenous
infection with Mtb. The data are expressed as the mean + SD of 10 fields in A-C and 4 samples in E. Statistical significance was calculated using a two-tailed,
unpaired t test. **P < 0.01; **P < 0.001. (F) Survival curves of the sst7° and sst17 mice after intravenous infection with Mtb. The results are representative of
one experiment with at least four independent biological replicates (four animals per group in A-£, eight sst15 mice and six sst77 mice in F).
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Figure 4. SP110b downregulates tumor necrosis factor-a (TNF-a) production by modulating nuclear factor-kB (NF-kB) activity. (A) Western blot
analysis of RELA and NF-«kB1 expression in a THP1-enhanced green fluorescent protein (€GFP)-SP110b clonal cell line at 2 and 4 days after treatment.
(B) RELA and NFkB1 gene expression in a THP1-eGFP-SP110b clonal cell line was analyzed by quantitative polymerase chain reaction at 2 days
post-treatment. (C—E) The relative firefly (F.)/Renilla (R.) luciferase (Luc) values associated with the TNF-a promoter were measured 2 days after transient
cotransfection with the pGL3-TNF-a promoter F.Luc, pSV40-R.Luc, and the indicated constructs into HEK293T cells. An empty vector is included in
the left column as a negative control. In D, a and b indicate SP110a and SP110b, respectively. Data in B-E are presented as the mean = SD of

three cultures. Statistical significance was calculated using (C and E) nonparametric one-way analysis of variance (Kruskal-Wallis test) or (D) a two-tailed,
unpaired t test. *P < 0.05; **P < 0.01; ***P < 0.001. All data represent three independent experiments. Dox = doxycycline; RELA = the gene that encodes
NF-xB p65 subunit.
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Figure 6. SP110b upregulates the expression of antiapoptotic genes that are induced by nuclear factor kB. (A) Receptor-interacting protein (RIP1
and RIP3) expression and cleavage levels in the THP1-eGFP-SP110b clonal cell line were characterized by Western blot analysis at the indicated time
points post-treatment. (B) FLIP (Fas-associated death domain-like IL-1B—converting enzyme-inhibitory protein), cellular inhibitor of apoptosis protein 1 (CIAP1),
clAP2, X-linked inhibitor of apoptosis protein (XIAP), B-cell ymphoma 2 (BCL2), and B-cell lymphoma-extra large (BCL-XL) expression levels in the
THP1-eGFP-SP110b clonal cell line were characterized by Western blot analysis with the indicated antibodies at the respective time points
post-treatment. All data are representative of at least two independent experiments. Dox = doxycycline; eGFP = enhanced green fluorescent protein.

observation that Mtb infection in other mouse model resemble those of diverse, and even apparently opposing,
organs is more efficiently controlled than ~ immunocompetent, susceptible humans biological functions, and NF-«kB activity
in the lungs (35), suggesting that TB with a systemic defense mechanism that is integrated with that of many other
progression in these susceptible mice is is able to control the disease in organs transcriptional regulators (36-38).

not due to systemic failure of host other than the lungs, suggesting that an Although p50 does not possess potential
immunity, but rather that increased TNF-oo  imbalanced, but not a deficient, immune transactivation domains, in vitro studies
production contributed to the severe response causes disease development in have shown that p50 dimers induce
necrotic lung lesion development, thereby  the lungs. kB-site-dependent transcriptional
resulting in rapid multiplication of Mtb NEF-kB proteins are sequence-specific ~ activation (39), most likely by cooperating
within the lesions. Taken together, transcription factors that are capable of with other transcription factors and

the disease features of our susceptible inducing hundreds of genes with extremely  coregulators (40, 41). Using a luciferase

Figure 5. (Continued). was used as a positive control (see the MetHops section in the online supplement). (B) Relative luciferase (Luc, L.) values of the TNF-a
promoter were measured 2 days after transient cotransfection of the HEK293T cells with the pGL3-TNF-a promoter-F.Luc, pSV40-R.Luc, and the
indicated constructs. An empty vector control is shown in the left column. Ctl indicates a vector that expressed shLacZ (used as a control). (C and D)
Nuclear extracts from HEK293T cells at 2 days post-transfection (C) with the empty vector (mock) or the 3XFLAG-SP110b—expressing vector or (D) with
the 3XFLAG-p50-expressing vector plus an empty vector or plus the 3XHA-SP110b-expressing vector were subjected to chromatin IP using anti-FLAG,
anti-histone H3 (H3), or anti-IgG antibodies, respectively. Precipitated DNA fragments were amplified by (C) polymerase chain reaction (PCR) and (D)
quantitative PCR with the primer pairs indicated in Figure E5C. (E) Nuclear extracts from THP1-eGFP-SP110b clonal cell lines at 2 days post-treatment
were subjected to chromatin IP using anti-NF-kB1, anti-histone H3 (H3) or anti-IgG antibodies, respectively. Precipitated DNA fragments were amplified
by quantitative PCR with the primer pairs indicated in Figure E5C. (F) The relative Luc values of the full-length and serial deletion TNF-a promoter
constructs were measured 2 days after transient cotransfection of HEK293T cells with pGL3-TNF-a promoter-F.Luc, pSV40-R.Luc, and the indicated
constructs. An empty vector control is included in the top row. Solid ovals indicate putative NF-«B binding sites, and open ovals indicate NF-«kB binding
sites, as described in Figure E5C. (B, D, E, and F) Data are presented as the mean = SD of three cultures. Statistical significance was calculated using a
two-tailed, unpaired t test. *P < 0.05; **P < 0.01; **P < 0.001. All data are representative of at least two independent experiments. Dox = doxycycline;
eGFP = enhanced green fluorescent protein; RELA =the gene that encodes NF-«B p65 subunit; shRNA = short hairpin RNA.
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Table 2. Odds Ratios for Epistatic Interactions of Single-Nucleotide Polymorphisms in SP110, NFkB1, and TNFa Genes

NFkB1: rs230487  TNFa: rs1800629  Controls (%) Cases (%) OR (95% Cl) P Value
CC GG 68 (33) 75 (28) 1.000 N/A
CC GA/AA 12 (6) 20 (7) 1.603 (0.657-3.91) 0.299
CA/AA GG 114 (55) 146 (54) 1.187 (0.739-1.907) 0.479
CA/AA GA/AA 15 (7) 31 (11) 1.756 (0.813-3.794) 0.152

SP110: rs7580900 NFkB1: rs230487 TNFa: rs1800629 Controls (%) Cases (%) OR (95% CI) P Value
TT CC GG 27 (13) 18 (7) 1.000 N/A
TT CC GA/AA 4 (2 9 (3) 4.524 (1.033-19.824) 0.045
TT CA/AA GG 38 (18) 54 (20) 2.919 (1.244-6.85) 0.014
TT CA/AA GA/AA 9 (4) 10 (4) 2.52 (0.752-8.445) 0.134
CT/CC CC GG 41 (20) 57 (21) 3.026 (1.304-7.025) 0.010
CT/CC CC GA/AA 8 (4) 11 (4) 2.885 (0.823-10.116) 0.098
CT/CC CA/AA GG 75 (36) 90 (33) 2.319 (1.064-5.052) 0.034
CT/CC CA/AA GA/AA 6 () 21 (8) 5.442 (1.646-17.993) 0.006

SP110: rs7580912 NFkB1:rs230487 TNF-a:rs1800629 Controls (%) Cases (%) OR (95% CI) P Value
TT CC GG 32 (15) 27 (10) 1.000 N/A
TT CC GA/AA 6 (3) 12 (4) 3.666 (1.039-12.931) 0.043
TT CA/AA GG 51 (24) 66 (24) 2.135 (1.011-4.51) 0.047
TT CA/AA GA/AA 11 (5) 14 (5) 2.067 (0.712-5.999) 0.182
CT/CC CC GG 36 (17) 48 (18) 2.235 (1.014-4.926) 0.046
CT/CC CC GA/AA 6 (3) 8 (3) 1.695 (0.444-6.469) 0.440
CT/CC CA/AA GG 63 (30) 78 (29) 1.706 (0.836-3.479) 0.142
CT/CC CA/AA GA/AA 4 (2) 17 (6) 4.644 (1.27-16.977) 0.020

Definition of abbreviations: Cl = confidence interval; N/A = not applicable; NFkB1 = nuclear factor-x B1; OR = odds ratio; TNF-a = tumor necrosis factor-a.
ORs are adjusted for age and sex. The significant ORs are shown in italic type.

reporter system, we demonstrated that p50
overexpression induced the highest TNF-a
promoter transcriptional activity, with a
region containing seven potential NF-kB
binding sites (Figure 4C; see Figure E5C) and
that this activity was suppressed by SP110b
or p65 (Figures 4D and 4E). Because NF-kB
dimers induced specific transcriptional
activity at each promoter following
binding to the kB DNA response elements
(42, 43), our data presented in Figure 4C
support the notion that TNF-a promoter
activity can be determined by a distinctive
combination of NF-kB dimers. In the
presence of SP110b, NFkBI mRNA and
protein levels were not significantly
affected, while p65 protein levels increased
(Figures 4A and 4B). Therefore, we
speculate that SP110b downregulated

the TNF-a promoter activity by

regulating the ratio of p50/p50 to p50/p65,
which are two of the most abundant NF-kB
dimers that are present in cells (44).
Moreover, the quantitative chromatin
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immunoprecipitation analysis data and
reporter assays (Figures 5D-5F; see Figures
E5D and E5E) suggested that SP110b
suppressed the p50-mediated
transcriptional activity of the TNF-«a
promoter possibly by interrupting the
formation of a complex composed of p50
(and other components) at the kB sites or
by altering the composition of the complex
(Figure 7A). Future studies are required to
determine whether SP110b competes with
p50 for direct binding to the kB sites or
blocks the DNA-binding activity of p50,
thereby inhibiting p50-mediated TNF-a
transcription.

Although genetic defects in the SP110
gene have been found to be responsible
for hepatic venoocclusive disease and
immunodeficiency (45), the role that SP110
plays in controlling TB in humans remains
controversial (46-50). After screening
Taiwanese populations for polymorphisms
in SP110, NFkBI1, and TNFa genes that
are associated with TB susceptibility, one

SNP (rs11556887) in SP110 and one SNP
(rs13117745) in NFkB1 were found to be
associated with TB (see Tables E3-E5).
The logistic regression analysis further
revealed that two SNPs (rs7580900 and
rs7580912) in SP110 significantly interacted
with three NFkBI SNPs (rs230487,
1230519, and rs1599961) and one TNF«
SNP (rs1800629) and that the epistatic
interactions produce much more noticeable
associations with the control of TB

disease than the NFkBI-TNFu interaction
effects (Table 2; see Tables E6 and E7).
Moreover, subjects with a TT genotype

in SP110 rs7580900 and rs7580912, a CC
genotype in NFkBI rs230487, and a
GA/AA genotype in TNFa rs1800629
have a higher risk of developing TB than
those with the same genotype in SP110
and NFkBI but a GG genotype in TNFa.
On the contrary, subjects carrying a CT/CC
genotype in SP110, a CC genotype in
NFkBI, and a GA/AA genotype in TNFu
exhibit a lower risk than those carrying
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Figure 7. A model of SP110b functions. (A) A model of the SP110b-mediated downregulation

of tumor necrosis factor-a (TNF-a) production. SP110b suppresses the nuclear factor-«B
(NF-kB)-mediated transcriptional activity of the TNF-a promoter, possibly by inhibiting the interaction
between NF-«kB complex and DNA elements containing kB-binding sites in the TNF-a promoter.
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In summary, the results presented in
this report provide novel data regarding
the role of SP110b in controlling cell
death and host immunity as well as
a mechanistic explanation for the
observations that SP110b regulates
NF-kB activity. By fine-tuning NF-«kB
activity, SP110b suppressed TNF-a
production and enhanced expression
of antiapoptotic genes, resulting in
alleviation of cell death due to IFN-
y-mediated cytotoxicity and prevention
of overamplifying signaling of both
cytokines (Figure 7B). Our findings
define a previously unprecedented
function of SP110b/Iprl proteins in
integrating the cellular signals generated
during inflammation with mechanisms
regulating gene expression and cell death
of host cells. These studies not only
provide novel mechanistic insights into
TB pathogenesis but also disclose
potential new molecular targets for
developing host-directed therapeutic
treatments for TB.
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(B) A model of the SP110b-mediated mechanisms that are associated with cell death suppression.
SP110b modulates NF-kB activity, resulting in downregulation of TNF-a production and concomitant

upregulation of NF-kB-induced antiapoptotic gene expression, thereby suppressing IFN-y-mediated
monocyte and/or macrophage cell death. IFNGR =

IFN-y receptor; IkB =

inhibitor of kB; IKK=
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inhibitor of kB kinase; JAK = Janus kinase; TNFR =tumor necrosis factor receptor.
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