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Summary

 

Rapid overproduction of proinflammatory cytokines are characteristic of
sepsis. CD14

 

dim

 

CD16

 

+

 

 monocytes are thought to be major producers of
cytokine and have been shown to be elevated in septic patients.

 

 Toll-like
receptors (TLR) are pattern recognition receptors important in mediating the
innate immune response and their activation can lead to production of cytok-
ines. Using whole blood culture and flow cytometry we have investigated
TLR2 and TLR4 regulation after stimulation with sepsis-relevant antigens
[lipopolysaccharide (LPS), Staphylococcal enterotoxin B (SEB) and pepti-
doglycan (PGN)]. The percentage of CD14

 

dim

 

CD16

  

++++

 

 monocyte population
expanded at 20 h post-stimulation, after a rise in tumour necrosis factor
(TNF)-

 

a

 

 and interleukin (IL)-6 at 2 h. A strong positive correlation between
the percentage of CD14

 

dim

 

CD16

  

++++

 

 monocytes and secreted TNF-

 

a

 

 was demon-
strated (

 

r ====

 

 0·72). Furthermore, we were able to induce expansion of the
CD14

 

dim

 

CD16

  

++++

 

 population to approximately 35% of all monocytes with the
addition of recombinant TNF-

 

a

 

 to the whole blood culture. TLR4 was found
to be expressed 2·5 times higher on CD14

 

dim

 

CD16

  

++++

 

 compared to CD14

  

++++

 

 CD16

 

–

 

monocytes, while TLR2 expression was similar in both subpopulations. The
CD14

 

dim

 

CD16

  

++++

 

 and CD14

  

++++

 

 CD16

 

–

 

 monocyte populations were different in
their response to various antigens. LPS down-regulated TLR4 by 4·9 times in
CD16

  

++++

 

 monocytes compared to only 2·3 times in CD16

 

–

 

 monocytes at 2 h. LPS
was able to up-regulate TLR2 by 6·2 times after 2 h, with no difference
between the subpopulations. LPS further up-regulated TLR2 by 18·4 times
after 20 h only in the CD14

  

++++

 

 CD16

 

–

 

 population. PGN and SEB induced no sig-
nificant changes in TLR2 or TLR4 expression. We hypothesize that following
exposure to bacterial antigens, subsequent TNF-

 

a

 

 drives a differentiation of
monocytes into a CD14

 

dim

 

CD16

  

++++

 

 subpopulation.
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Introduction

 

The immunology of severe sepsis and septic shock is poorly
defined, despite many studies investigating the pathogenesis
of this syndrome. With mortality rates of up to 50% [1,2]
greater understanding of the interactions between host and
microbe is necessary to improve patient outcome. Given the
rapid progression of sepsis and immediate recruitment of the
inflammatory cytokine cascade, the early innate response of
the immune system to the pathogen is likely to play a critical
role.

Pattern recognition receptors such as Toll-like receptors
(TLRs) are important mediators of the innate immune
response. TLR4, in conjunction with CD14, is well charac-
terized as the receptor for lipopolysaccharide (LPS), a cell
wall component of Gram-negative bacteria. TLR2 has been
demonstrated to act as a receptor for components of Gram-
positive bacteria such as peptidoglycan (PGN) and lipote-
ichoic acid [3]. Activation of both these receptors by their
ligands can lead to production of proinflammatory cytokines
[including tumour necrosis factor (TNF)-

 

a

 

 and interleukin
(IL)-6] that are characteristic of sepsis.
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There is increasing evidence that both Gram-positive
organisms as well as Gram-negative organisms play patho-
genic roles in sepsis. While LPS is a major contributor to
Gram-negative sepsis, staphylococcal and streptococcal exo-
toxins (superantigens) and peptidoglycan are believed to be
important in Gram-positive sepsis [4]. Superantigens have
the specific ability to activate a large proportion of T cells,
bridging antigen-presenting cells and T lymphocytes
through binding to HLA-DR and the V

 

b

 

 region of T-cell
receptors, respectively. This activation results in production
of large amounts of cytokines. In turn, cytokine generation
has been shown to regulate TLR signalling pathways. Syner-
gistic interactions are known to occur between superanti-
gens and other bacterial components such as LPS leading to
increased mortality in animal models of septic shock [5,6].

CD16, the low affinity receptor for immunoglobulin G
(IgG:Fc

 

g

 

RIII), is expressed mainly on natural killer (NK)
lymphocytes and neutrophils; however, a subpopulation of
monocytes (CD14

 

dim

 

CD16

 

+

 

), first described by Zeigler-
Heitbrock and colleagues [7], expresses CD16. This popula-
tion represents about 10% of monocytes in healthy adults,
expanding in various inflammatory conditions such as sepsis
[8,9], rheumatoid arthritis [10] and HIV [11].

The aim of this study is to mimic the differentiation of
CD14

 

dim

 

CD16

 

+

 

 monocytes 

 

ex vivo

 

 and determine the inter-
action of clinically relevant bacterial antigens on monocyte
subpopulations, including the regulation of TLR2 and TLR4
on these cells. Although some research has been undertaken
exploring the relationship between LPS and TLR4 regulation
and components of Gram-positive organisms and TLR2
[12–14], regulation of these receptors after stimulation with
bacterial antigens has not been explored previously in rela-
tion to monocyte subpopulations. We investigated the
differentiation of monocytes as their phenotype changed
from CD14

 

+

 

 CD16

 

–

 

 to CD14

 

dim

 

CD16

 

+

 

, resulting in an expan-
sion of this population. While others have shown these
CD14

 

dim

 

CD16

 

+

 

 monocytes are proinflammatory in nature,
we have shown that TNF-

 

a

 

 in fact plays an important role in
CD14

 

+

 

 CD16

 

–

 

 monocyte differentiation into CD14

 

dim

 

CD16

 

+

 

monocytes. Further to phenotypic changes we have demon-
strated these two subpopulations to respond differently to
stimulation with LPS, 

 

Staphylococcus aureus

 

 enterotoxin B
(SEB) and PGN.

 

Materials and methods

 

Whole blood assay

 

Whole blood, 500 

 

m

 

l, was diluted with 500 

 

m

 

l RPMI-1640
supplemented with antibiotics and 5% heat-inactivated fetal
bovine serum and incubated at 37

 

∞

 

C with gentle rotation in
tightly capped 5 ml polystyrene tubes (Becton Dickinson,
San Jose, CA, USA). Cells were stimulated with 100 ng/ml of
SEB (Sigma, St Louis, MO, USA), LPS (

 

Escherichia coli

 

O55:B5; Calbiochem, La Jolla, CA, USA) or PGN (

 

Staphylo-

coccus aureus

 

; Sigma). After 2 and 20 h, culture supernatants
were collected and stored at 

 

-

 

20

 

∞

 

C until cytokine analysis.
The remaining cells were stained for flow cytometry. Coulter
counts were collected on each donor specimen using the A

 

c

 

.T
diff Hematology Analyser (Beckman Coulter, Fullerton, CA,
USA). LPS contamination of SEB and PGN was lower than
0·02 EU/ml, as determined by 

 

Limulus amoebocyte

 

 lysate
chromogenic end-point assay (HyCult Biotechnology, the
Netherlands).

 

Cytokine enzyme-linked immunosorbent assays 
(ELISAs)

 

TNF-

 

a

 

 and IL-6 were measured by capture ELISA using
OptEIA sets (Becton Dickinson) according to the manufac-
turer’s specifications. Sensitivity of the ELISAs were 8 pg/ml
and 5 pg/ml, respectively.

 

Flow cytometry

 

Cell surface staining was performed on whole blood using
CD14-PerCP (M

 

f

 

P9; Becton Dickinson), CD16-allophyco-
cyanin (APC) (3G8; Caltag, Burlingame, CA, USA), TLR2-
FITC (TL2·1; eBioscience, San Diego, CA, USA) and TLR4-
PE (HTA125; eBioscience). Appropriate isotype controls
were used. Based on their scatter profile, monocytes were
gated picking up the lymphocyte tail on a FACSCalibur flow
cytometer (Becton Dickinson). A total of 8000 CD14

 

+

 

monocytes were acquired for each sample. The percentage of
CD14

 

dim

 

CD16

 

+

 

 monocytes was calculated from two-colour
dot-plot analysis (see Fig. 1). Isotype-matched control anti-
bodies were used to determine the cut-off between negative
and positive CD16 populations. Data were analysed using
FlowJo software (Tree Star Inc., Ashland, OR, USA). Relative
fluorescence intensity was determined by subtracting the
geometric mean fluorescence intensity of the isotype control
from the sample.

 

Cytokine-induced CD14

 

dim

 

CD16

  

++++

 

 monocytes

 

Whole blood, 500 

 

m

 

l, was diluted with 500 

 

m

 

l RPMI-1640
supplemented with antibiotics and 5% heat-inactivated fetal
bovine serum and incubated at 37

 

∞

 

C with gentle rotation in
tightly capped 5 ml polystyrene tubes (Becton Dickinson).
Cells were stimulated with 2 ng/ml or 20 ng/ml recombinant
human TNF-

 

a

 

 (R&D Systems, Minneapolis, MN, USA) or
100 ng/ml of 

 

Staphylococcus aureus

 

 enterotoxin B (SEB;
Sigma). After 20 h, cells were stained for flow cytometric
analysis.

 

Patients and blood sampling

 

Sepsis patients

 

After informed consent was obtained, blood samples were
collected into EDTA tubes from 10 critically ill patients with
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sepsis from the intensive care unit (ICU) of the Royal Mel-
bourne Hospital. Sepsis was defined by using the criteria of
the American College of Chest Physicians and Society of
Critical Care Medicine consensus conference [15]. Demo-
graphic and routine clinical data, including illness severity

scores, were collected (Table 1). Blood samples from five
non-septic ICU patients with intracerebral haemorrhages
were used as negative controls. All blood samples were col-
lected within 24 h of ICU admission and staining for flow
cytometry as described above was commenced within 2 h of
collection. The Human Research and Ethics Committee of
the Royal Melbourne Hospital approved this study.

 

Healthy volunteers

 

Peripheral blood was collected in Li-heparin tubes from five
healthy volunteers, two females and three males aged
between 20 and 45 years.

 

Statistical analyses

 

Non-parametric statistical analyses were performed using
the Mann–Whitney 

 

U

 

 rank sum test and Spearman’s corre-
lation coefficient because of the low numbers of experiments
performed (Prism, San Diego, CA, USA). The probability
level of 

 

P

 

 

 

=

 

 0·05 was set for statistical significance.

 

Results

 

Change in monocyte subpopulations with time in whole 
blood cultures

 

In fresh whole blood from healthy volunteers the Coulter
counts were 2·54 

 

±

 

 0·19 

 

¥

 

 10

 

6

 

/ml lymphocytes, 0·38 

 

±

 

 0·08 

 

¥

 

10

 

6

 

/ml monocytes and 4·16 

 

±

 

 0·47 

 

¥

 

 10

 

6

 

/ml granulocytes.
Freshly stained blood from healthy adults showed two dis-

tinct monocyte subpopulations (Fig. 1a). One population
showed high expression of CD14 (CD14

 

+

 

 CD16

 

–

 

) and the
other showed strong expression of CD16 with diminished
CD14 expression (CD14

 

dim

 

CD16

 

+

 

).
In unstimulated whole blood cultures, 5·7 

 

±

 

 2·0% of all
CD14

 

+

 

 monocytes were CD14

 

dim

 

CD16

 

+

 

 (Fig. 2). Compared

 

Fig. 1.

 

Effect of 

 

Staphylococcus aureus

 

 enterotoxin B (SEB) on CD14 

and CD16 expression on human monocytes. Whole blood was stimu-

lated with 100 ng/ml of SEB for (a) zero, (b) two and (c) 20 hours. Cells 

were stained with CD14 PerCP and CD16 (APC) for flow cytometry. 

Dot plots are gated on monocytes based on their light-scatter properties. 

Bold figures represent percentages of CD14

 

+

 

 CD16

 

–

 

 cells and 

CD14

 

dimCD16+ cells. Data shown are representative of five individual 

experiments.
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Table 1. Clinical details of patients sampled.

Control (n = 5) Sepsis (n = 10)

Age, years, median (IQR) 72·0 (47·0, 83·0) 44·0 (29·8, 66·0)

Sex, no. of males (%) 3 (60) 5 (50)

SOFA† score, median (IQR) 8·0 (3·5, 10·5) 6·5 (3·5, 16·0)

APACHE II‡ score, median (IQR) 19·0 (14·0, 24·0) 15·5 (11·8, 22·3)

Deaths, n (%) 0 (0) 2 (20)

ICU LOS*, days, median (IQR) 5·5 (2·6, 6·6) 2·5 (1·3, 10·7)

Microbiology of sepsis patients

Gram-negative 0 3

Gram-positive 0 4

No organism cultured 0 2

Viral 0 1

†SOFA = sepsis-related organ failure assessment [32].

‡APACHE = acute physiology and chronic health evaluation [33]. *ICU

LOS = intensive care unit length of stay.
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with the initial percentage, over culture time, the
CD14dimCD16+ monocyte population almost doubled to
10·2 ± 1·4% at 2 h and remained unchanged at 11·5 ± 2·9%
of all monocytes at 20 h.

Change in monocyte subpopulations with stimulation in 
whole blood cultures

Following stimulation with various bacterial components,
there was a small increase in the percentage of
CD14dimCD16+ monocytes at 2 h after SEB stimulation.
However, after 20 h of stimulation the CD14dimCD16+

population differentiated significantly to 31·1 ± 5·3% with
SEB stimulation (P < 0·05). (Figs 1b,c and 2). In compari-
son, at 20 h the CD14dimCD16+ population differentiated
significantly to 20·3 ± 3·9% with LPS (P < 0·05). (Fig. 2). The
degree of expansion after SEB stimulation was significantly
greater than with LPS and PGN.

Proinflammatory cytokine response in stimulated whole 
blood cultures

LPS and SEB stimulation produced different kinetics of
TNF-a and IL-6 production (Fig. 3). LPS elicited an early
rise in TNF-a at 2 h post-stimulation (722 ± 110 pg/ml;
P < 0·05), which remained high at 20 h (655 ± 302 pg/ml;
P < 0·05). SEB stimulated TNF-a production to a lesser
degree (46 ± 15 pg/ml) above the unstimulated control
(16 ± 6 pg/ml) at 2 h, but increased significantly at 20 h post-
stimulation (722 ± 185 pg/ml; P < 0·05). PGN did not
induce cytokine in this whole blood model.

LPS was also a potent inducer of IL-6. Early stimulation
of  whole  blood  produced  797 ± 52 pg/ml  IL-6  at  2 h

Fig. 3. Stimulation of whole blood cultures with lipopolysaccharide (LPS) and Staphylococcus aureus enterotoxin B (SEB) induces cytokine. Whole 

blood cultures were stimulated with 100 ng/ml of LPS, peptidoglycan (PGN) or SEB for 0, 2 and 20 h. Tumour necrosis factor (TNF)-a and interleukin 

(IL)-6 enzyme-linked immunosorbent assays (ELISAs) were performed on culture supernatants. The results represent the mean and standard error 

for five individual experiments. Statistical significance was compared with the unstimulated cells (*P < 0·05).
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(PGN) or Staphylococcus aureus enterotoxin B (SEB) for 0, 2 and 20 h. 

The CD14dimCD16+ monocyte subpopulation was measured by flow 
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individual experiments. Statistical significance was compared with the 

unstimulated cells (*P < 0·05).
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before increasing further to 4000 ± 775 pg/ml at 20 h post-
stimulation. SEB induced low levels of IL-6 at 2 h (41 ± 4 pg/
ml) but this increased dramatically at 20 h post-stimulation
(705 ± 267 pg/ml). PGN showed the least induction of
cytokine for both TNF-a and IL-6.

Correlation between the percentage of CD14dimCD16++++ 
monocytes and TNF-a

A strong positive correlation (r = 0·72) was found between
the amount of TNF-a produced and the percentage of
CD14dimCD16+ monocytes at 20 h post-stimulation (Fig. 4).
This was a specific effect with no correlation found between
IL-6 induction and the percentage of CD14dimCD16+ mono-
cytes at 20 h (r = 0·24).

TLR2 surface expression on monocyte subpopulations 
in whole blood culture

TLR2 expression on different monocyte subgroups stimu-
lated with bacterial components is shown in Fig. 5. We found
no difference in TLR2 surface expression between the two
monocyte subpopulations in freshly stained whole blood.

With respect to the total CD14+ monocyte population,
upon stimulation for 2 h, LPS up-regulated TLR2 (6·21 ±
1·74) compared to the unstimulated control (P < 0·05),
whereas PGN and SEB stimulation had little effect
(0·42 ± 0·73 and 1·31 ± 1·32, respectively). At 20 h, TLR2
expression was up-regulated by PGN (6·21 ± 1·47) and SEB
(4·56 ± 1·40) (both P < 0·05).

At 2 h post-stimulation, there was little difference in the
extent of up-regulation of TLR2 between the CD14+ CD16–

and CD14dimCD16+ monocyte populations (Fig. 5, second
and third panels). In both cases LPS stimulation up-
regulated TLR2 expression on CD14+ CD16– (6·36 ± 1·49)
and on CD14dimCD16+ monocytes (7·25 ± 2·78) (both
P < 0·05). At 20 h, TLR2 was further up-regulated after LPS
stimulation on CD14+ CD16– monocytes (18·36 ± 6·70)
(P < 0·05). In comparison, TLR2 was not further up-
regulated on CD14dimCD16+ monocytes.

TLR4 surface expression on monocyte subpopulations 
in whole blood culture

TLR4 expression on different monocyte subgroups stimu-
lated with bacterial components is shown in Fig. 5. On
monocytes from uncultured whole blood, TLR4 was found
to be higher (2·48 ± 0·90) on CD14dimCD16+ monocytes than
CD14+ CD16– monocytes.

In terms of the total CD14+ monocyte population, upon
LPS stimulation TLR4 expression was down-regulated
(3·25 ± 0·70) at 2 h in comparison to the unstimulated cells
(P < 0·05). At 20 h post-stimulation all stimulants down-
regulated TLR4. The greatest down-regulation in TLR4
expression was due to stimulation with LPS (6·29 ± 1·33)
(P < 0·05), followed by a down-regulation by SEB (3·12 ±
2·2) (P < 0·05) and by PGN (1·30 ± 0·42) (not significant).

The pattern of TLR4 regulation at 2 h post-stimulation on
both monocyte subpopulations followed that seen in the
total CD14+ population. After 2 h of LPS stimulation, TLR4
was down-regulated on CD14dimCD16+ monocytes (4·92 ±
1·18) (P < 0·05) and on CD14+ CD16– monocytes (2·32 ±
0·59) (P < 0·05). At 20 h post-stimulation, down-regulation
of TLR4 was greatest on CD14+ CD16– cells (4·34 ± 1·00) and
to a lesser extent on CD14dimCD16+ monocytes (3·02 ± 2·22)
(both P < 0·05). There was no significant change in TLR4
after PGN or SEB stimulation.

Cytokine induced CD14dimCD16++++ monocytes

Stimulation of whole blood from five normal individuals
with both TNF-a (34·4 ± 4·1%) and SEB (46·3 ± 4·5%) dem-
onstrated a marked expansion of CD14dimCD16+ monocytes
compared to unstimulated cells (13·5 ± 1·5%) (P < 0·05,
Fig. 6).

Sepsis patients, CD14dimCD16++++ and TLR2 and TLR4

All 10 sepsis patients had elevated levels of CD14dimCD16+

monocytes (54·4 ± 9·5%). TLR2 levels were raised in sepsis
patients in comparison to ICU non-sepsis control patients
(data not shown). The average levels of TLR2 on
CD14dimCD16+ monocytes were higher than on CD14+

CD16– monocytes (P < 0·01); these CD14dimCD16+ mono-
cytes also demonstrated a larger variation in TLR2 levels
(Fig. 7).

Fig. 4. Correlation between tumour necrosis factor (TNF)-a and the 

percentage of CD14dimCD16+ monocytes. Whole blood cultures were 

stimulated for 20 h with or without 100 ng/ml of lipopolysaccharide 

(LPS), peptidoglycan (PGN) or Staphylococcus aureus enterotoxin B 

(SEB). Each dot represents data from an individual experiment. The 

percentage of CD14dimCD16+ monocytes were determined by flow 

cytometry and TNF-a was determined by enzyme-linked immunosor-

bent assay (ELISA) on the supernatants from the same cells. Correlation 

coefficient r = 0·72.
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TLR4 levels were suppressed relative to ICU non-sepsis
controls (data not shown) and did not show marked varia-
tion in either of the monocyte subpopulations (Fig. 7).

Discussion

CD14 positive monocytes have been recently divided into
two subpopulations, namely one with CD16 surface
expression but with diminished CD14 expression
(CD14dimCD16+) and one without any CD16 expression
(CD14+ CD16–). The CD14dimCD16+ monocytes demon-
strate features of differentiated monocytes or tissue mac-
rophages such as increased migration into tissues [16–19].
They have also been described as ‘proinflammatory’ in
nature [20], producing high levels of proinflammatory
cytokines, increased HLA-DR expression and little to no

anti-inflammatory cytokines [21]. These features of
CD14dimCD16+ monocytes suggest that they may play an
important role in proinflammatory syndromes including
sepsis and septic shock.

Our results demonstrate that CD14dimCD16+ monocytes
are a distinct monocyte subpopulation that responds differ-
ently to bacterial components compared to CD14+ CD16–

monocytes. We have shown that this subgroup of cells has
both different phenotypic and functional characteristics.
Previous studies by a number of authors [10,16,17] indicate
that maturation of the monocyte is reflected in increased
surface expression of CD16 and diminished expression of
CD14. Our results, which demonstrate that it is possible to
induce CD16 monocytes ex vivo with SEB, LPS and TNF-a,
suggest that CD14dimCD16– cells may mature from CD14+

CD16– monocytes. However, maturation of circulating

Fig. 5. Toll-like receptor (TLR)2 and TLR4 on 

monocyte subpopulations in whole blood cul-

ture. Whole blood cultures were stimulated for 

0, 2 and 20 h with 100 ng/ml lipopolysaccharide 

(LPS), peptidoglycan (PGN) or Staphylococcus 

aureus enterotoxin B (SEB). Using four-colour 

flow cytometry, TLR2 and TLR4 expression was 

measured on the total CD14+ population and the 

two subpopulations. Relative fluorescence was 

calculated by subtracting the mean fluorescence 

of the unstimulated cells from the mean fluores-

cence of the stimulated cells. Data represent the 

mean and standard error of five separate exper-

iments. Statistical significance was compared 

with the unstimulated cells (*, P < 0·05).
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monocytes is likely to be only one contributing source. Some
data by other authors support the theory that CD14dimCD16+

monocytes are more mature cells entering the circulation
from tissue in extreme inflammatory conditions [17].

Ex vivo we found that the CD14dimCD16+ monocyte
population was not significantly expanded until 20 h post-
stimulation. SEB, a staphylococcal superantigen, known to
be a potent inducer of TNF-a, stimulated the greatest expan-
sion of CD14dimCD16+ monocytes. PGN gave the smallest
rise in CD14dimCD16+ monocytes of all the stimulants used
and was shown to also induce the least amount of TNF-a.
With each of the stimulants used the proinflammatory
cytokine production was already increased at 2 h. This
strong relationship between TNF-a and CD16 expression
was present with all the stimulants and may indicate that the
cytokine plays an important role in up-regulating CD16 pro-
duction on monocytes during maturation. We were able to
support these data further by demonstrating that the expan-
sion of CD14dimCD16+ monocytes could be induced by
recombinant TNF-a ex vivo. This hypothesis is also sup-
ported by previous clinical studies. Blumenstein et al. [22]
reported TNF-a production prior to CD14dimCD16+ mono-
cyte population expansion in a sepsis patient. Increased
CD16 on macrophages in rheumatoid arthritis patients [23]
has also been shown to correlate with higher circulating
TNF-a levels. Furthermore, glucocorticoid-treated multiple
sclerosis patients [24] showed a subsequent depletion of
CD14dimCD16+ monocytes after suppression of proinflam-
matory cytokine production.

This is the first study examining the ex vivo effect of sepsis
relevant antigens on monocyte subpopulations, including
their TLR2/TLR4 expression.

Toll-like receptors belong to the family of pattern recog-
nition receptors, vital to the regulation of the innate immune
response. Activation of TLR2 and TLR4 through binding of

their ligands leads to NFkB activation and transcription of
many genes, including those involved in cell proliferation
and inflammation.

Monocytes stimulated with LPS showed marked up-
regulation of TLR2 surface expression at 20 h. This is con-
sistent with Flo et al. [25], who also showed that TLR2 on
monocytes did not increase markedly until long exposure
(20 h) to LPS. This observed up-regulation of TLR2 is
greatest on CD14+ CD16– monocytes. In comparison,
CD14dimCD16+ monocytes demonstrated a much smaller
response. This blunted response of the mature (CD16+)
monocytes to express TLR2 may occur because they are
more sensitive to negative feedback from TNF-a than their
CD16– counterparts.

Binding of LPS to TLR4 has been shown to down-regulate
TLR4 surface expression [26] on monocytes even though the
mRNA transcript was up-regulated. Over 20 h, TLR4 was

Fig. 6. Stimulation of whole blood cultures with 20 ng/ml of recombi-

nant tumour necrosis factor (TNF)-a and 100 ng/ml of Staphylococcus 

aureus enterotoxin B (SEB) for 20 h. The results represent the mean and 

standard error for five individual experiments. The statistical signifi-

cance is in comparison with unstimulated cells (*P < 0·05).
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Fig. 7. Differential expression of Toll-like receptors (TLRs) on mono-

cyte subpopulations of sepsis patients. Expression of (a) TLR2 and (b) 

TLR4 was measured on individual patient monocyte subpopulations by 

four-colour flow cytometry. Relative fluorescence was calculated by sub-
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mean fluorescence of the specific TLR stain. Lines represent the mean 

of 10 sepsis patients (*P < 0·05).
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down-regulated on both monocyte subpopulations. On
freshly stained blood, however, TLR4 expression is highest on
CD14dimCD16+ monocytes, supporting their description as
proinflammatory monocytes. At 20 h, the down-regulation
from baseline was greatest on these CD14dimCD16+ mono-
cytes. Hence, perhaps as monocytes mature and become
CD16 positive, CD14 expression diminishes, as does TLR4,
reflecting their close relationship as the endotoxin receptor.

Furthermore, Williams et al. [27] observed early up-
regulation of TLR4 correlated with mortality in mice with
polymicrobial sepsis. In sepsis it could be that CD16 is ini-
tially up-regulated along with TLR4 leading to TLR activa-
tion and subsequent over-expression of the cytokines that
are characteristic of sepsis. The TLR4 down-regulation at
20 h in our ex vivo data suggests a possible negative feedback
mechanism. If this negative feedback mechanism fails, this
may add to septic mortality.

Our clinical data from 10 patients with severe sepsis and a
high percentage of CD14dimCD16+ monocytes demonstrate,
in a pattern similar to our ex vivo data, that TLR2 is markedly
increased on CD16+ monocytes. This supports results we
have shown previously in another inflammatory disease
[28], where up-regulated TLR2 expression on monocytes
correlated with the severity of hepatic cirrhosis and was
likely to contribute to the increased circulating TNF-a seen
in those patients. The TLR2 levels on CD14dimCD16+ cells in
our sepsis patients, although highly variable, are markedly
elevated compared to the CD14+ CD16– cells. TLR4 levels
were suppressed overall and in individual subsets of mono-
cytes. This is consistent with our longer (20 h) culture results
with LPS ex vivo. Over-production of proinflammatory
cytokines is a major feature of sepsis and contributes to the
poor outcome of the patient [29–31]. The expansion of
CD14dimCD16+ monocytes in sepsis may be an important
contributor to this cytokine response.

With whole blood culture conditions, we have demon-
strated that sepsis specific antigens have the ability to cause a
similar marked expansion of CD14dimCD16+ monocytes as
seen in sepsis. We have also demonstrated that the CD16+

and CD16– populations are different in their responses to
various antigens. Coupled with the reported proinflamma-
tory nature of CD14dimCD16+ monocytes and the strong
positive correlation we found between the expansion of these
cells and TNF-a, this monocyte population is likely to be of
major importance in sepsis.
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