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Summary

Monocytes, key components of the immune system, are a heterogeneous

population comprised of classical monocytes (CD16�) and non-classical

monocytes (CD16+). Monocytes are short lived and undergo spontaneous

apoptosis, unless stimulated. Dysregulation of monocyte numbers contrib-

ute to the pathophysiology of inflammatory diseases, yet the contribution

of each subset remains poorly characterized. Protein kinase C (PKC) fam-

ily members are central to monocyte biology; however, their role in regu-

lating lifespan and immune function of CD16� and CD16+ monocytes

has not been studied. Here, we evaluated the contribution of PKCd and

PKCe in the lifespan and immune response of both monocyte subsets. We

showed that CD16+ monocytes are more susceptible to spontaneous apop-

tosis because of the increased caspase-3, -8 and -9 activities accompanied

by higher kinase activity of PKCd. Silencing of PKCd reduced apoptosis

in both CD16+ and CD16� monocytes. CD16+ monocytes express signifi-

cantly higher levels of PKCe and produce more tumour necrosis factor-a

in CD16+ compared with CD16� monocytes. Silencing of PKCe affected

the survival and tumour necrosis factor-a production. These findings

demonstrate a complex network with similar topography, yet unique regu-

latory characteristics controlling lifespan and immune response in each

monocyte subset, helping define subset-specific coordination programmes

controlling monocyte function.

Keywords: apoptosis; heterogeneous monocyte population; inflammation;

protein kinase Cd; protein kinase Ce.

Introduction

Monocytes are key cells of the innate immune system

responsible for the initiation, progression and resolution

of inflammation, pathogen clearance, wound healing and

tissue homeostasis.1 Monocytes constitute a heteroge-

neous population classified into two main groups: classi-

cal monocytes or CD14+ CD16� cells (referred to

hereafter as CD16�) accounting for 90% of all circulating

monocytes, expressing CD14, a lipopolysaccharide (LPS)

co-receptor and non-classical or CD14+ CD16+ cells

(referred hereafter as CD16+) that express CD14 and the

receptor for the low-affinity immunoglobulin FccRIII or

CD16.2 Monocyte heterogeneity is also found in mice.3

The distinct monocyte subsets seem to reveal diverse

functional roles, such as recruitment to inflammatory

lesions and immunoregulatory function. Monocytes origi-

nate in the bone marrow and circulate in the bloodstream

for 24–48 hr before undergoing apoptosis in the absence

of survival stimuli.4,5 Controlling proper monocyte num-

bers constitutes a central homeostatic process for the reg-

ulation of the immune system. Hence, dysregulation of

monocyte numbers is implicated in the pathophysiology

of inflammatory diseases, including atherosclerosis, arthri-

tis and multiple sclerosis.6–8 Clinical studies revealed

increased numbers of CD16+ monocytes in rheumatoid

arthritis, tuberculosis and sepsis.7,9,10 Yet, our under-

standing of the monocyte function and lifespan is mainly

based on the knowledge of CD16� monocytes. Differ-

ences in oxidant-induced apoptosis and glucocorticoid-

induced apoptosis in CD16+ and CD16� subsets have

been recently reported.11,12 The increased expression of
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glucocorticoid receptors on CD16+ may suggest subset-

specific mechanisms involved in the regulation of mono-

cyte numbers. Our previous work showed that a complex

network of survival and apoptotic factors controls the

dynamic behaviour of monocyte lifespan.13 Furthermore,

timely activation of apoptosis in monocytes is controlled

by negative and positive regulators.12,14–16 We found that

caspase-3, a member of the conserved cysteine-aspartate-

specific proteases, is essential for monocyte apoptosis.4

Activation of caspase-3 is mediated by the extrinsic or

intrinsic pathways, through caspase-8 and caspase-9,

respectively,17 however the specific contribution of these

caspases in monocyte apoptosis remains poorly defined.

Caspase-3 activation promotes the cleavage of multiple

proteins, including poly-ADP ribose polymerase (PARP),

resulting in cellular disassembly during cell death. Differ-

entiation factors18,19 or inflammatory stimuli20 block the

apoptotic programme, which can be reactivated by anti-

inflammatory molecules.11,21 Protein kinase C isoform d
(PKCd), a member of the PKC-family, phosphorylates

caspase-3, thereby acting as a positive activator of mono-

cyte apoptosis. PKCd-deficient mice showed exacerbated

atherosclerosis with increased macrophage numbers,

which are resistant to apoptosis, highlighting the impor-

tance of PKCd in the execution of cell death.22,23 The 11

human PKC isoforms are classified based on their

structure and co-factor requirements into three groups:

classical including PKCa, bI, bII, and c require calcium,

1,2-diacylglycerol (DAG) and phosphatidylserine (PS),

novel PKC (d, e, g, and h), that require DAG and PS and

atypical PKC (f and k/ι) which are calcium and DAG

independent.24 PKC play central roles in monocyte behav-

iour, including differentiation, apoptosis and immune

response.16,24–28 PKCe-deficient mice showed impaired

nuclear factor (NF-jB) activity, resulting in decreased

tumour necrosis factor-a (TNF-a) production when

treated with LPS. However, how different PKC isoforms

contribute to the heterogeneous behaviour of both

monocyte subsets has not been evaluated.

Our findings showed that CD16+ monocytes are more

susceptible to spontaneous apoptosis than CD16� cells. A

higher PKCd kinase activity accompanied by an earlier

increase of caspase activity was found in CD16+ monocytes.

Silencing experiments demonstrated that PKCd is a positive
regulator of apoptosis, whereas PKCe contributes to mono-

cyte survival. Inhibition of PKCd expression showed that

this kinase is dispensable for the immune response in both

subsets. In contrast, PKCe played a central role in the

immune response and its higher expression in CD16+ cells

may help to explain the ability of CD16+ monocytes to pro-

duce higher levels of TNF-a during LPS stimulation. Col-

lectively, these results suggest distinct roles of PKCe and

PKCd in the immunobiology and lifespan of monocytes,

providing a novel understanding of the molecular networks

that regulate the behaviours of specific monocyte subsets.

Materials and methods

Reagents and antibodies

Isoform-specific PKC antibodies including PKCa (C-20),

PKCbI (C16), PKCbII (C18) PKCc (C19), PKCd (C-20),

PKCe (C-15), PKCh (C-18), PKCg (C15), PKCf (C20)

and PKCι/k (H-76) were obtained from Santa Cruz

(Santa Cruz, CA). The anti-inactive-caspase-3 antibody

was purchased from BD Biosciences (San Jose, CA) and

the anti-active-caspase-3 and anti-histone 2B (H2B) anti-

bodies were obtained from Cell Signaling (Danvers, MA).

The anti-b-tubulin antibody was from Millipore (Billeri-

ca, MA). Secondary antibodies linked to horseradish per-

oxidase and enhanced chemiluminescence were purchased

from Amersham Biosciences (Arlington Heights, IL).

Recombinant PKC proteins (rPKC), used as controls,

including rPKCa, rPKCbI, rPKCbII, rPKCc, rPKCd,
rPKCe, rPKCh, rPKCg, rPKCf and rPKCι/k were

obtained from Invitrogen (Grand Island, NY).

Monocyte isolation and cell culture

Peripheral blood mononuclear cells were isolated from

healthy donors (American Red Cross) by Histopaque-1077

gradient (Sigma, St. Louis, MO) centrifugation as previ-

ously described.16 CD16� and CD16+ monocyte subpopu-

lations were isolated using the CD16+ monocyte isolation

kit (Miltenyi Biotec, Auburn, CA) following the manufac-

turer’s instructions. Briefly, peripheral blood mononuclear

cells were resuspended in MACS buffer (PBS, 0�5% BSA

and 2 mM EDTA) and incubated with FcR blocking reagent

and non-monocyte depletion cocktail to remove

CD56+ CD16+ cells and CD56+ CD14+ cells by magnetic

cell sorting. Flow through aliquots were incubated with

anti-CD16 antibody-coated magnetic microbeads (80 ll
beads/1 9 108 cells) for 15 min at 4° and purified by mag-

netic sorting. Samples containing CD16+ or CD16� cells

were incubated with anti-CD14 antibody-coated magnetic

microbeads (16 ll beads/1 9 107 cells) for 15 min at 4°
and purified by magnetic sorting to obtain the CD14+

CD16� (CD16�) and CD14+ CD16+ (CD16+) monocyte

subsets. Purity was assessed by flow cytometry using anti-

CD14-allophycocyanin and anti-CD16-phycoerythrin anti-

bodies (BD Biosciences) reaching routinely 95% and 85%

pure CD16� and CD16+ monocyte subsets, respectively.

Monocytes (0�5 9 106 cells/ml) were cultured in non-

adherence polypropylene tubes for different lengths of time

in serum-free RPMI-1640 (Invitrogen) at 37° in 5% CO2.

Cell lysates and immunoblotting

Cells were lysed with Nonidet P-40 lysis buffer for 2 hr as

previously described.15,29 Five micrograms of lysates were

used to detect most PKC and 50 lg to assess PKCc,

ª 2014 John Wiley & Sons Ltd, Immunology, 144, 611–620612

Y. Malavez et al.



PKCι/k, inactive and active-caspase-3 protein expression

by immunoblot. Relative expression of PKC isoforms

(intensity/mm2) was calculated by densitometry as fol-

lows: (density of PKC isoform)/(density of b-tubulin).

Caspase activity assays

The caspase-9, -8 and -3 activity assays were performed using

20–50 lM of LEHD-, IETD- or DEVD-AFC tetrapeptide

substrates (MP Biomedicals, Santa Ana, CA) as previously

described.16,30 Release of free 7-amino-4-trifluoromethyl

coumarin (AFC) was determined using a Cytofluor 4000

fluorometer (Perseptive Company, Framingham, MA; fil-

ters: excitation; 400 nm, emission; 508 nm).

In vitro kinase assays

In vitro kinase assays were performed as previously

described.29 Briefly, 50 lg of lysates were immunoprecipi-

tated for 12 hr at 4° with anti-PKCd or IgG isotype con-

trol antibodies followed by 1 hr incubation with protein

G-agarose beads (Invitrogen). Immunoprecipitates were

incubated for 1 hr at 37° with a kinase assay buffer con-

taining 2 lCi of [c-32P]-ATP (Perkin Elmer, Waltham,

MA), 0�5 mM ATP, 200 lg/ml PS, 20 lg/ml DAG and

1 lg H2B as exogenous substrate (Roche Applied Science,

Indianapolis, IN). Reactions were separated by SDS–
PAGE and phosphorylated H2B was visualized by autora-

diography and the same membrane was immunoblotted

with an anti-PKCd and anti-H2B antibodies.

SiRNA-transfection and flow cytometry

Monocytes (1 9 106 cells/ml) were transfected with

6 pmol of PKCe-small interfering RNA (siRNA) (sense,

50-AAGCCCCUAAAGACAAUGAAGTT-30; Dharmacon,

Pittsburgh PA), PKCd-siRNA (sense, 50-GGCUGAG
UUCUGGCUGGACTT-30; Qiagen, Valencia, CA) or con-

trol-siRNA (sense, 50-UUCUCCGAACGUGUCACGUTT-
30; Qiagen), with the Amaxa 4D-Nucleofector X-Unit

(Lonza, Walkersville, MD), following the manufacturer’s

instructions. Cells were cultured for 24 hr in serum-

containing media, followed by an additional 4 hr and

8 hr in serum-free medium. Percentages of apoptosis,

active-caspase-3+ and cleaved PARP+ cells were assessed

by co-staining with Annexin V-allophycocyanin/7-AAD,

FITC-conjugated anti-cleaved PARP and phycoerythrin-

conjugated anti-active-caspase-3 antibody, as previously

described.15 Flow cytometry was performed using LSR II

flow cytometer and FACSDiva software version 6.0.

LPS stimulation and ELISA analysis

Freshly isolated monocytes (1 9 106 cells/ml) were stimu-

lated for 2, 4 and 8 hr with 10 ng/ml LPS (Escherichia coli

0127:B8, BD Biosciences). RNAi-transfected monocytes

(1 9 106 cells/ml) were cultured for 24 hr and subse-

quently stimulated for 8 hr with 10 ng/ml LPS or PBS.

The TNF-a was quantified by ELISA (R&D Systems,

Minneapolis, MN), as previously described.31

Statistical analysis

All results are represented as mean � standard error of

mean (SEM). Statistical analyses were performed using

the Student’s t-test, a P-value < 0�05 was considered

statistically significant.

Results

Distinct levels of spontaneous apoptosis in monocyte
subpopulations

To study the mechanisms of CD16� and CD16+ monocyte

lifespan, cells were isolated from healthy individuals and

cultured for 4 and 8 hr. CD16+ monocytes displayed three-

fold increase in the percentage of apoptotic cells as shown

by Annexin V/7-AAD staining compared with CD16�

monocytes at 4 and 8 hr, respectively (Fig. 1a). CD16+ cells

had significantly higher levels of active-caspase-3+ cells at 4

and 8 hr compared with CD16� monocytes (Fig. 1b). In

addition, proteolytic processing of caspase-3 was observed

in CD16+ cells at 4 hr and later at 8 hr in CD16� cells

(Fig. 1c). These results suggest a difference in lifespan

between the CD16� and CD16+ monocyte populations.

Intrinsic and extrinsic activator caspases contribute to
caspase-3-dependent apoptosis in CD16� and CD16+

monocyte subsets

To evaluate the mechanisms regulating monocyte cell

death, purified CD16� and CD16+ monocytes were cul-

tured in the presence of the pharmacological caspase-3

inhibitor DEVD-fluoromethyl ketone (FMK) for 8 hr.

Approximately 75% of the CD16+ and only 40% of the

CD16� cells treated with the diluent control DMSO were

apoptotic after 8 hr as indicated by the increased Annexin

V/7-AAD staining (Fig. 2a). Treatment with 1 or 25 lM
DEVD-FMK reduced the percentage of apoptosis by about

twofold in CD16� cells and by about fourfold in CD16+

monocytes (Fig. 2a), reaching levels found in control cells.

The presence of 1 or 25 lM DEVD-FMK significantly

reduced the percentage of active-caspase-3+ cells in both

CD16� and CD16+ monocytes (Fig. 2b). Consistently, a

reduction of caspase-3 activity, as determined by the cleav-

age of the DEVD-AFC substrate (Fig. 2c) and a decrease in

PARP cleavage were observed in both CD16� and CD16+

monocytes cultured with DEVD-FMK (Fig. 2d). These

results suggest that spontaneous apoptosis of both CD16�

and CD16+ monocytes is regulated by caspase-3.
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To determine the contribution of the activator caspase-8

and caspase-9 in spontaneous apoptosis, monocytes were

incubated with 1 lM of the pharmacological caspase-8

inhibitor, IETD-FMK or the caspase-9 inhibitor LEHD-

FMK for 8 hr. The percentage of apoptotic cells was

reduced to ~ 20% when either caspase-8 or caspase-9 was

inhibited, comprising a threefold reduction in CD16+ cells

and a twofold decrease in CD16� monocytes (Fig. 3a).

These effects were accompanied by a decrease of active-cas-

pase-3+ and cleaved PARP+ cells in CD16� and CD16+

monocytes treated with either 1 lM IETD-FMK or LEHD-

FMK (Fig. 3b,c). CD16+ monocytes cultured for 8 hr with

the diluent control DMSO showed about a twofold higher

caspase-8 activity compared with CD16� cells (Fig. 3d,e).

Consistently, caspase-3 activity levels found at 8 hr were

about threefold higher in CD16+ cells compared with

CD16� monocytes (Fig. 3d,e). The caspase-8 activity was

inhibited in CD16� and CD16+ cells treated with 1 lM
IETD-FMK reaching levels found in control cells (Fig. 3d).

In CD16+ monocytes, an approximately twofold higher

caspase-9 activity was observed at 8 hr compared with

CD16� cells (Fig. 3e), which was inhibited to the basal

levels found in control cells in the presence of 1 lM LEHD-

FMK. These results showed that caspase-8, -9, and -3

activities are higher in CD16+ monocytes than CD16� cells.

Collectively, these observations suggest a similar role of

caspases in apoptosis with distinct kinetics, leading to a fas-

ter execution of apoptosis in CD16+ monocytes.

Differential expression of PKC isoforms in monocyte
populations

Protein kinase Cs play a central role in the homeostasis of

survival and cell death.24 Previously, our findings showed

that PKCd is a central regulator of monocyte lifespan.16 To

assess whether differences in PKC expression could account

for the heterogeneous behaviour of CD16� and CD16+ cell

death, we investigated the expression level of all PKC iso-

forms (Fig. 4). No significant differences in the expression

of classical or atypical PKC, including PKCa, PKCbI,
PKCbII and PKCf were observed in CD16� and CD16+

monocytes (Fig. 4a,b). Neither PKCc nor PKCι/k was

detected in either monocyte population, in agreement with

previous findings.32 All novel PKC, including PKCg, PKCf
and PKCd, were expressed at comparable levels in both

subsets, with the exception of PKCe, which was about

threefold higher in CD16+ compared with CD16� mono-

cytes (Fig. 4a,b). Next, the PKCd kinase activity was

assessed in both monocyte subsets at different times. A

higher PKCd kinase activity was observed in CD16+ cells

compared with CD16� monocytes, starting at 30 min of

culture and reaching about twofold higher activity at 2 hr,

as represented by the increased phosphorylation of H2B

(Fig. 4c, lanes 5 and 10). Collectively, these results demon-

strate that PKCd reaches a higher kinase activity and has

faster kinetics of activation during monocyte lifespan in

CD16+ cells than CD16� monocytes.

To determine the functional role of PKCd and PKCe,
the expression of either kinase was individually silenced

by transfection with siRNA-PKCd or siRNA-PKCe. PKCd
and PKCe were reduced by ~ 75% and 90%, respectively,

in CD16+ and CD16� monocytes, as determined by Wes-

tern blot analyses (Fig. 5a). CD16� and CD16+ mono-

cytes transfected with siRNA-PKCd, siRNA-PKCe or

siRNA-Control were cultured for a further 4 and 8 hr in

serum-free media to undergo spontaneous apoptosis. By

8 hr, only 25% of the siRNA-Control transfected CD16�

cells were apoptotic, as determined by staining with Annexin

V/7-AAD, whereas ~ 75% of the CD16+ cells underwent

cell death (Fig. 5b, white bars). Silencing of PKCd
significantly reduced the percentage of apoptotic CD16�
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cells at 8 hr (Fig. 5b, grey bars). A similar decrease of

apoptosis was observed when PKCd was silenced in

CD16+ cells at 4 hr, reaching ~ 25% at 8 hr (Fig. 5b, grey

bars). This effect was accompanied by a reduction in the

percentage of active-caspase-3+ cells in CD16� and

CD16+ monocytes when PKCd was silenced (Fig. 5c, grey
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bars). In contrast, silencing of PKCe increased the per-

centage of apoptotic cells by about twofold at 4 and 8 hr

in CD16� monocytes compared with cells transfected

with siRNA-Control, reaching ~ 50% at 8 hr (Fig. 5b,

black bars). Inhibition of PKCe in CD16+ cells increased

the percentage of apoptotic cells to ~ 90% at 8 hr

(Fig. 5b, black bars). Similar results were observed when

the percentage of active-caspase-3+ stained cells was eval-

uated (Fig. 5c, black bars).

These findings highlight differences in the contribution

of PKCe and PKCd to monocyte lifespan.

Increased expression of PKCe modulates TNF-a
production in CD16+ monocytes

Previous findings demonstrating PKCe role in pro-inflam-

matory cytokine production26 and its elevated expression

in CD16+ monocytes led us to hypothesize that high

PKCe expression may contribute to the exacerbated

immune response displayed by the CD16+ subset. To

evaluate this possibility, CD16� and CD16+ monocytes

were treated with 10 ng/ml LPS for 2, 4 and 8 hr. In

agreement with previous reports,33 we found that stimu-

lation with LPS resulted in a time-dependent increase of

TNF-a in both monocyte subsets with an approximately

fourfold higher TNF-a release in CD16+ cells at 8 hr

compared with CD16� monocytes (Fig. 6a). To investi-

gate the role of PKC on TNF-a release, CD16� and

CD16+ monocytes were transfected with siRNA-PKCe,
siRNA-PKCd, or siRNA-Control and subsequently treated

with 10 ng/ml LPS for 8 hr. Silencing of PKCd had no

effect on LPS-induced TNF-a production in both monocyte

subsets compared with levels found in siRNA-Control

(Fig. 6b). However, silencing of PKCe reduced LPS-

induced TNF-a release by about twofold in CD16� and

about threefold in CD16+ monocytes (Fig. 6b). These

results show that PKCd is dispensable in the immunoreg-

ulation of TNF-a, while the increased expression of PKCe
in CD16+ cells regulates the major production of TNF-a
observed in the CD16+ population.

Discussion

The emerging evidence that different monocyte popula-

tions7 have distinct contributions to the pathophysiology

of inflammatory diseases has prompted great interest in

understanding the molecular mechanisms involved in the

regulation of monocyte numbers. Plasticity in the lifespan
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Figure 4. Expression of protein kinase C

(PKC) isoforms and PKCd activity in different

monocyte subsets. (a) Immunoblot analyses

using isoform specific anti-PKC antibodies in

non-apoptotic CD16� and CD16+ monocytes

from two independent donors (D1 and D2).

Recombinant human PKC (rPKC) proteins

were used as controls. The same membranes

were re-probed with an anti-b-tubulin anti-

body. (b) Relative expression of PKC isoforms

(Intensity/mm2) after normalization by the

corresponding b-tubulin expression. Data rep-

resent mean � SEM (n = 7, **P < 0�01). (c)

CD16� and CD16+ monocytes were cultured

in serum-free media for 0�5, 1 and 2 hr and ly-

sates were immunoprecipitated (IP) with anti-

PKCd or isotype control (IgG) antibodies, fol-

lowed by in vitro kinase assays in the presence

of [c32-P]-ATP and H2B as exogenous sub-

strate. Phosphorylated H2B was visualized by

autoradiography (pH2B) and the same mem-

branes were re-probed with anti-PKCd and

anti-H2B antibodies. Data are representative of

three experiments.
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of monocytes is defined by a complex repertoire of regu-

lators that respond to environmental cues including

growth factors, and self and non-self stimuli. Hence, con-

trolling monocyte numbers constitutes a dynamic process,

with great clinical significance.13 Classical monocytes

undergo spontaneous apoptosis20 through a mechanism

that requires caspase-3 activation.4 Our findings showed

that CD16+ monocytes underwent rapid spontaneous

apoptosis (Fig. 1) and that similar to CD16� cells,4 apop-

tosis of CD16+ monocytes depended on caspase-3

(Fig. 2). We observed significantly higher activity of cas-

pase-3 in CD16+ cells compared with CD16� monocytes

(Fig. 2). Recent gene expression analyses suggested that

higher levels of caspase-3 transcript and lower anti-apop-

totic gene expression might mediate the increased suscep-

tibility to apoptosis observed in CD16+ cells.12 Yet,

whether an increase of caspase-3 transcript resulted in

higher apoptotic activity has not been demonstrated.

Moreover, CD16+ monocytes execute oxidant-induced

apoptosis faster than CD16� cells,12 an effect attributed

to a higher expression of glutathione-metabolising genes

in CD16� monocytes and higher reactive oxygen species

production in CD16+ cells.12 Our results showed a faster

and higher caspase-3 protease activity in CD16+ cells

(Fig. 1,2). Supporting the key contribution of caspase-3 in

monocyte apoptosis, we found that treatment with DEVD-

FMK induced a dose-dependent inhibition of caspase-3

activity (Fig. 2c). This effect was accompanied by reduc-

tions of about threefold and twofold in the percentage of

apoptosis in CD16+ and CD16� monocytes, respectively

(Fig. 2a). Yet, while caspase-3 activity decreased propor-

tionally with increasing concentrations of DEVD-FMK, the

number of apoptotic cells was reduced similarly when 1 or

25 lM DEVD-FMK was used. It is plausible that DEVD-

FMK, a well-accepted inhibitor of caspase-3 and caspase-

7,34 blocks caspase-3 activity, but other caspases, such as

caspase-2 and caspase-6,35,36 capable of promoting cell

death yet not susceptible to DEVD-FMK inhibition, may

contribute to account for these small differences. Main

mechanisms that regulate the apoptotic activity of caspase-

3 include its proteolytic cleavage, mediated by activator

caspases,4,34 and caspase-3 regulatory proteins.1,15,16 Prote-

omic analyses in different monocyte populations found no

differences in the expression of activator caspases.12 Our
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Figure 5. Distinct roles of protein kinase C d
(PKCd) and PKCe in monocyte lifespan.

CD16� and CD16+ monocytes were transfected

with PKCe-small interfering RNA (siPKCe),
PKCd-siRNA (siPKCd) or siRNA-Control (siC-
trl) and lysates were used to evaluate the

efficiency of silencing. (a) Immunoblots with

anti-PKCe and anti-PKCd antibodies. The

same membrane was re-probed with an anti-

b-tubulin antibody. The same cells used in (a)

were cultured in serum-free media for a fur-

ther 4 and 8 hr and used to evaluate the cellu-

lar lifespan. (b) Percentage of apoptotic cells

was assessed by Annexin V/7-AAD staining. (c)

Percentage of cells stained with anti-active-cas-

pase-3-phycoerythrin antibodies. Data repre-

sent mean � SEM (n = 3, *P < 0�05,
**P < 0�01, ***P < 0�001).
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studies revealed higher caspase-8 and caspase-9 activities in

CD16+ cells compared with CD16� monocytes (Fig. 3),

which were accompanied by a faster activation of caspase-3,

as shown by its proteolytic processing and the cleavage of

the cellular substrate PARP (Fig. 3). Pharmacological inhi-

bition of either caspase-8 or caspase-9 blocked caspase-3-

dependent apoptosis in both CD16� and CD16+ cells

(Fig. 3), suggesting the contribution of both extrinsic and

intrinsic pathways on spontaneous monocyte apoptosis.

These results support a common regulatory mechanism of

spontaneous monocyte apoptosis for both subsets and

reveal a faster activation of the cell death programme in

CD16+ monocytes (Fig. 7).

Activation of caspases is tightly regulated and to a cer-

tain extent reversible.21 Dysregulation of monocyte num-

bers has been described under several inflammatory

conditions, like atherosclerosis, arthritis and sepsis.13

Increased numbers of CD16+ monocytes have been

reported in septic patients.37 Normalization of monocyte

numbers correlates with resolution of inflammation and

positive outcomes.38,39 Among the complex network of

pro- and anti-apoptotic proteins, involved in monocyte

function,13 PKC play a central role in monocyte biol-

ogy.40 Our previous findings demonstrated that PKCd is

essential for the activation of caspase-3 in classical mono-

cyte apoptosis.16 Here, we evaluated the expression of all

PKC in both monocyte subsets (Fig. 4). PKCd expression

was similar in CD16+ and CD16� monocytes (Fig. 4a,b).

However, the kinase activity of PKCd was significantly

higher and showed faster kinetics in CD16+ cells

(Fig. 4c). The regulation of PKCd is multifactorial and

remains poorly understood. In addition to the role of co-

factors, such as PS and DAG, the former especially well

studied in the regulation of classical PKC, some addi-

tional DAG-independent mechanisms have been described

for PKCd.24,41,42 Among them, phosphorylation, associa-

tion to regulatory proteins, different cellular pools with

distinct activation requirements, and a positive feedback

loop that requires the proteolytic cleavage of PKCd by

caspase-3 have been previously reported.16,43–47 Recent
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studies showed that CD16+ cells express higher levels of

genes encoding DAG-catalysing enzymes, including phos-

pholipases c2 and b1,
48 but whether these changes in gene

expression result in increased enzymatic activity has not

been established. Our findings showed a faster proteolytic

activation kinetics of caspase-3 in CD16+ cells (Fig. 1)

with a concurrent faster kinetics of PKCd (Fig. 4), sup-

porting a positive feedback loop between PKCd and cas-

pase-3 that contributes to the differences in lifespan

found in CD16+ monocytes (Fig. 7).

Silencing experiments demonstrated that PKCd has a

pro-apoptotic function in both CD16� and CD16+ mono-

cytes (Fig. 5). Differences in the expression of certain PKC

isoforms have been observed in classical monocytes.32 We

found no differences in the expression of PKC between

CD16� and CD16+ cells except for PKCe (Fig. 4). PKCe
regulates the survival of various cancer cells49,50 and

immune response in macrophages26 but its role in the

monocyte lifespan remains poorly understood. Supporting

its role in survival, we found that PKCe-silencing
increased spontaneous apoptosis in both monocyte subsets

(Fig. 5). However, higher expression of PKCe in CD16+

cells, a population more susceptible to undergo apoptosis,

was intriguing and suggested an additional role of PKCe.
Previous studies showed that macrophages from PKCe�/�

mice have reduced NF-jB activation and decreased TNF-a
expression in response to LPS,26 suggesting that PKCe
plays a role in the immune response. PKCe is recruited to

the Toll-like receptor 4 receptor in a MyD88-dependent

manner upon LPS stimulation, increasing inflammatory

cytokine production.51 Consistent with the role of PKCe
in pro-inflammatory cytokine production we observed

higher TNF-a release in LPS-stimulated CD16+ cells com-

pared with CD16� monocytes (Fig. 6), in agreement with

previous studies.33 We further found that PKCd-silencing
had no effect on TNF-a production. In contrast, silencing

of PKCe reduced LPS-induced TNF-a release in both

monocyte populations with a more profound effect in the

CD16+ subset (Fig. 6).

Recent findings showed that reactive oxygen species

generation upon TNF-a treatment could induce cell death

in various cell types, including primary monocytes.12,52

However, this mechanism can be inhibited by the con-

comitant activation of NF-jB.53 Preceding data further

showed that CD16+ monocytes were more susceptible to

oxidant-induced apoptosis due to elevated levels of intra-

cellular reactive oxygen species.12 However, within a pro-

inflammatory microenvironment, monocytes escape their

apoptotic fate through the activation of survival factors

like AKT and NF-jB18,54 and respond to the bacteria-

associated insults by initiating an immune response.

These findings would suggest that reactive oxygen

species-induced apoptosis is blocked in an inflammatory

microenvironment to favour the generation of pro-

inflammatory cytokines, like TNF-a, upon immune

response initiation. In fact, our findings identified CD16+

monocytes as the major producers of TNF-a and further

identified PKCe as an important regulator of this cytokine

(Fig. 6). Moreover, additional findings indicate that

CD16+ monocytes are more efficient in responding against

various microorganisms due to their faster migration into

the inflammatory site, higher phagocytic capability and a

greater production of b2-defensin and the key pro-inflam-

matory cytokines, TNF-a and interleukin-6.55–57

In summary, our findings revealed unique aspects of the

molecular mechanisms regulating apoptosis and the immu-

nological response of CD16� and CD16+ monocyte sub-

populations. Although the mechanisms regulating lifespan

and immune response were common to both monocyte

subsets, a striking difference found here was the amplitude

of such responses. Our findings showed that the suscepti-

bility of CD16+ monocytes to undergo apoptosis is due to

the increased activity of both executioner and activator

caspases (Fig. 7). We previously demonstrated that PKCd
is a positive regulator of caspase-3 in classical monocytes.16

Here, we showed an increased activity of PKCd in CD16+

cells compared with CD16� monocytes, but no differences

in the expression of PKCd were noted. Hence, our findings

suggest that rather than gene expression, other mechanisms

such as the caspase-3-PKCd-positive feedback loop may

contribute to the distinct regulation of PKCd in monocyte

subsets. Results of the silencing experiments indicated that

PKCd, but not PKCe, acts as a positive regulator of CD16+

and CD16� apoptosis (Fig. 5), whereas PKCe is dispensable
to regulate cell fate, yet central in the regulation of the

immune response. Our results suggest distinct contribu-

tions of PKC in controlling cell fate and immune response

of monocyte subsets (Fig. 7).

These findings provide evidence of the heterogeneous

nature of monocytes beyond their cell surface receptor

expression revealing unique aspects of the protein net-

work that regulates the number of monocytes and their

immune response.
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