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Human IL-32 expression protects mice against a
hypervirulent strain of Mycobacterium tuberculosis
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Silencing of interleukin-32 (IL-32) in a differentiated human pro-
monocytic cell line impairs killing of Mycobacterium tuberculosis
(MTB) but the role of IL-32 in vivo against MTB remains unknown.
To study the effects of IL-32 in vivo, a transgenic mouse was gen-
erated in which the human IL-32y gene is expressed using
the surfactant protein C promoter (SPC-IL-32yTg). Wild-type and
SPC-IL-32yTg mice were infected with a low-dose aerosol of a hy-
pervirulent strain of MTB (W-Beijing HN878). At 30 and 60 d after
infection, the transgenic mice had 66% and 85% fewer MTB in the
lungs and 49% and 68% fewer MTB in the spleens, respectively; the
transgenic mice also exhibited greater survival. Increased numbers
of host-protective innate and adaptive immune cells were present
in SPC-IL-32yTg mice, including tumor necrosis factor-alpha (TNFc)
positive lung macrophages and dendritic cells, and IFN-gamma
(IFNy) and TNFa positive CD4* and CD8* T cells in the lungs and
mediastinal lymph nodes. Alveolar macrophages from transgenic
mice infected with MTB ex vivo had reduced bacterial burden and
increased colocalization of green fluorescent protein-labeled MTB
with lysosomes. Furthermore, mouse macrophages made to ex-
press IL-32y but not the splice variant IL-328 were better able to
limit MTB growth than macrophages capable of producing both.
The lungs of patients with tuberculosis showed increased IL-32
expression, particularly in macrophages of granulomas and airway
epithelial cells but also B cells and T cells. We conclude that IL-32y
enhances host immunity to MTB.
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uberculosis (TB) is a leading cause of morbidity and mor-

tality in the world with nearly 9 million new cases and over
1 million deaths per year. Mycobacterium tuberculosis (MTB)
strains possessing high levels of drug resistance such as multi-
drug resistant or extensively drug resistant MTB threaten to
make TB into an incurable disease (1). Whereas development
of new classes of effective anti-TB antibiotics is important to treat
existing cases (2), history teaches that MTB will eventually de-
velop resistance. Thus, it is important to continue to seek pre-
viously undiscovered immune responses to MTB in hopes that
new approaches may be applied to treat human TB.

First described in 2005, interleukin-32 (IL-32) is a pleiotropic
cytokine that induces proinflammatory cytokines such as tumor
necrosis factor-alpha (TNFo) and IL-1p (3). IL-32 protects
against infections with HIV (4), influenza (5), and Mycobacterium
avium (6). This protective effect is likely due to the proinflammatory
nature of IL-32, which is also implicated in the pathogenesis of
a number of inflammatory disorders (3, 7, 8). We previously dem-
onstrated that infection of human macrophages or peripheral
blood mononuclear cells (PBMCs) with MTB H37Rv induced
IL-32 (9, 10). Silencing endogenous IL-32 by siRNA in THP-1
macrophages, differentiated from a human promonocytic cell
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line, increased the intracellular burden of MTB, indicating that
IL-32 plays a host-protective role (9). However, the role of IL-32
in the response to TB in vivo remains unknown.

IL-32 is composed of six isoforms (a, B, v, 8, €, and ) due to
alternatively spliced mRNA variants (3). IL-32y is biologically
the most active, likely due to the lack of exonic deletions (11).
Because a full-length mouse homolog of IL.-32 is not present in
the databases, studying a role for endogenous IL-32 in mice is not
possible. Because murine macrophages do respond to IL-32 as
measured by TNFa production (3), we developed a transgenic
(Tg) mouse strain in which human IL-32y is expressed in type II
alveolar epithelial cells under the control of the surfactant protein
C (SPC) gene promoter (SPC-IL-32yTg). Wild-type (WT) C57BL/6
and SPC-IL-32yTg mice were infected with a low-dose aerosol
of MTB W-Beijing HNS878, a hypervirulent MTB strain isolated
from a patient with TB (12). We hypothesized that expression of
human IL-32 in the lungs of mice would protect against MTB
infection. If borne out, IL-32 may represent a target for pre-
viously unidentified immunotherapy to treat TB.

Results

Integration of SPC-IL-32y Transgene. Microinjection of the SPC-
IL-32y transgene into C57BL/6 zygotes was performed (Fig. S14).
The 420-bp fragment of the SPC-IL-32y transgene was detected
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Mycobacterium tuberculosis (MTB). Expression of human IL-32y
in the lungs of mice reduced the burden of MTB in both the
lungs but also in the spleen and was associated with increased
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were also better able to control MTB infection and had increased
colocalization of MTB with lysosomes. IL-32 expression was in-
creased in the surgically resected lungs of tuberculosis patients,
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T cells. Thus, IL-32 enhances host immunity against MTB.
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by PCR (Fig. S1B) and Southern blot analysis confirmed that the
SPC-IL-32y transgene (4.4-kb DNA fragment) was successfully
integrated into the genome of founder mice (Fig. S1C). As
expected, there was no transgene signal in the WT mice (Fig. S1C).
Inbreeding produced a uniform colony of SPC-IL-32yTg mice,
confirmed by positive PCR for the SPC-IL-32y transgene (Fig.
S24). Offspring of the SPC-IL-32yTg mice were healthy at birth
and grew normally.

RT-PCR of homogenized lung tissues revealed that I1L-32
mRNA was present in the lungs of SPC-IL-32yTg mice but absent
from WT mice (Fig. S2B). IL-32y protein levels were measured
from the whole lungs of four WT and four SPC-IL-32yTg mice by
ELISA and normalized for total protein. As shown in Fig. S2C,
the mean lung level of IL-32y in the Tg mice was significantly
greater than the negligible nonspecific background signal in the
lungs of the WT mice. Immunohistochemistry of representative
WT and SPC-IL-32yTg mice showed that IL-32y was expressed in
type II alveolar cells of the Tg mice but not the WT mice (Fig.
1A4). Analysis of the bronchoalveolar lavage fluid revealed there
was a trend toward increased leukocyte count in the SPC-IL-
32yTg mice (123 cells/uL) compared with WT mice (85 cells per
microliter), and no difference in the cell differential with the large
majority of the cells being alveolar macrophages (AMs) in both
mouse strains.

SPC-IL-32yTg Mice Are Protected Against MTB Infection. SPC-IL-32yTg
and WT mice were infected with aerosolized MTB W-Beijing
HNS878 and the bacterial burden in the lungs and spleens were
determined. One day after infection, there was no significant
difference in the number of MTB between the strains (Fig. 1B).
However, by day 10, there was significantly less MTB isolated
from the lungs of SPC-IL-32yTg mice compared with the WT
mice (Fig. 1B). By 30 and 60 d after infection, there was 66%
and 85% fewer MTB, respectively, in the lungs of the SPC-IL-32yTg
mice compared with the WT mice (Fig. 1C). At 30 and 60 d after
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MTRB infection, there were 49% and 68% fewer MTB, respectively,
in the spleens of the SPC-IL-32yTg mice (Fig. 1D).

Survival of 10 WT and 10 SPC-IL-323yTg mice infected with
MTB W-Beijing HN878 was determined. As shown in Fig. 1E,
SPC-IL-32yTg mice survived longer than WT mice and the dif-
ference approached significance.

We quantified the severity of lung and splenic lesions in the
WT and SPC-IL-32yTg mice using the area fraction fractionator
method. There was no significant difference between the mouse
strains in the number of lung lesions at 30 d after infection and a
trend toward fewer TB lesions in the lungs of the SPC-IL-32yTg
mice after 60 d of infection (Fig. S34). There was no significant
difference in the necrotic area of the lung lesions in the two mouse
strains (Fig. S3B). Similarly, there was no significant difference in
the number or severity of lesions in the spleens between the two
mouse strains (Fig. S3 C and D).

Because IL-32 is secreted and can stimulate other cells (13-15),
we compared the ability of AMs from SPC-IL-32yTg and WT
mice to control an M7TB infection. AMs were isolated from the
lungs of SPC-IL-32yTg and WT mice by bronchoalveolar lavage.
Cultured AMs were infected with MTB H37Rv or W-Beijing
HNS878 and the number of intracellular MTB were determined (9).
There was a modest but significant reduction in the number of
intracellular H37Rv and W-Beijing HN878 recovered from the
AMs of SPC-IL-32yTg mice at 2 and 4 d after infection compared
with AMs of WT mice (Fig. 2 4 and B, respectively).

Because colocalization of phagocytosed MTB with lysosomes
is a central mechanism by which intracellular M7B are disposed
(16), we quantified the colocalization of GFP-labeled MTB with
lysosomes in AMs of WT and Tg mice. As shown in Fig. 2 C and D,
stimulation of AMs from either mouse strain with IFNy increased
the percentage of cells in which GFP-MTB colocalized with lyso-
somes. Importantly, AMs from SPC-IL-32yTg mice displayed sig-
nificantly greater colocalization than WT AMs, whether in the
presence or absence of IFNy (Fig. 2 C and D).
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SPC-IL-32yTg mice are more resistant to MTB infection than wild-type (WT) controls. (A) Immunohistochemistry (200x) for IL-32y of uninfected WT and

SPC-IL-32yTg mice (Inset, 400x). Data shown are representative of three WT and three SPC-IL-32yTg mice. (B) One and 10 d after infection, the mice were
killed, and cfu in the homogenized lungs of the WT mice (open bars) and SPC-IL-32yTg mice (closed bars) were determined by culture; cfu for WT and SPC-IL-32yTg
mice at day 1 =170 + 15/mL and 175 + 18/mL, respectively. Thirty and 60 d after infection, the mice were killed, and cfu in the homogenized (C) lungs and
(D) spleens of the WT mice (open bars) and SPC-IL-32yTg mice (closed bars) were determined by culture. For A-D, data are shown as mean + SEM with n =5
mice for each time point, *P < 0.05 and **P < 0.01. (E) WT (open circles) and SPC-IL-32yTg (closed squares) mice were infected with low-dose aerosol of MTB

W-Beijing HN878 by the Glas-Col aerosol generator and folllowed for survival
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for up to 200 d (data shown for 10 WT and 10 SPC-IL-32yTg mice, P = 0.0525).
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Fig. 2. Alveolar macrophages (AMs) of SPC-IL-32yTg mice are better able to control MTB infection than AMs from WT mice. (A) AMs of WT (open bars) and
SPC-IL-32yTg (closed bars) mice were infected with MTB H37Rv at a multiplicity of infection (MOI) of 10 bacilli to one macrophage, and intracellular MTB
quantified at the indicated time points. (B) AMs of WT (open bars) and SPC-IL-32yTg (closed bars) mice were infected with MTB W-Beijing HN878 at an MOI of
10 and intracellular bacterial burden was determined after the indicated times of infection. (C) AMs of WT (open bars) and SPC-IL-32yTg (closed bars) mice
were infected with GFP-labeled MTB H37Rv with and without IFNy (10 units/mL) stimulation, followed by staining for lysosomes and nuclei with LysoTracker
Red and DAPI, respectively. (D) The percentage of cells with colocalization of GFP-MTB and lysosomes was calculated based on the number of cells with
colocalization divided by the number of GFP-MTB infected cells. For A and B, data represent the mean + SEM of six independent experiments. For C and D,
data represent the mean + SEM of three independent experiments, *P < 0.05, **P < 0.01.

Increased Influx of TNFa-Positive Innate Inmune Cells in the Lungs of
SPC-IL-32yTg Mice. The number of AMs and lung dendritic cells
expressing TNFa, IL-12p40, IL-10, and class II MHC molecules
were determined in infected WT and SPC-IL-32yTg mice. At
30 d after infection, significantly greater numbers of TNFa-
positive AMs (CD11b™CD11¢™#) were isolated from SPC-IL-32yTg
mice than from WT mice but there was no difference by 60 d
(Fig. 34). There was a clear trend of increased IL-10-expressing
macrophages after 60 d of infection in the SPC-IL-32yTg mice
(Fig. 3B). However, there was no significant difference in the
number of AMs expressing IL-12 or class I MHC between the
WT and SPC-IL-32yTg mice.

There were also significantly greater numbers of TNFa-
expressing dendritic cells (DEC205P**CD11b"¢CD11c™) in the
lungs of the SPC-IL-32yTg mice at 30 d but this difference was
lost by 60 d (Fig. 3C). There was no significant difference in the
number of lung dendritic cells expressing IL-10 (Fig. 3D), IL-12,
or class II MHC between the mouse strains.

Caspase-3—dependent apoptosis is one mechanism by which
IL-32 reduces intracellular MTB in THP-1 cells (9). Thus, we
analyzed the expression of caspase-3 and Bcl-2 (an antiapoptotic
marker) but found no difference in the number of caspase-3* or
Bcl-2" AMs and dendritic cells in the lungs or draining lymph
nodes between the two mouse strains (Fig. S4).

Increased IFNy- and TNFa-Expressing CD4* and CD8* T Cells in Infected
SPC-IL-32yTg Mice. CD4* and CD8" T effector cells are critically
important to anti-TB immunity (17). We analyzed the populations
of these cells expressing TNFa and IFNy in the lungs and medi-
astinal lymph nodes of infected WT and Tg mice. SPC-IL-32yTg
mice infected with MTB had significantly more IFNy"CD4*
T cells in the lungs at 30 and 60 d postinfection (Fig. 3E) as well
as increased TNFo"CD4* T cells at 30 d after infection (Fig. 3F).
Compared with WT mice, SPC-IL-32yTg mice also had more
IFNy*CD8* T cells at 30 and 60 d and displayed a trend toward
increased TNFoatCD8™ T cells at 60 d compared with infected
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control mice (Fig. 3 G and H). In the mediastinal lymph nodes,
infected SPC-IL-32yTg mice had significantly more IFNy*CD4™*
T cells 60 d after infection (Fig. 3I). The Tg mice also had more
TNFotCD4" T cells recovered from the lymph nodes at 10, 30,
and 60 d after infection (Fig. 3/) as well as increased number of
IFNy- and TNFa-expressing CD8* T cells after 10 and 30 d of
infection (Fig. 3 K and L). We found no significant difference in
the influx of Ty17 cells into the lungs or mediastinal lymph nodes
of the two mouse strains at all time points studied.

Increased NK1.1* Cells in the Lungs of the SPC-IL-32yTg Mice. NK1.1™"
cells are increasingly recognized as important in lung immunity
against MTB (18). In the SPC-IL-32yTg mice, the number of
NK1.1" were significantly increased in the lungs at 1, 10, and 60 d
after infection but were decreased in the lymph nodes 10 d after
infection (Fig. S5).

Increased CD4" T Regulatory Cells in the Lymph Nodes of Infected
SPC-IL-32yTg Mice. CD4"Foxp3* T regulatory cells (Tregs) inhibit
the proinflammatory immune response to virulent MTB (12, 19).
There was no difference in the influx of total Tregs or IL-10*
Tregs in the lungs of the WT and SPC-IL-32yTg mice over the
course of the infection (Fig. 4 A and B). In the mediastinal lymph
nodes of the SPC-IL-32yTg mice, there was a significant increase
in the number of Tregs at later time points of infection (days 30
and 60) (Fig. 4C) as well as a trend of increased IL-10* Tregs at
day 30 (Fig. 4D).

Mouse Macrophages Transfected with IL-32y Mutated at the Splice Site
(IL-32yM) Have Greater Capacity to Control MTB Infection than Cells
Transfected with WT IL-32y. Wild-type IL-32y is known to produce
altenative mRNA splice variants, resulting in at least six isoforms of
IL-32 (11). IL-328 is considered to be more immunosuppressive
because it induces IL-10 (20). We have also found that the IL-32f
transcript is expressed in the lungs of the SPC-IL-32yTg mice
(Fig. S6). To determine if loss of splicing to produce IL-328
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Fig. 3. Analysis of innate and adaptive immune cells in the lungs and mediastinal lymph nodes of MTB-infected WT and SPC-IL-32yTg mice. The number of
lung macrophages (CD1 1bMCD11c™9) producing (A) TNFa and (B) IL-10 and lung dendritic cells (DEC205P°*CD11b"¢9CD1 1) positive for (C) TNFa and (D) IL-10
in WT (open circles) and SPC-IL-32yTg (closed squares) mice are shown over the course of the infection. The number of lung CD4* T cells producing (E) IFNy and
(F) TNFa in control (open circles) and SPC-IL-32yTg (closed squares) mice are shown over the course of the infection. The number of lung CD8" T cells producing
(G) IFNy and (H) TNFa in control (open circles) and SPC-IL-32yTg (closed squares) mice are shown over the course of the infection. The number of nodal CD4*
T cells producing (/) IFNy and (J) TNFa in control (open circles) and SPC-IL-32yTg (closed squares) mice are shown over the course of the infection. The number
of nodal CD8" T cells producing (K) IFNy and (L) TNFa in control (open circles) and SPC-IL-32yTg (closed squares) mice are shown over the course of the in-

fection. For all experiments, the results are expressed as the mean number of cells + SEM with n = 5 mice for each time point, *P < 0.05.

affects the anti-M7B capacity of macrophages, RAW 264.7 mouse
macrophages were transfected with WT IL-32y or IL-32yM, the
latter having a mutation of the donor site (GU — AU)—such that
splicing of the mRNA of IL-32y to IL-32f is silenced (21). The
cells were then infected with GFP-MTB H37Rv and the pro-
portion of GFP-MTB-infected cells were quantified by fluorescent
microscopy. As shown in Fig. S7, the transfected cells contained
transcripts for IL-32y. One hour after infection (day 0), there was
no difference in the number of intracellular MTB (Fig. 5). Two
days after infection, the percentage of IL-32y or IL-32yM trans-
fected cells infected with MTB was significantly lower than control
cells. However, 4 d after infection, there was a trend toward fur-
ther reduction in the percentage of cells infected with MTB in
macrophages transfected with IL-32yM (Fig. 5).
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IL-32 Is Induced in Primary Human Cells and Lung Tissues in Response
to MTB Infection. One key difference in the histopathologic lesions
of murine and human TB is that infected mice do not develop
necrotic granulomas that are seen in MTB-infected human tis-
sues. To determine the extent and distribution of IL-32 expres-
sion in the lungs of patients with TB, we performed immuno-
histochemistry for IL-32 on surgically resected lung tissues from
patients with active TB and without TB. Compared with lungs
with normal histology (Fig. 6 A4, i), IL-32 expression in the lung
tissue samples obtained from patients with TB was significantly
increased in both nongranulomatous pneumonitis (Fig. 6 A, ii)
and necrotizing granulomatous pneumonitis (Fig. 6 A4, iif). Mor-
phometric quantitation revealed that IL-32 expression was
significantly greater in TB lung tissues compared with control
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Fig. 4. Analysis of T regulatory cells in the lungs and mediastinal lymph nodes of MTB-infected WT and SPC-IL-32yTg mice. The (A) total number of CD4*Foxp3*
and (B) CD4"Foxp3*IL-10* Treg cells in the lungs of control (open circles) and SPC-IL-32yTg (closed squares) mice are shown over the course of
the infection. The (C) total number of CD4*Foxp3* and (D) CD4*Foxp3*IL-10* Treg cells in the lymph nodes of control (open circles) and SPC-IL-32yTg
(closed squares) mice are shown over the course of the infection. Results are expressed as the mean number of cells + SEM with n = 5 mice for each time
point, *P < 0.05.
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Fig. 5. Mouse macrophages transfected with /L-32y mutated at the splice
site (IL-32yM) possess greater anti-MTB activity than those transfected with
WT IL-32y. The proportion of GFP-MTB-infected RAW 264.7 cells transfected
with empty vector or pCDNA-CMV containing the WT IL-32y gene or the
nonsplicable /L-32y gene were determined after 1 h and 2 and 4 d after
infection. Inset shows representative DIC and fluorescent microphotograph
of GFP-MTB infected RAW 264.7 cells. Data shown are the mean + SEM of
three independent experiments. *P < 0.05, **P < 0.01.

samples (Fig. 6 A4, iv). In the inflammatory region of necrotizing
granulomas, IL-32 was mostly expressed by macrophages and
B cells (Fig. 6 B, i—v); interestingly, there were relatively few T cells
in the walls of the granulomas (Fig. 6 B, vi). Examining serial
lung tissue sections, we estimated by microscopy that of IL-32
positive cells, 48 + 6% were macrophages, 22 + 2% were airway
epithelial cells, 21 + 1% were B cells, and 9 + 1% were T cells.
Expression of IL-32 in the airway columnar epithelium is no-
ticeably increased in TB-infected tissue specimens (Fig. 6 C, i—iii)
compared with uninfected control tissue samples (Fig. 6 C, iv—vi).

Given the increased IL-32 expression in the macrophages of
TB-infected lung tissue, it was important to validate whether
MTB can induce IL-32 expression in primary human cells. Thus,
PBMCs were isolated from five healthy volunteers and either
remained uninfected or infected with MTB H37Rv or W-Beijing
HNB878 at a multiplicity of infection (MOI) of 10 for 6 and 24 h.
MTB significantly induced IL-32 expression with no difference in
induction between the two MTB strains (Fig. S8).

Discussion

Cytokines and chemokines play essential roles in host defense
against TB through various mechanisms including the influx and
activation of immune cells, promoting phagosome maturation,
inducing apoptosis or autophagy of infected phagocytic cells, and
inducing the production of effector molecules such as nitric ox-
ide, immunity-related GTPases, and antimicrobial peptides (16,
22, 23). IL-32 protects against MTB in THP-1 macrophages using
some of these effector mechanisms (9). To elucidate the bi-
ological significance of IL-32 with MTB infection in vivo, we
infected Tg mice that express human IL-32y in the lungs with
a hypervirulent, clinical strain of MTB (12). Whereas IL-32y in
this Tg strain is regulated by the SPC promoter and thus con-
stitutively expressed by type II alveolar epithelial cells, IL-32 can
be secreted and can act on other cell types (14, 15). There was
reduced MTB burden in the lungs and spleens of SPC-IL-32yTg
mice compared with WT mice. Whereas the relative reduction of
MTB in the SPC-IL-32yTg mice was modest, the absolute re-
duction of bacilli is considerable. Furthermore, because C57BL/6
mice already have robust immunity, we did not necessarily expect
that these mice made to additionally express IL-32 would have
as significant a reduction in MTB compared with mice given
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effective anti-TB drugs. Although the severity and extent of the
lung lesions at 2 mo after infection were not significantly dif-
ferent between the two mouse strains, mice expressing human
IL-32y had improved survival compared with WT mice.

In exploring the mechanisms by which human IL-32 exerts its
protection, we observed a modest increase in the number of
TNFo* AMs and dendritic cells in the lungs of the SPC-IL-32yTg
mice relatively early in the course of the infection but not at a later
time point. There were consistent and sustained increases in
IFNy*CD4", TNFa*CD4", and IFNy*CD8" T cells as well as a
modest increase of NK1.1% cells in the lungs of the SPC-1L-32yTg
mice. A similar pattern of increased TNFa- and IFNy-positive
CD4* and CD8* T cells was also seen in the mediastinal lymph
nodes of the SPC-IL-32yTg mice although the effect was not as
robust for TNFa*CD8" T cells. These findings likely account for
the protective effect of IL-32 and are also consistent with the
ability of IL-32 to induce TNFa (3, 9) which, in turn, can induce
IFNy production. Schenk et al. (15) reported that with leprosy
infection, IL-32 potently induced the differentiation of primary
human monocytes to dendritic cells following stimulation with
a NOD2 ligand. This observation is consistent with our finding
of increased TNFa*t dendritic cells in the SPC-IL-32yTg mice.
In ex vivo experiments, we also found greater colocalization of
MTB with lysosomes by the AMs of Tg mice than WT AMs,
indicating that enhanced disposal of MTB through the lyso-
somal pathway is one mechanism for the protective effect of
IL-32y; whether this effect is directly related to IL-32y or other
proinflammatory cytokines it induces such as TNFo remains to
be determined.

What could account for the initial increase and then a fall in
the number of host protective TNFa* AMs and dendritic cells in
the lungs of the infected SPC-IL-32yTg mice? Choi et al. studied
dextran sodium sulfate (DSS)-induced colitis using another
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Fig. 6. IL-32 expression in histologically normal and TB human lung tissue
samples. In representative (A, i) normal lung and (A, ii) TB lung showing
alveolar macrophages (arrows) immunostained positive for IL-32 (original
magnification, 200x). (A, iii) A region of a TB granuloma with central ne-
crotic, surrounding inflammatory, and outer fibrotic zone (200x). (A, iv) The
mean IL-32 positivity for the four control and seven TB lung samples. (B, i) A
granuloma immunostained for IL-32 (original magnification, 40x). (B, ii) The
same granuloma immunostained for CD68 (macrophages) (40x). A higher
magnification of the granuloma wall showing IL-32 staining (arrows) (B, iii) is
localized mainly to macrophages (arrows) (B, iv) (400x). (B, v and vi) A TB
granuloma immunostained for CD20 and CD3, respectively (40x). (C, i-iii) Lung
tissues of a patient with pulmonary TB stained for IL-32. (C, iv-vi) Histologi-
cally normal lung tissues stained for IL-32. Magnification in C, i, iii, iv, and vi is
400x and in C, ii and v, 200x. (C, vii) Quantification of IL-32 staining by mor-
phometric analysis.
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IL-32yTg strain in which the IL-32y transgene was under the
control of the p-actin promoter and thus expressed ubiquitously
(20). They reported that IL-32 exacerbated DSS-induced colitis
initially but at later time points, there was more rapid healing
and less inflammation (20). This spontaneous recovery of IL-32—
induced colitis was attributed to secondary induction of IL-10,
a cytokine with antiinflammatory effects (20). The authors
hypothesized that the increase in IL-10 was due to accumulation
of IL-32p, a splice variant of IL-32y that induces IL-10 (24), an
antiinflammatory cytokine also known to predispose mice to
MTB (25). Because the SPC-IL-32yTg mice also produce I1L-328,
this may account for the trend toward increased IL-10-positive
lung macrophages and dendritic cells in the SPC-IL-32yTg mice
at day 60 of infection. Thus, the eventual accumulation of IL-328
and subsequent induction of IL-10 may have partially abrogated
the protective, proinflammatory effect of IL-32y in the Tg mice
by day 60. This notion is supported by our finding that mouse
macrophages transfected with IL-32yM in which mRNA splicing
to produce IL-32f was silenced were better able to control MTB
infection than macrophages transfected with WT IL-32y.

Although excessive Treg influx has been shown to exacerbate
TB infection (12), studies also show that in the presence of ef-
fective immunity, Tregs are required to curb the potentially
damaging inflammatory response that is induced against MTB
(26). Because we found increased Treg influx in the lymph nodes
of the SPC-IL-32yTg mice, which may have been in response to
the increased proinflammatory effects of IL-32y, this increase in
Tregs may have abrogated some of the protective effects of
IL-32y at the later time points.

Bao et al. reported elevated serum levels of IL-32 from
patients with active pulmonary TB (27), supporting the evidence
that IL-32 is also secreted. To help correlate the findings in the
SPC-IL-32yTg mice with human tissues, we examined IL-32
expression in the lung tissue samples from patients with TB.
Compared with histologically normal lungs, the resected TB lung
samples showed significantly increased IL-32 expression. The
predominant cell types that expressed IL-32 were macrophages
and airway epithelial cells, similar to that found in the lung
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samples of patients with nontuberculous mycobacterial lung
disease (6). The increased number of IL-32—positive cells in the
TB lungs reflects the large number of epithelioid macrophages in
the inflammatory and granulomatous responses. Because airway
epithelial cells are innate immune cells capable of killing myco-
bacteria through phagocytosis and elaboration of antimicrobial
peptides as well as stimulating IFNy release by CD8* T cells (28),
it is plausible that increased expression of IL-32 in these cells also
reflects a host-protective immune response against M7TB. Montoya
et al. recently showed in human macrophages that IL-32 promoted
the production of both defensin-B and cathelicidin, antimicromial
peptides with anti-MTB activity (29).

In summary, expression of human IL-32 in the lungs of mice is
protective against MTB. This protection is likely due to increased
influx of host-protective innate and adaptive immune cells. It is
important to query whether Tg mice that express IL-32y ubig-
uitously, such as the p-actin-IL-32yTg mice, would display even
greater protection against MTB than the SPC-IL-32yTg mice or
conversely, worse outcome due to excessive inflammation.

Materials and Methods

The SPC-IL-32yTg mice were generated at the Mouse Genetics Core facility at
National Jewish Health (NJH). Aerosolized infection of the mice with MTB
was performed in the Biosafety Level 3 facility at Colorado State University
(CSU). All experimental protocols were approved by the animal care and use
committees of NJH and CSU, and conform to National Institutes of Health
guidelines. Details on the experimental methods and statistical analyses can
be found in S/ Materials and Methods.
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