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Protein kinase C-delta (PKC9), a marker of
Inflammation and tuberculosis disease progression
IN humans, is iImportant for optimal macrophage
kiling effector functions and survival in mice

This article has been corrected since Advance Online Publication and an erratum is also printed in this issue

SP Parihar'?, M Ozturk?, MJ Marakalala', DT Loots>, R Hurdayall’2’4, D Beukes?,
M Van Reenen®, DE Zak®, SK Mbandi®, F Darboe®, A Penn-Nicholson®, WA Hanekom®, M Leitges7,
TJ Scriba®, R Guler"? and F Brombacher'

We previously demonstrated that protein kinase C-6 (PKC$) is critical for immunity against Listeria monocytogenes,
Leishmania major, and Candida albicans infection in mice. However, the functional relevance of PKCé during
Mycobacterium tuberculosis (Mtb) infection is unknown. PKC$é was significantly upregulated in whole blood of patients
with active tuberculosis (TB) disease. Lung proteomics further revealed that PKCé was highly abundant in the necrotic
and cavitory regions of TB granulomas in multidrug-resistant human participants. In murine Mtb infection studies,
PKC3 ~/~ mice were highly susceptible to tuberculosis with increased mortality, weight loss, exacerbated lung pathology,
uncontrolled proinflammatory cytokine responses, and increased mycobacterial burdens. Moreover, these mice displayed
a significant reduction in alveolar macrophages, dendritic cells, and decreased accumulation of lipid bodies (lungs and
macrophages) and serum fatty acids. Furthermore, a peptide inhibitor of PKC$ in wild-type mice mirrored lung
inflammation identical to infected PKC5 ~/~ mice. Mechanistically, increased bacterial growth in macrophages from
PKC3~/~ mice was associated with a decline in killing effector functions independent of phagosome maturation and
autophagy. Taken together, these data suggest that PKCé is a marker of inflammation during active TB disease in humans
and required for optimal macrophage killing effector functions and host protection during Mtb infection in mice.

INTRODUCTION

Protein kinase C-6 (PKC3) plays a multitude of physiological
roles through its ability to phosphorylate multiple target
proteins involved in various cellular processes such as signal
transduction,’ apoptosis,2 proliferation and survival,® tran-
scription,® hormonal regulation,” and immune responses.®’
PKCS '~ mice were originally characterized by two inde-
pendent research groups who highlighted the role of this

kinase in B-cell anergy® and B cell-mediated autoimmunity.”
Furthermore, PKC3 '~ mice were protected against glucose
intolerance induced by high-fat diet by exhibiting reduced
accumulation of liver triacylglycerol and impaired production
of lipogenic enzymes.'® This feature of accumulating fewer
lipids during an inflammatory condition by PKC8 ~/~ mice
upon Mycobacterium tuberculosis (Mtb) infection might impair
its ability to undergo slow-replicating, persistence phase as

"Institute of Infectious Diseases and Molecular Medicine (IDM), Division of Immunology and South African Medical Research Council (SAMRC) Immunology of Infectious
Diseases, Faculty of Health Sciences, University of Cape Town, Cape Town, South Africa. “International Centre for Genetic Engineering and Biotechnology (ICGEB), Cape
Town-Component, Cape Town, South Africa. ®Human Metabolomics, North-West University, Potchefstroom, South Africa. “Department of Molecular and Cell Biology,
Faculty of Science, University of Cape Town, Cape Town, South Africa. SCenter for Infectious Disease Research, Seattle, WA, USA. ®South African Tuberculosis Vaccine
Initiative (SATVI), Institute of Infectious Disease and Molecular Medicine (IDM) & Division of Immunology, Department of Pathology, University of Cape Town, Cape Town, South
Africa and “PKC Research Consult, Cologne, Germany. Correspondence: F Brombacher (brombacherfrank@gmail.com)

Received 28 September 2016; accepted 13 June 2017; published online 23 August 2017. doi:10.1038/mi.2017.68

496 VOLUME 11 NUMBER 2 | MARCH 2018 | www.nature.com/mi


mailto:brombacherfrank@gmail.com
http://www.nature.com/mi

ARTICLES

reported in human sputum.'’ Lipids are a prerequisite for the ~human monocyte-derived macrophages during the early
persistence of Mtb in macrophages that transforms them into  stages of HIV-1 infection.'"* Physiologically, silencing of
foamy macrophages that contribute to tissue pathology and PKCS with anti-PKCS small interfering RNA resulted in
facilitate dissemination." increased cholesterol efflux in hamster kidney cells and

Most studies on the role of PKCS were performed using a murine macrophage cell line RAW264.7."> Moreover,
inhibitors in vitro that lacked in specificity to a particular PKC =~ PKC isoforms such as & and ¢ are required for phagocytosis
isoform. A frequently used chemical rottlerin, which is a in RAW264.7 macrophages,' and PKCe also regulates
nonspecific chemical inhibitor of PKC$ to block enzymatic  autocrine production of tumor necrosis factor (TNF) that
reactions and intracellular signaling in pancreatic acinar in turn induces apoptosis in lipopolysaccharide-activated
cells.”” Rottlerin was shown to reduce viral burdens in  macrophages.'”
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Figure1 Increased expression of protein kinase-Cé (PKC3) in human whole blood, lungs of tuberculosis (TB) patients, and Mycobacterium tuberculosis
(Mtb)-infected macrophages. (a) PKC3 mRNA expression in TB progressors, expressed as log2 fold change over matched controls, from Adolescent
Cohort Study (ACS) group. The dotted line represents the mean log2 fold change, nonlinear spline function in 46 progressors and 107 healthy
QuantiFERON (QFT)-positive controls. The blue shaded area represents 99% confidence intervals. (b) mRNA expression of PKCé measured in an
independent QF T-negative or -positive controls, or patients with active TB disease, from ACS group ina (n=8-16). (c) PKC5 mRNA expression validated
by quantitative reverse transcription-PCR (qRT-PCR) in whole blood from SHIP cohort in adults with active TB disease before the initiation of drug
treatment (n= 30) or QFT-positive healthy controls (n= 30, LTBI, latent Mib infection). (d) PKC mRNA expression in monocyte-derived macrophages
(MDMs) of healthy donors after Mtb infection in vitro (n=2). () mRNA expression of PKC isoforms following the onset of antitubercular treatment in
human TB patients (n=27). (f) Heat map of z-score and log2-transformed label-free quantification of PKC3 in different types of granulomas, excised from
patients infected with multidrug-resistant Mtb (n=5). Data are represented as mean + s.e.m., analyzed using unpaired Student’s t-test (c) and one-way
analysis of variance (ANOVA) (b—e), *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs. control.
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Studies have suggested a functional role for PKCS in
regulating immunity to infectious diseases in vivo. Previously,
using PKC3 '~ mice, we demonstrated a crucial role of this
kinase in macrophage-mediated phagosomal clearance of the
intracellular bacterium, Listeria monocytogenes.” We further
reported that PKCS regulates the production of interleukin-12
(IL-12) p40/70 in both macrophages and dendritic cells,
required for protective T helper cell type 1 immune responses in
a murine model of cutaneous leishmaniasis.® We also
demonstrated that deletion of PKCS renders mice susceptible
to Candida albicans infection via Card9-mediated antifungal
immunity.'® These studies highlighted the key role of PKCS in
the immune response to infectious diseases. However, the
functional significance of PKCS in humans and mice along with
its effect on lipid homeostasis in host immunity to tuberculosis
(TB) infection has not been studied yet.

Here, we report that PKC3 mRNA expression is increased in
peripheral blood of participants with active TB. In addition,
proteomic analysis of lung tissues from treatment-refractory
TB patients revealed higher levels of PKCS protein expression
in caseous and necrotic regions of cavitory granulomas,
highlighting that PKC might be an indicator of an inflam-
mation. We further demonstrate that deletion of PKCd in
mice has a detrimental effect on a host with increased bacterial
loads, enhanced lung pathology, and mortality. Moreover,
PKCS is critical for the accumulation of lipid bodies in
macrophages and lungs during Mtb infection. Mechanistically,
PKC5d is important for optimal macrophage killing effector
functions, independent of phagosome maturation and
autophagy.

RESULTS

Increased expression of PKCé during active TB disease
Recently, we identified a transcriptomic signature that has the
potential to distinguish latent infection from the development
of active disease."” Given the pivotal role of PKCS in signal
transduction, we asked whether expression of this kinase
changes during the transition from Mtb infection to TB disease.
We analyzed gene expression data in whole blood from a nested
control study correlating risk of TB from 800 days before
diagnosis. This included 46 adolescents with latent Mtb
infection who progressed to active disease (progressors)
and 107 adolescents with Mtb infection who remained
healthy.'” PKC3 was significantly upregulated in progressors
when compared with latently infected healthy controls
(Figure 1a). Although two PKC isoforms (0 and m)
exhibited downregulation during progression to active TB
disease, the expression levels of other PKC isoforms (., B, v, 1, €,
and () remained constant (Supplementary Figure S1 online).
This highlighted PKCS as a possible marker of active TB
disease that we sought to validate using quantitative real time—
PCR (qRT-PCR). PKC6 mRNA expression was significantly
higher in whole blood from 8 participants with pulmonary
TB disease when compared with 16 QFT ™ healthy controls
(QFT ~) but not with latent Mtb infection (QFT *) (Figure 1b).
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However, the latter was also significantly higher in whole
blood of a larger independent Strategic Health Innovation
Partnerships (SHIP) cohort of 30 active TB participants
and 30 healthy individuals (QFT ) with latent Mtb infec-
tion (Figure 1c). In addition, human monocyte-derived
macrophages (MDMs) also upregulated PKCO expression
following Mtb infection (Figure 1d). Collectively, these data
indicate that PKCS expression increases during active TB
disease and in vitro Mtb infection of macrophages.

We then explored whether anti-TB therapy would
decrease PKCO expression. We analyzed a publicly
available data set from an independent study® that reported
whole-blood expression profiles of 27 first-time TB patients
before and after treatment. We found that PKCS was the
most abundantly expressed isoform compared with other
PKC isoforms. Importantly, the expression decreased from
week 1 to 26 weeks of successful treatment with TB therapy
(Figure le). Of note, all other PKC isoforms remained
unchanged before and after TB therapy except PKCH that
was marginally increased only at completion of treatment
(Figure 1e). This decline in PKCS expression after treatment
suggests that it might be an important component or
mediator of the host immune response during active TB
disease.

PKC5 is highly expressed in necrotic and cavitary regions
of granulomas in patients with multidrug-resistant TB
We recently characterized proteomic signatures in various
regions of granulomas from treatment-refractory TB patients
who had undergone pneumonectomy due to severe lung
damage.”’ Using the proteomics data, we determined the
protein expression levels of various PKC isoforms. Our analysis
revealed that only PKCS was associated with the necrotic
regions of both caseous and cavitary granulomas (Figure 1f),
whereas other PKC isoforms were largely absent in the lung
tissue samples (data not shown). This suggests an association of
PKC6 within the regions of Mtb-specific host immune
responses at the site of disease. The abundance of PKCd
protein at the sites of exaggerated disease strengthens our
transcriptomic findings in whole blood, highlighting PKCd as a
host factor that is induced during the progression of cellular to
necrotic granulomas in humans.

PKCS5 is critical for host survival against Mtb infection in
mice

To further investigate how PKCS influences host mortality
during Mtb-infection, we compared PKC3 ~/~ mice®” with
wild-type controls in a murine model of experimental TB.
Deletion of PKCd rendered mice highly susceptible to various
doses of intranasal Mtb infection (Figure 2a,d,g). Earlier and
increased mortality was associated with rapid weight loss
(Figure 2b,e,h) and increased bacterial titers in the lungs and
spleen determined at the time of killing (Figure 2¢,f,i). Thus,
PKCS deficiency in mice results in increased bacterial burdens
and mortality during Mtb infection.
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Figure 2 Protein kinase-C3-deficient (PKCS ~/~) mice displayed enhanced mortality and mycobacterial burdens. Mice were infected with a range of
Mycobacterium tuberculosis (Mtb) (H37Rv) doses via intranasal challenge for mortality studies. Survival curve, body weight change, and lung bacterial
burden determined at the time of killing. (a—c) A total of 5,000 colony-forming units (CFUs) after 6 weeks; (d—f) 1,000 CFUs after 8 weeks; and (g—i) 350
CFUs after 18 weeks. Mortality curves were analyzed by Kaplan—Meyer survival test, **P<0.01, ***P<0.001 vs. wild-type (WT) control mice. Data are
represented as mean = s.e.m. of 9—10 mice/group, analyzed using unpaired Student’s t-test, *P<0.05, **P<0.01, ***P<0.001 vs. control.

Exacerbated histopathology and reduced accumulation of
lipid bodies in the lungs of PKC5 /~ mice during Mtb
infection

As PKCS mice succumbed to Mtb infection as early as 4 weeks
in mortality studies (Figure 2d), we performed an in-depth
analysis of disease parameters at 4 and 8 weeks using a dose of
1,000 colony-forming units (CFU). At 4 and 8 weeks after
infection, PKC3 '~ mice displayed higher lung and spleen
burdens (Figure 3a), corroborating the mortality findings.
Susceptibility to infection in PKCS '~ mice was further
accompanied by a significant increase in lung inflammation as
revealed by lung weight index (Figure 3b), higher pulmonary
cell recruitment (Figure 3c), and larger lesion area in
hematoxylin and eosin-stained lung sections at 4 and 8
weeks after infection (Figure 3d). Furthermore,
immunohistochemistry revealed that inducible nitric oxide
synthase (iNOS) production was significantly increased in the
lungs of PKCS /'~ mice, concomitant with increased
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pulmonary tissue pathology indicating that PKCS might
directly or indirectly contribute to the control of lung
pathology (Figure 3e). Given the importance of PKCS in
the accumulation of cholesterol in human monocyte-derived
macrophages,*” we investigated lipid accumulation in the lungs
of PKCS /™ mice. Oil Red O staining of lung tissue sections of
PKCS /™ mice displayed significantly reduced accumulation
of lipids in lungs when compared with wild-type animals after 4
and 8 weeks of infection (Figure 3f). We next assessed whether
inhibiting PKCd in wild-type mice using a specific peptide
inhibitor TatVd1.1 (ref. 23) would recapitulate exaggerated
lung pathology of PKCS '~ mice following Mtb infection.
Indeed, mice treated with TatV561.1 had significantly higher
lung weight index and more inflamed lung sections and lesion
size when compared with wild-type animals (Supplementary
Figure S2a-c). Together, these results demonstrate that
absence of PKCS in Mtb infection resulted in exacerbated
pathology and reduced accumulation of lipids in the lungs.
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Figure 3 Protein kinase-Cé-deficient (PKC8~/~) mice displayed increased lung pathology and nitric oxide and decreased lipid accumulation in the
lungs. Mice were infected with Mycobacterium tuberculosis (Mtb) (1,000 colony-forming units (CFUs)) via intranasal challenge. (a) Bacterial burden in
lungs and spleens, (b, ¢) lung weight index, as a proxy for inflammation, and (c) total number of cells harvested. (d—f) Representative images and
quantification of histopathology, (d) hematoxylin and eosin (H&E) staining and lesions, (e) immunohistochemistry for inducible nitric oxide synthase
(iNOS), and (f) Oil Red O staining for lipids in the lungs at 4 and 8 weeks after infection. Data are represented as mean £ s.e.m. of n=4-5 mice/group and
are representative of two independent experiments. Data are analyzed using unpaired, Student’s t-test, *P<0.05, **P<0.01, ***P<0.001, vs. wild-type
(WT) control.
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Increased proinflammatory cytokine responses in the
lungs of PKC5 '~ mice following Mtb infection
Following excessive lung pathology and increased bacterial
loads in PKC8 ~/~ mice (Figure 3d), we measured the
proinflammatory cytokines in the lungs of mice. Compared
with wild-type mice, PKC3 ~/ ~ mice showed marked increases
in proinflammatory cytokines including interferon (IFN)-v,
TNF, IL-1p, IFN-, and IL-6 with minor effect on IL-10 at week
4 (Figure 4a) and week 8 (Figure 4b) after infection. In
the lungs of wild-type mice, the extent of proinflammatory
cytokines response is Mtb infection dose dependent (Supple-
mentary Figure S5f). Furthermore, flow cytometric analysis of
various pulmonary immune cell populations in PKCS '~
mice after 4 and 8 weeks of infection demonstrated that
frequencies and total cell numbers of alveolar macrophages
(Figure 4c,f,i,]) and dendritic cells (Figure 4d,g,j,m) were
significantly decreased with concomitant increase in activated
macrophages (Figure 4g) when compared with wild-type mice.
Of note, we observed no major differences in the frequencies
and cell numbers of lymphocytes (CD4 ", CD8 ™ T and B cells)
(Figure 4e,h,k,n) or neutrophils (Figure 4¢,f,i,1) infiltrating the
lung. Gating strategy defining myeloid cell populations in the
lungs are shown (Supplementary Figure S2d). In addition, we
showed that percentages of T cells were decreased and that of
dendritic cells were increased in thoracic lymph nodes at week 4
(Supplementary Figure S3a-d) but not at week 8 after
infection (Supplementary Figure S3e-h). Together, these
results indicated that the absence of PKC$ increased inflam-
matory cytokine responses and decreased alveolar macro-
phages and dendritic cells in lungs of Mtb-infected mice.

Decreased fatty acids in serum of PKC3 '~ mice following
Mtb infection

Decreased lipid accumulation in lungs of PKCS /'~ mice
during Mtb infection prompted us to perform a total
metabolome extraction of the serum in these animals. Principal
component analysis showed a clear differentiation between
Mtb-infected (1,000 CFUs) wild-type and PKCS ~/~ mice at
week 4 (62% variance) and week 8 (64% variance) after
infection, respectively (Figure 5a,b). Metabolite profiles of
these two groups thus varied significantly to allow a natural
grouping of the individual samples. Fatty acids are determined
to be of significance via univariate and multivariate statistical
analysis presented in Tables 1 and 2 . Considering these results,
Mtb-infected PKC3 ~/~ mice showed significantly decreased
levels of all serum fatty acids when compared with wild-type
mice, except for mead acid, an elevation of which is a well-
known marker for fatty acid deficiencies.”* Here, we selectively
report that host-protective (arachidonic acid, o-linoleic acid,
and palmitic acid)®® and host-detrimental (behenic acid,
cervonic acid/docosahexaenoic acid, and timnodonic acid/
eicosapentaenoic acid)®” fatty acids were significantly lower in
the PKCS '~ mice during Mtb infection (Figure 5¢,d). To
assess whether the observed effect was indeed PKCd specific
and not a consequence of morbidity and pathology at this
dose resulted in reduced food/water intake, we performed
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metabolomics at alow dose (70 CFUs) and found similar results
(Supplementary Figure S5a-d) as with 1,000 CFUs (Figure 5).
Notably, we confirmed that the changes in lipid profiles
were not a function of bacterial loads in the lungs of wild-type
mice (Supplementary Figure S5e). Thus, the absence of
PKCd led to a marginal decrease in serum fatty acids of
Mtb-infected mice.

Macrophages deficient in PKC exhibit reduced
mycobacterial killing capacity and reduced accumulation
of lipid bodies

Using our publically available data set from CAGE sequencing
of macrophages infected with a hypervirulent Mtb strain
(HN878),*° we reported that PKCS in the murine bone
marrow-derived macrophages (BMDMs) was also upregulated,
whereas other PKC isoforms (except B) remained largely
unaffected (Figure 6a), PKCJ expression was also validated
by qRT-PCR in murine macrophages (Supplementary
Figure S4a). Given the entire study was performed with an
H37Rv strain of Mtb, we measured the expression of PKC3 in
H37Rv-infected macrophages (Figure 6b) that had slightly
different kinetics at 24 h after infection when compared with
HN878-infected macrophages (Figure 6a and Supplementary
Figure S4a). This discrepancy in expression kinetics at 24 h
was most likely due to the different strains of Mtb. We next
investigated the intracellular growth of Mtb in PKCS '~
macrophages. Mycobacterial growth was significantly
increased in PKCS ~/~ macrophages particularly at 3 and 6
days after infection (Figure 6¢) as well as in wild-type
macrophages transfected with anti-PKCS small interfering
RNA at 48h after infection (Supplementary Figure S4b).
In PKCS ™/~ mice, we found a reduced accumulation of the
lipid bodies in the Mtb-infected lungs. Similarly, PKCS '~
macrophages displayed fewer lipid bodies revealed by the
Oil Red O staining (red) in fluorescent microscopy in a
time-dependent manner concomitant with significantly higher
bacterial numbers (Rv-GFP, green) (Figure 6d,e). Unlike
in the in vivo model, we found no differences in cytokine
production by PKCS '~ BMDMs except for a significant
decrease in IL-6 (Figure 6f-i) , suggesting other cell popula-
tions contributed in the lungs. Thus, PKC$ is important for
macrophage-mediated containment of mycobacteria and lipid
accumulation.

Killing effector functions in Mtb-infected PKC5 '~
macrophages

The PKC isoforms, including 527 and o,%® were reported to be
important for maturation of Mtb-containing phagosomes.
In bacterial infection, we previously reported that PKCS is
critical for containment of L. monocytogenes in phagosomes
of macrophages.” Surprisingly in Mtb infection, no differences
in the analyzed phagosome markers including LAMP-I,
LAMP-3, Cathepsin-D, and an autophagy marker LC3-II
were observed between PKCS ~/~ and control macrophages
(Figure 7a,b). This result suggests that PKCS is dispensable
for phagosome and autophagy-mediated killing of Mtb in
macrophages.
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Figure5 Decreased serum fatty acids by metabolic analysis following Mycobacterium tuberculosis (Mtb) infection. (a, b) Principal component analysis
(PCA) plots with percentage variation for each PC are indicated in parenthesis on the respective axis at 4 and 8 weeks after infection (1,000 colony-
forming units (CFUs)). (c, d) Serum levels (ug |~ ') of selected host-protective (arachidonic acid, a-linolenic acid, and palmitic acid) and host-detrimental
fatty acids (behenic acid, docosahexaenoic acid (DHA), and eicosapentaenoic acid (EPA)) during Mtb infection at 4 and 8 weeks after infection. Data are
represented as mean = s.d. of n=4-5 mice/group. Data are analyzed using univariate and multivariate statistical techniques (PCA powers > 0.5, PLS-
DAVIP >1.0, effect size > 0.8, and Student’s t-test p<0.05) vs. wild-type (WT) control mice. Individual fatty acid levels are analyzed by Student’s t-test,

*P<0.05, **P<0.01.

As the intracellular killing of Mtb is enhanced by nitrogen
and oxygen species,” we measured the ability of isolated
macrophages to release reactive oxygen species (ROS),
hydrogen peroxide (H,0,), and nitric oxide (NO). We found
NO production was significantly decreased in PKCS '~
macrophages at the protein level (Figure 7c) and mRNA level
using qRT-PCR (Figure 7d). In addition to NO, the release of
H,O, (Figure 7e) and ROS (Figure 7f) was also significantly
decreased in the PKC3 ~/~ macrophages. Furthermore, the
absence of PKCS in macrophages during Mtb infection also
renders them more prone to apoptosis, revealed by Annexin V
and 7-aminoactinomycin D staining (Figure 7g). Moreover, we
also evaluated the possible effect of antimicrobial molecules
secreted into the cell supernatant by Mtb-infected macrophages
by incubating infected PKCS ~ '~ cells with supernatants from
wild-type cells, and vice versa. Supernatant from infected
wild-type macrophages indeed reduced bacterial growth in
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Mtb-infected PKCS '~ macrophages (Figure 7h). This
indicates that a deficiency of PKCS decreases optimal
oxidative and nitrosative Kkilling effector functions in
macrophages thereby favor bacterial growth.

PKC5 ~/~ macrophages modestly decreased Mtb growth in
the presence of Ox-LDLs

Of interest, from decreased lipids in lungs (Figure 3f), macro-
phages (Figure 6d), and serum fatty acids (Figure 5c,d) of
PKCS /™ mice, we asked whether foam cell formation using
oxidized low-density lipoproteins (Ox-LDLs) would control
the growth of Mtb in otherwise susceptible PKCS '~
macrophages. Upon pretreatment with Ox-LDLs, we found
significantly decreased bacterial growth (Figure 7i) and
NO production (Supplementary Figure S4d) in PKCS '~
macrophages when compared with wild-type cells. Further-
more, Ox-LDLs pre-treated PKCS ~/~ macrophages revealed
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Table 1 Serum fatty acid concentrations (ug1~") for wild type and PKC5~/~ at 4 weeks after infection
Compound name Wild type PKCs '~ P Effect size = PCA powers PLS-DA VIP Fold
value <0.05 >0.8 >0.5 >1.0 change
Conc s.d. Conc s.d.
Docosanoic acid (behenic acid) 0.72 0.19 051 0.13 — 1.124 0.535 1.301 1.41
Eicosanoic acid (arachidic acid) 6.52 2.51 3.44  1.91 — 1.228 0.597 4474 1.90
Heneicosanoic acid 0.22 0.08 0.16 0.06 — — — 1.169 1.38
Heptadecanoic acid (margaric acid) 19.73 1.58 11.09 4.15 0.007 2.084 0.638 5.681 1.78
Pentadecanoic acid (pentadecylic acid) 530 097 425 094 — 1.090 0.615 1.001 1.25
Tetracosanoic acid (lignoceric acid) 8.71 11.65 1.69 0.57 — — — 2.957 5.15
Hexadecanoic acid (palmitic acid) 214 0.57 1.68 0.66 — — 0.504 1.212 1.27
Nonadecanoic acid 0.11 0.02 0.04 0.07 — 1.060 0.663 — 2.75
Octadecanoic acid (stearic acid) 165 028 1.50 0.68 — — 0.550 — 1.10
11-Eicosenoic acid 952 266 6.37 259 — 1.183 0.638 3.209 1.49
10-Heptadecenoic acid 1.88 045 1.32 0.52 — 1.069 0.568 1.771 1.42
13-Docosenoic acid (erucic acid) 0.41 0.13 0.21 0.08 0.026 1.487 — 2.571 1.95
15-Tetracosenoic acid (nervonic acid) 3.55 562 1.63 0.97 — — — 1.869 2.18
Undecenoic acid 079 0.16 052 0.22 — 1.196 0.548 2.063 1.52
9,12,15-Octadecatrienoic acid 126 035 064 0.21 0.012 1.797 0.740 3.179 1.97
(a-linolenic acid)
8,11,14-Eicosatrienoic acid 3.08 0.52 1.93 0.67 0.017 1.724 0.661 5.487 1.60
(homo-y-linolenic acid)
5,8,11,14-Eicosatretraenoic acid 3.10 092 174 1.92 — — 0.515 2.430 1.78
(arachidonic acid)
11,14-Eicosadienoic acid (homo-y-linoleic 577 1.16 495 1.85 — — 0.585 — 1.17
acid)
4,7,10,13,16,19-Docosahexaenoic acid 0.31 0.08 0.18 0.06 0.024 1.546 — 1.597 1.72
(cervonic acid)
5,8,11,14,17-Eicosapentaenoic acid 16.14 5.14 9.91 3.20 — 1.213 — 1.481 1.63
(timnodonic acid)
5,8,11-Eicosatrienoic acid (mead acid) 0.09 0.02 0.15 0.05 — 1.037 — — 0.60
9-Octadecenoic acid (oleic acid) 358.02 213.1 240.62 97.38 — — — 1.311 1.49
9,12-Octadecadienoic acid (linoleic acid) 143 030 0.99 0.63 — — 0.694 — 1.44

Abbreviations: Conc, concentration; PCA, principal component analysis; PLS-DA VIP, partial least square discriminant analysis variable importance in the projection;

PKC3~/~, protein kinase-Ca-deficient.

a modest decrease in growth of Mtb when compared with
untreated PKCS ~/~ cells (Figure 7i). On the other hand,
wild-type macrophages in the presence of Ox-LDLs showed
a significant increase in bacterial growth when compared
with untreated wild-type cells (Figure 7i). In addition,
Ox-LDLs increased lipid accumulation in wild-type macro-
phages but not in PKC3 '~ macrophages (Supplemen-
tary Figure S4e).

Moreover, we evaluated the effect of an unsaturated (oleic
acid), saturated (palmitic acid) fatty acids, and native-LDLs on
PKCS ~/~ macrophages. In contrast to Ox-LDLs, we found
a significant increase in growth of Mtb in PKC3 '~
macrophages (Supplementary Figure S4c) with a conco-
mitant decrease in production of NO (Supplementary
Figure S4d) in the presence of oleic acid and native-LDLs.
Interestingly, macrophages treated with palmitic acid had no
effect on Mtb growth (Supplementary Figure S4c). Further-
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more, macrophages treated with oleic acid, palmitic acid, and
native-LDLs had no major effect on lipid accumulation
(Supplementary Figure S4e). Collectively, these findings
suggest that fatty acids have a differential effect on the
PKCS signaling during mycobacterial growth in vitro and
might not be a major contributing factor for increased
mycobacterial burdens observed in vivo.

DISCUSSION

We have demonstrated the functional role of PKCS in host
defense against Mtb infection in humans and mice. PKC5 is
highly expressed in human whole blood during active TB
disease progression as well as within the Mtb-specific proin-
flammatory regions of necrotic and cavitary lung granulomas
during TB disease. These regions of high proinflammatory
signatures are required for an early control of bacterial
replication and could lead to necrotic damage (caseation)
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Figure 6 Increased mycobacterial growth and decreased lipid bodies in protein kinase-Cd (PKC3)-deficient macrophages. (a) Expression of PKCs and
otherisoforms in bone marrow-derived macrophages (BMDMs) infected with an HN878 strain of Mycobacterium tuberculosis (Mtb) from CAGE study. (b)
PKC& mRNA expression during H37Rv Mtbinfection in BMDMs using quantitative reverse transcription—PCR (qRT-PCR). (¢) Increased growth of H37Rv
Mitb (multiplicity of infection (MOI) =2) in macrophages deficient for PKC3 during the course of infection. (d, €) PKC5 ~/~ and wild-type (WT) BMDMs
were infected with green fluorescent protein (GFP)-expressing Mtb (green, H37Rv) and stained with Oil Red O (red) for visualization and determination
of intracellular bacteria and quantification of lipid bodies (inset is bright-field view). (f-i) Cell-free supernatants from infected macrophages were analyzed
for the production of tumor necrosis factor (TNF), interleukin (IL)-12p40, IL-6, and IL-1 at indicated time points after infection by enzyme-linked
immunosorbent assay (ELISA). Data are represented as mean * s.e.m. of quadruplicate and representative of three independent experiments. Data are
analyzed using unpaired Student’s ttest, *P<0.05, **P<0.01, ***P<0.001, vs. WT control macrophages.

and consequent cavity formation if not appropriately regu-  granulomas.’® However, it is not clear whether mediators of
lated.”® Evidently, PKCS was more abundant in the caseousand  inflammation and antimicrobials are responsible for the
cavitary regions in this study, colocalizing with antimicro- overwhelming inflammation at the site of infection, or they
bial signatures”’ and the regions of abundant lipids in  are remnants of a robust immune response meant to eliminate
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Figure 7 Decreased production of killing effector molecules with no effect on phagosome maturation and autophagy in protein kinase-Cas-deficient
(PKC5 /™) macrophages. (a, b) Western blot and densitometry analysis of phagosome (LAMP-1, LAMP-3, and Cathepsin-D (Cath D)) and autophagy
(LC3-1I) markers in total macrophage cell lysates following Mycobacterium tuberculosis (Mtb) infection. (¢, d) Impaired production of nitric oxide in PKCd
macrophages measured by Griess reagent assay and quantitative reverse transcription—-PCR (qRT-PCR). (e, f) Deficiency of PKC3 resulted in
decreased production of hydrogen peroxide (H.O,) and reactive oxygen species (ROS). (g) Percentage of live, dead, and apoptotic macrophages (Mphs)
after 3 days of infection determined by Annexin V and 7-aminoactinomycin (7-AAD) staining. (h) Supernatants from 3-day-infected wild-type (WT) and
PKC3 ~/~ macrophages were exchanged on 4 h-infected PKC3 ~/~ (WT SN) and WT (PKC5 ~/~ SN) macrophages to determine bacterial growth at day
3 after infection. (i) Macrophages from wild-type and PKCS~/~ mice were pretreated with or without oxidized low-density lipoproteins (Ox-LDLs)
overnight. Cells were then infected with Mtb-containing medium with or without Ox-LDLs for 3 days to determine mycobacterial growth. Data are
represented as mean + s.e.m. of quadruplicate and are representative of three independent experiments. Data are analyzed using unpaired Student's
ttest, *P<0.