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Abstract Acute exercise alters the surface expression of

toll-like receptors (TLRs) and HLA.DR on blood mono-

cytes, which could transiently compromise immunity. As

serum factors might be responsible, we examined the effects

of autologous post-exercise serum exposure on TLR2, TLR4

and HLA.DR expression on resting blood monocytes and

their subtypes. Eight trained cyclists completed an ergom-

eter 60 km time trial. PBMCs and serum were obtained

before, immediately after and 1 h after exercise. TLR2,

TLR4 or HLA.DR expression (gMFI) was determined on

blood monocyte subtypes expressing combinations of CD14

and CD16 by flow cytometry, and on resting monocytes

exposed to 50% autologous serum (pre, immediately after or

1 h after exercise) for 18 h in culture. Immediately after

exercise, total monocyte expression of TLR2 and TLR4

increased by 41 and 27%, respectively, while HLA.DR

expression was 39% lower than baseline. TLR2 and TLR4

was 53 and 84% greater 1 h after exercise, respectively,

while HLA.DR was 48% lower. Changes in TLR2 and

TLR4 expression occurred on the CD14??bright/CD16?dim

monocyte subtype only, while HLA.DR expression changed

on the CD14?dim/CD16??bright subtype. Serum did not

affect monocyte TLR2 or TLR4 expression but 1 h post

serum increased expression of HLA.DR on total monocytes

and the CD14?dim/CD16??bright subtype, which was in

contrast to the change observed at this time after exercise.

We conclude that a bout of strenuous aerobic exercise

alters the surface expression of TLR2, TLR4 and HLA.DR

on blood monocytes and some of their subtypes, but these

changes appear to be unrelated to blood serum factors.

Keywords Classical monocytes � Pro-inflammatory

monocytes � CD14 � CD16 � Toll-like receptors �
MHC class II

Introduction

Toll-like receptors (TLRs) are Type I trans-membrane gly-

coproteins that conciliate the recognition of pathogen-

associated molecular patterns (PAMPs) and coordinate

inflammatory immune responses following pathogen

incursion. In particular, TLRs facilitate the recognition of

pathogen subtypes, such as Gram-negative and Gram-posi-

tive bacteria, DNA and RNA viruses, fungi and protozoa

and, therefore, play an important role in innate host immune

defense (Francaux 2009; Gleeson et al. 2006; Hemmi et al.

2000); but are also involved in adaptive immune responses

including antigen presentation via major histocompatibility

complex class II (MHC class II) molecules (Hemmi et al.

2000). TLRs and the MHC class II receptor HLA.DR are

typically found on the surface of antigen presenting cells

such as monocytes, which are a heterogenous group of

phagocytic cells that make up 5–15% of all peripheral blood

leukocytes. The levels of TLR (namely TLR2 and TLR4)
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and HLA.DR expression are known to differ among the

monocyte subtypes, with the pro-inflammatory monocytes

(CD14?dim/CD16??bright) expressing these receptors at

greater levels than the classic monocytes (CD14??bright/

CD16-) (Hong and Mills 2008; Passlick et al. 1989; Simp-

son et al. 2009; Skinner et al. 2005; Ziegler-Heitbrock 2007).

An additional monocyte subtype, the so-called IL-10

secreting anti-inflammatory (CD14??bright/CD16?dim)

monocytes (Skrzeczynska-Moncznik et al. 2008) also have

differing expression levels of these cell surface receptors

(Hong and Mills 2008; Simpson et al. 2009; Skrzeczynska-

Moncznik et al. 2008). It has been suggested that alterations

in monocyte surface expression of TLRs or HLA.DR could

compromise host immunity, particularly in relation to

PAMP recognition and antigen presentation, and therefore,

increase infection risk (Simpson et al. 2009). Moreover,

monocyte surface expression of TLRs and HLA.DR appear

to have clinical relevance, as they are known to differ and/or

predict outcomes in response to sepsis, tuberculosis and

chronic liver failure (Armstrong et al. 2004; Hopkins et al.

2008; Monneret et al. 2006; Sanchez et al. 2006; Schaaf et al.

2009; Tsujimoto et al. 2006; Xing et al. 2007).

Acute bouts of strenuous physical exercise are known to

induce profound changes in the composition of monocyte

subtypes present in peripheral blood (Hilberg et al. 2004;

Hong and Mills 2008; Selkirk et al. 2009; Simpson et al.

2009; Steppich et al. 2000) and alter their expression of

specific cell surface receptors including TLRs and

HLA.DR (Hong and Mills 2008; Lancaster et al. 2005;

Oliveira and Gleeson, 2010; Simpson et al. 2009). In

response to acute exercise, there is a preferential mobili-

zation of CD14?/CD16? monocytes compared to the

CD14?/CD16- cells, increasing the ratio of pro-inflam-

matory to classic monocytes (Hong and Mills 2008; Selkirk

et al. 2009; Simpson et al. 2009; Steppich et al. 2000).

Although Lancaster et al. (2005) and, more recently, Oli-

veira and Gleeson (2010) have reported that total monocyte

expression of TLR2 and TLR4 is downregulated in

response to prolonged cycling exercise, these studies did

not take into consideration the altered composition of

monocyte subtypes in blood after exercise. Our group was

the first to show that changes in TLR2 and TLR4 expres-

sion following acute exercise appear to be independent of

the altered composition of monocyte subtypes as the

changes observed were localized to specific monocyte

subtypes, with TLR2 and TLR4 expression decreasing on

CD14??bright/CD16?dim and CD14??bright/CD16- mono-

cytes, respectively, after 45-min of intensive treadmill

running (Simpson et al. 2009). Two studies have reported

that acute aerobic exercise results in a lowered expression

of HLA.DR on total blood monocytes (Hong and Mills

2008; Simpson et al. 2009), which appears to affect both

the classic (Simpson et al. 2009) and the pro-inflammatory

monocyte subtypes (Hong and Mills 2008).

At present, the mechanisms underpinning exercise-

induced changes in monocyte TLR and HLA.DR expres-

sion, and the potential consequences this has on host

immune defense, are largely unknown. While the before

and after exercise differences in monocyte TLR and

HLA.DR expression could reflect pre-existing differences

in expression between blood resident and exercise-mobi-

lized monocytes (Simpson et al. 2009), it is also possible

that certain serum factors, which change following exer-

cise, could be responsible. In particular, increasing levels

of circulatory cytokines, heat-shock proteins, glucocor-

tocoids, catecholamines, lipopolysaccharide (LPS) con-

centration and/or acidosis might play a role in modulating

the cell signaling pathways that control TLR (i.e. MyD88,

p38) and HLA.DR expression (i.e. PKA, PKC) (Gleeson

et al. 2006; Oliveira and Gleeson, 2010; Simpson et al.

2009).

The aim of this study was to determine how in vitro

exposure of resting monocytes to post-exercise autologous

serum affects the cell-surface expression of TLR2, TLR4

and HLA.DR. We used resting blood monocytes only to

exclude any differences in TLR expression that might exist

between the blood resident and the exercise mobilized

cells. We hypothesized that in vitro exposure of resting

blood monocytes to autologous serum obtained after an

acute bout of strenuous exercise would elicit changes in

resting monocyte TLR and HLA.DR expression akin to

those seen in vivo in response to exercise.

Methods

Subjects

Eight (3 females) club-level athletes (mean ± SD age:

32.1 ± 4.2 years; height: 176.1 ± 10.7 cm; mass: 69.6 ±

11.7 kg) were identified via non-random methods and

invited to participate in this study. All subjects were

experienced cyclists currently partaking in structured

endurance training regimens. Subjects were non-smokers,

in good health and reported no infectious illnesses in the

6 weeks prior to testing (confirmed via health history

questionnaire). Subjects were requested to abstain from

strenuous physical activity for 24 h prior to testing, which

was confirmed via verbal communication on the day of the

exercise test. Each subject was supplied with written

information describing the purposes and demands of the

study prior to giving their written informed consent. A

local Institutional Ethics Committee of Edinburgh Napier

University granted approval for the study.
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Exercise trial and blood sampling

All subjects reported to the laboratory at 0900 h to com-

plete a 60 km time trial on an indoor cycling trainer

(Kingcycle, High Wycombe, UK). Prior to the exercise

test, subjects were fitted with a heart rate monitor (S610;

Polar Electro, Kempele, Finland) and asked to rest in a

seated position for 5-min. After this rest period, a pre-

exercise blood sample of 60 ml was collected in vacu-

tainers containing either EDTA as an anticoagulant or a

serum gel (Becton–Dickinson, Oxford, UK). Subjects used

their own personal road bike, which was mounted to the

indoor trainer and adjusted to their comfort. The indoor

trainer was calibrated with the subject seated in the riding

position and was asked to perform a 5–10 min warm-up

exercise prior to starting the time trial. After the warm-up

period, the subject was asked to cycle the 60 km distance

in the fastest possible time. Heart rate (bpm) and power

output (watts) were monitored throughout the time trial and

mean heart rate and power output were recorded from the

test. Subjects consumed water ad libitum throughout the

test. Additional blood samples were collected immediately

after the exercise test (24 ml), then again 1 h later (24 ml).

Total leukocyte, monocyte, lymphocyte, neutrophil, and

eosinophil counts were determined at each blood sampling

time point using an automated hematology analyzer (Sys-

mex II, Minnesota, USA). Total numbers of monocyte

subtypes were determined by multiplying the percentage of

each monocyte subtype within the total CD14? monocyte

population (determined by flow cytometry) by the total

monocyte count.

Cell separation

All cell separation and blood-handling techniques were

performed under sterile conditions in a laminar flow fume

hood. Peripheral blood mononuclear cells (PBMCs) were

isolated from whole blood via density gradient centrifu-

gation following the methods we have described previously

(Simpson et al. 2009). Following separation, PBMCs were

aliquoted for direct immunofluorescence assays and cellu-

lar analysis by flow cytometry. The remaining resting

blood monocytes (i.e. the pre-exercise sample) were pre-

pared for cell culture and serum stimulation assays.

Cell culture and serum stimulation assays

Aliquots of 8 9 106 resting (i.e. the pre-exercise sample)

PBMCs were re-suspended in 2 ml RPMI 1640 (supple-

mented with 1% penicillin/streptomycin and 1% L-Gluta-

mine) cell culture medium and placed into 3 incubation

flasks at a final concentration of 2.0 9 106 cells/ml con-

taining 50% of either pre-exercise serum, post-exercise

serum, or 1-h post-exercise serum and incubated for 18 h at

37�C in a final volume of 4 ml. We used a final concen-

tration of 2 9 106 cells/ml, as this is a typical resting

PBMC count (i.e. combined lymphocyte and monocyte cell

count). Similarly, we used 50% serum as this is closely

related to typical human plasma volume. These cell con-

centrations and serum dilutions were intended to simulate

resting human physiological conditions. Cell culture flasks

remained vertical throughout the incubation period in order

to minimize monocyte adherence to flask walls and maxi-

mize their recovery following incubation.

Following incubation, the cell culture medium was

removed from the flasks, which were flushed thoroughly

with PBS-BSA in order to remove and collect any adherent

monocytes. The PBMCs then underwent two rounds of

washing and centrifugation (room temperature at 350 g) in

PBS (supplemented with 1% bovine serum albumin). Fol-

lowing the second centrifugation, the cell supernatant was

discarded and the PBMCs were re-suspended in 1 ml of

PBS for cell counting, viability determination, direct

immunofluorescence assays, and cellular analysis by flow

cytometry.

Direct immunofluorescence assays for cell-surface

TLR2, TLR4 and HLA.DR detection

All PBMC samples obtained before and after exercise and

following the cell culture/serum stimulation assays were

labeled with a 0.3 ml cocktail of directly conjugated pre-

diluted monoclonal antibodies (mAbs) in a three-color

direct immunofluorescence procedure. Aliquots of 1 9 106

PBMCs were labeled with 0.1 ml of anti-CD14 FITC, anti-

CD16 PE-Cy7 and either an anti-TLR2, TLR4 or HLA.DR

mAb conjugated to PE. The anti-TLR2 and TLR4 mAbs

were purchased from ebioscience (San Diego, CA, USA),

the anti-CD16 mAb from BD Pharmingen (San Jose, CA,

USA) and the anti-CD14 and anti-HLA.DR mAbs from

Immunotools (Friesoythe, Germany). All mAbs were pre-

titrated to determine optimum dilutions for cellular analysis

by flow cytometry. All samples were left to incubate at

room temperature and protected from light for 1 h then

analyzed by flow cytometry.

Flow cytometry

All flow cytometry analysis was performed using CELL-

Quest Pro software on a FACSCalibur flow cytometer (BD

Biosciences, San Jose, CA, USA) equipped with a 15 mW

argon ion laser emitting light at a fixed wavelength of

488 nm. Blood monocytes were identified and electroni-

cally gated using forward light-scatter and side light-scatter

modes. CD14? cells were identified using forward light-

scatter against FITC fluorescence. The expression of CD16
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was then assessed on the CD14? cell population and further

electronic gates were used to identify the CD14??bright/

CD16-, CD14?dim/CD16??bright, CD14??bright/CD16?dim

and total CD14?/CD16? cell populations in accordance

with the procedures we have described previously in detail

(Simpson et al. 2009). Single parameter histograms were

then generated to identify TLR2, TLR4 or HLA.DR

expression on total monocytes and their subtypes. Fluo-

rescent signals were collected in logarithmic mode and cell

numbers per channel were collected in linear mode.

Appropriately conjugated isotype controls were used to

eliminate non-specific binding of Ig and set the PMT

voltages for each detector filter. Electronic color compen-

sation was used to exclude any overlapping emission

spectra, and each directly conjugated mAb was separately

analyzed to ensure that the appropriate fluorescent signals

appeared in a single detector filter. When all parameters

were set, 10,000 of the gated CD14? events were acquired

for analysis. All monocytes expressed TLR2, TLR4 and

HLA.DR ([98% positive) and these data were reported as

the geometric mean fluorescent intensity (GMFI). Repre-

sentative flow cytometry dotplots and histograms are pre-

sented in Fig. 1. The flow cytometry dotplots show how the

monocyte subtype populations were identified using CD14

Fig. 1 Representative flow cytometry dotplots and histograms: the

two-parameter dotplots (CD14 FITC/CD16 PE-Cy-7) illustrate the

effects of exercise on the proportions of monocyte subtypes in blood.

The upper left quadrant contains the CD14?dim/CD16??bright pro-

inflammatory monocytes; the upper right quadrant contains the

CD14??bright/CD16?dim monocytes; and the lower right quadrant
contains the CD14??bright/CD16-negative classical monocytes. The

histograms illustrate the effects of exercise on total monocyte surface

expression of TLR2 (1.a), TLR4 (1.b) and HLA.DR (1.c) and the

effects of autologous serum on total resting monocyte surface

expression of TLR2 (2.a), TLR4 (2.b) and HLA.DR (2.c): Green
pre-exercise condition, Red post-exercise condition, Blue 1 h postex-

ercise condition (color figure online)
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and CD16 expression. The single parameter flow cytometry

histograms have been overlaid to show differences between

the pre, immediately after and 1 h after exercise conditions

for each cell surface receptor (i.e. TLR2, TLR4 and

HLA.DR) in response to exercise or autologous serum

exposure. All dotplots and histograms presented were

generated on the total CD14? cell population.

Statistical analysis

All statistical analyses were performed using SPSS ver-

sion 17 for Mac statistical analysis software (Chicago,

IL, USA). Data were analyzed using a linear mixed

models (LMM) approach to fit residual covariance

matrices to account for dependency of the repeated

measures, allowing different variances for each time

point and different covariances between time points.

Initially, separate LMM were used to examine the effects

of exercise over three time points [time: pre, immedi-

ately after and 1 h after exercise] on monocyte TLR2,

TLR4 or HLA.DR expression among the three monocyte

subtypes (monocyte subtype: CD14??bright/CD16-negative;

CD14?dim/CD16??bright; CD14??bright/CD16?dim). The

effects of exercise and the effects of serum were ana-

lyzed using separate LMM, as the monocyte cell popu-

lations obtained after exercise (i.e. a mixture of both

blood resident and exercise-mobilized cells) were dif-

ferent to the resting monocytes (blood resident mono-

cytes only) stimulated with pre and post-exercise serum

and it would therefore not be appropriate to include

these data in the same LMM. The effects of exercise or

serum were also analyzed within each monocyte subtype

to examine the effects of exercise or serum on the

individual monocyte subtypes over time. When the time

main effect was significant, Bonferroni-adjusted paired

t tests with were used to test the immediately after and

1 h time points against the pre-exercise value. All data

are presented as the mean ± SD. Statistical significance

was accepted at P \ 0.05.

Results

Exercise performance measures

All subjects successfully completed the 60 km time trial on

the indoor cycling ergometer. Mean completion time was

92.1 ± 6.8 min; mean power was 225.3 ± 42.1 watts and

mean heart rate was 156 ± 9 bpm. The mean heart rate for

the 60 km time trial was equivalent to 83 ± 5% of the age-

predicted maximum heart rate (220-age).

The effects of exercise on leukocyte and monocyte

subtype populations

Changes in total leukocyte and leukocyte subtypes in

response to the exercise challenge are presented in Table 1.

Immediately after exercise, blood monocyte concentration

was 54% greater than the pre-exercise value (P \ 0.01)

and remained elevated by 36% 1 h later (P \ 0.05).

Compared to pre-exercise values, the numbers and pro-

portions of CD14? monocytes expressing CD16 (CD14?/

CD16? monocytes) was 185 and 57% higher, respectively,

immediately after exercise (P \ 0.01) (Table 2). The

numerical increase was due to a mobilization of both the

CD14?dim/CD16??bright (180%) and the CD14??bright/

CD16?dim (200%) monocyte subtypes (P \ 0.05). All

monocyte subtype numbers and proportions were not sig-

nificantly different from the pre-exercise values at 1 h post-

exercise (P [ 0.05).

Table 1 Total cell numbers (9109/l) of peripheral blood leukocytes

before and after a 60 km indoor cycling ergometer time trial

Pre-exercise Post-exercise 1 h post-exercise

Total leukocytes 5.02 ± 0.73 9.22 ± 2.28** 10.17 ± 3.74**

Neutrophils 2.76 ± 0.51 5.43 ± 2.08** 8.26 ± 3.42**

Lymphocytes 1.63 ± 0.34 2.94 ± 0.86** 1.21 ± 0.40**

Monocytes 0.44 ± 0.13 0.68 ± 0.19** 0.60 ± 0.20*

Eosinophils 0.18 ± 0.15 0.15 ± 0.14 0.08 ± 0.07**

Values are mean ± SD. Statistically significant difference from the

pre-exercise value indicated by * P \ 0.05 and ** P \ 0.01

Table 2 Total cell numbers and proportions of monocyte subtypes

present in peripheral blood before and after a 60-km indoor cycling

ergometer time trial

Pre-exercise Post-exercise 1 h post-exercise

CD14??bright/CD16-negative

9109/l 0.38 ± 0.11 0.52 ± 0.14* 0.51 ± 0.18

% 86.8 ± 4.2 77.3 ± 5.4** 86.2 ± 10.1

CD14?dim/CD16??bright

9109/l 0.05 ± 0.03 0.14 ± 0.06** 0.08 ± 0.08

% 11.16 ± 4.9 19.65 ± 4.8** 12.14 ± 9.7

CD14??bright/CD16?dim

9109/l 0.02 ± 0.01 0.06 ± 0.03* 0.03 ± 0.05

% 5.13 ± 3.2 9.73 ± 4.01 4.68 ± 5.5

Values are mean ± SD and expressed as cell concentrations (9109/l)

and as the percentage (%) of the gated CD14? monocytes. Statisti-

cally significant difference from the pre-exercise value indicated by

* P \ 0.05 and ** P \ 0.01
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The effects of exercise on blood monocyte TLR2,

TLR4 and HLA.DR expression

The effects of exercise on blood monocyte TLR2, TLR4

and HLA.DR expression are shown in Fig. 2. Significant

effects of exercise were observed for TLR2, TLR4 and

HLA.DR expression when all monocyte subtypes were

considered collectively (P \ 0.05). Immediately after

exercise TLR2 and HLA.DR expression was, on average,

41% greater and 39% less compared to the respective pre-

exercise values (P \ 0.05); and at 1 h post-exercise, TLR2

and TLR4 was 53 and 84% greater than the respective pre-

exercise values (P \ 0.05), while HLA.DR expression was

48% lower (P \ 0.01). Within individual monocyte sub-

types, TLR2 expression on CD14??bright/CD16?dim cells

was found to be 21.3% greater than pre-exercise values

immediately after exercise (P \ 0.05). No other significant

exercise-by-monocyte effects for TLR2 expression were

found (P [ 0.05). At 1 h post-exercise, TLR4 expression

on CD14??bright/CD16?dim monocytes was 90% higher

Monocytes Isolated Before and After 
Exercise

Resting Monocytes Exposed to 
Autologous Serum

Fig. 2 The effects of exercise and autologous serum on the cell

surface expression of TLR2, TLR4 and HLA.DR (GMFI) on all

CD16? monocytes (CD14?positive/CD16?positive), CD14??bright/

CD16?dim monocytes, CD14?dim/CD16??bright monocytes and

CD14??bright/CD16-negative monocytes. The graphs on the left hand

side show the effects of exercise on monocyte subtype expression of

TLR2, TLR4 and HLA.DR, while the graphs on the right hand side

show the effects of autologous serum exposure (serum obtained

before, immediately after and 1 h after exercise) on resting blood

monocyte subtype expression of TLR2, TLR4 and HLA.DR. Statis-

tically significant differences from the pre-exercise values for all cell

types combined: #P \ 0.05, ##P \ 0.01. Statistically significant

differences from pre-exercise values among monocyte subtypes:

*P \ 0.05, **P \ 0.01
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than pre-exercise values (P \ 0.05). No other exercise

effects were found for TLR4 expression on monocyte

subtypes (P [ 0.05). Compared to the pre-exercise values,

HLA.DR expression on CD14?dim/CD16??bright mono-

cytes was 43% lower immediately after exercise

(P \ 0.05) and 35% lower 1 h later (P \ 0.01). On the

CD14??bright/CD16-negative classical monocytes, HLA.DR

expression was 49% lower than the pre-exercise values at

1 h post-exercise (P \ 0.05).

The effects of autologous serum exposure on resting

blood monocyte expression of TLR2, TLR4

and HLA.DR

The effects of autologous serum exposure on resting blood

monocyte expression of TLR2, TLR4 and HLA.DR are

shown in Fig. 2. Exposing resting blood monocytes to

autologous serum obtained from the subjects immediately

and 1 h after exercise did not significantly alter TLR2 or

TLR4 expression in comparison to resting serum exposure

(P [ 0.05). A significant effect of serum exposure was

observed for HLA.DR expression, with the level of

expression on resting monocytes exposed to 1 h post-

exercise serum being 50% greater than the resting mono-

cytes exposed to resting serum (P \ 0.01). Serum obtained

immediately after exercise did not alter HLA.DR expres-

sion on resting monocytes (P [ 0.05). Within monocyte

subtypes, the serum obtained at 1 h post-exercise

was found to increase HLA.DR expression on resting

CD14?dim/CD16??bright monocytes by 33% compared to

the pre-exercise serum (P \ 0.05). HLA.DR expression on

the other monocyte subtypes was not significantly altered

by serum (P [ 0.05).

Discussion

This study examined the effects of autologous serum

obtained after an acute bout of strenuous cycling exercise

on resting blood monocyte surface expression of TLR2,

TLR4 and HLA.DR. Despite the changes in monocyte

TLR2 and TLR4 expression that occurred with exercise,

exposing resting blood monocytes to serum obtained after

exercise had no effect on the surface expression of these

pathogen recognition receptors. Consistent with our previ-

ous study (Simpson et al. 2009), we found that exercise

resulted in a lowered expression of HLA.DR immediately

after and 1 h after exercise, particularly in the pro-inflam-

matory monocyte subtype (CD14?dim/CD16??bright).

Although autologous serum obtained at 1 h post-exercise

altered HLA.DR expression on resting CD14?dim/

CD16??bright monocytes, the levels of HLA.DR expression

were actually found to increase with serum exposure, which

was in contrast to what was observed in response to exer-

cise. We conclude that exposure of resting blood monocytes

to post-exercise serum does not elicit the same changes as

those observed in vivo with regard to cell-surface expres-

sion of TLR2, TLR4 and HLA.DR. Thus, it is reasonable to

speculate that exercise induced changes in monocyte TLR2,

TLR4, and HLA.DR cell-surface expression are not caused

by soluble serum factors.

Three previous studies, to our knowledge, have reported

changes in monocyte TLR expression in response to acute

aerobic exercise (Lancaster et al. 2005; Oliveira and

Gleeson 2010; Simpson et al. 2009). All of these papers

reported decreases in total monocyte TLR4 expression

immediately after (Lancaster et al. 2005; Oliveira and

Gleeson 2010) and/or during the recovery phase of exercise

(Lancaster et al. 2005; Oliveira and Gleeson 2010; Simp-

son et al. 2009). In contrast, we found in the present study

that a single bout of strenuous cycling exercise caused

monocyte TLR2 and TLR4 expression to increase; TLR2

was elevated immediately after exercise and remained

elevated 1 h later, whereas TLR4 expression was only

elevated 1 h after the exercise challenge. These discrep-

ancies could be due to experimental differences. For

instance, in the present study, we examined competitive

athletes performing an ‘‘all out’’ 60 km cycling time trial

that ranged in duration from 83 to 103 min. This type of

exercise is likely to be more intensive than other studies

that controlled the intensity of exercise at 70 or 75%

VO2max for durations ranging from 45 min to 2.5 h. Dif-

ferences in exercise modality also exist. The investigation

by Oliveira and Gleeson (2010) and the present study used

an indoor cycling protocol and, although Lancaster et al.

(2005) also used a cycling protocol, this was conducted in a

hot environment, while our previous study (Simpson et al.

2009) used a treadmill-running protocol. Due to these

equivocal data and the variation in experimental design

among these studies, a future study comparing changes in

blood monocyte TLR expression in response to acute

exercise of differing intensities, durations, and modality

would be illuminating.

Some studies failed to examine TLR expression on

monocyte subtypes, which also complicates the interpre-

tation of the data (Lancaster et al. 2005; Oliveira and

Gleeson, 2010). For instance, in our previous paper

(Simpson et al. 2009), we found total monocyte TLR4

expression to be lower during the recovery phase of exer-

cise, an effect that was consistent with the findings of

Lancaster et al. (2005) and Oliveira and Gleeson (2010);

however, TLR4 expression on CD14?dim/CD16??bright

pro-inflammatory monocytes was elevated despite the

lowered expression on the total monocyte population

(Simpson et al. 2009). This is more in corroboration with

the present study as, although not statistically significant,
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there was a trend for elevated TLR4 expression on pro-

inflammatory monocytes 1 h after exercise. TLR2 expres-

sion on total CD14? monocytes has been reported to

remain unchanged in response to acute exercise (Lancaster

et al. 2005; Oliveira and Gleeson 2010; Simpson et al.

2009); however, when monocyte subtypes are examined,

exercise appears to independently alter the expression of

TLR2 on the CD14??bright/CD16?dim IL-10 secreting

monocytes. We previously reported that TLR2 on

CD14??bright/CD16?dim was reduced immediately after

45-min of treadmill running (Simpson et al. 2009), while

the present study, in contrast, found TLR2 expression to

increase on this monocyte subtype immediately after the

‘‘all-out’’ cycling time trial; an effect that could be influ-

enced by the intensity, duration and/or mode of exercise.

Moreover, given that monocyte subtypes have a hetero-

geneous expression of TLRs, inconsistent reports on

monocyte TLR expression following exercise (particularly

when only the total monocyte cell population has been

examined) are probably due to differences in recirculation

between the blood and tissues among monocyte subtypes in

response to exercise of differing intensities and durations.

Monocyte HLA.DR expression was lowered immedi-

ately after and during the recovery phase of exercise, which

is consistent with our previous report (Simpson et al.

2009). Although the potential consequence of these chan-

ges on host immune defense are largely unknown; it is

important to note that in chronic inflammatory conditions

such as sepsis, blood monocyte expression of TLR2 and

TLR4 tends to be elevated (Armstrong et al. 2004; Hopkins

et al. 2008; Schaaf et al. 2009; Tsujimoto et al. 2006),

while HLA.DR expression tends to be lowered, parti-

cularly in the CD14?positive/CD16?positive monocyte subset

population (Tsujimoto et al. 2006). Moreover, HLA.DR

expression on blood monocytes has been shown to predict

mortality from sepsis upon hospital admittance (Monneret

et al. 2006) and is also lowered in other conditions, such as

tuberculosis (Sanchez et al. 2006) and chronic liver failure

(Xing et al. 2007). Interestingly, the patterns of change

observed in monocyte TLR2, TLR4 and HLA.DR expres-

sion with this bout of strenuous exercise appear to mirror

the changes in expression seen with sepsis, indicating that

acute strenuous exercise might elicit inflammatory-like

immune perturbations that could have clinical relevance.

Indeed, participants performing acute bouts of strenuous

exercise are known to experience endotoxemia, evident by

increases in plasma lipopolysaccharide (LPS) concentra-

tion (Ashton et al. 2003; Ng et al. 2008; Nieman et al.

2006). Moreover, prolonged endurance exercise is known

to alter monocyte production of the pro-inflammatory

cytokines IL-1, IL-6 and TNF when challenged with LPS

in vitro (Starkie et al. 2001). Future studies should attempt

to examine the link between changes in TLR expression at

the cell surface, plasma LPS concentration and monocyte

inflammatory responses following acute exercise.

The cell shifts that occur within the peripheral blood

compartment in response to acute exercise complicate the

attempts to ascertain if cell surface protein expression is

altered at the individual cell level due to exercise. For

instance, when cell populations are isolated from blood

immediately after exercise, they comprise a mixture of

monocytes that were already present in the blood with

monocytes that entered the blood due to exercise. It is

difficult, therefore, to determine if exercise alters TLR and

HLA.DR expression at the individual cell level, or whether

these changes are due to pre-existing differences in TLR

and HLA.DR expression between blood resident mono-

cytes and monocytes that are mobilized with exercise. To

address this, we considered the effects of blood serum

factors that could potentially alter the expression of TLRs

and HLA.DR at the cellular level in response to exercise, as

previous work has shown post-exercise serum to alter

chemokine receptors on monocytes (Okutsu et al. 2008)

and IL-2 and TNF-a secretion in a Jurkat T-cell line (Ra-

dom-Aizik et al. 2007). Despite exposing resting blood

monocytes to post-exercise autologous serum in vitro at

concentrations typical of resting blood (i.e. 50% serum),

TLR expression on the resting monocytes were unaffected

by serum exposure. It is likely, therefore, that the exercise-

induced changes in monocyte TLR expression seen in the

present study are not due to serum factors such as gluco-

corticoids, stress hormones, heat-shock proteins or acido-

sis, which have been cited as possible physiological stimuli

(Gleeson et al. 2006). Rather, this might reflect pre-existing

differences in TLR expression between blood resident

monocytes and comparable cells mobilized by exercise. It

is acknowledged, however, that some other in vivo factors

that have not been mimicked in the present in vitro cell

culture model, such as mechanical and circulatory stress,

could, alternatively, be responsible for altering TLR sur-

face expression at the cellular level. Moreover, the kinetics

of certain soluble factors that change with exercise might

also influence this response, as these are not always accu-

rately reflected when serum samples are taken at a defined

time-point.

Exercise induced a lower HLA.DR expression on total

monocytes and the pro-inflammatory monocyte subtype

immediately after the exercise protocol, which remained

lower than baseline levels during exercise recovery.

Exposing the resting monocytes to serum obtained 1 h after

exercise also altered their expression of HLA.DR com-

pared to pre-exercise serum; however, HLA.DR expression

increased on the pro-inflammatory monocyte subtype,

which was opposite to that observed in monocytes obtained

1 h after exercise. While the lowered expression of

HLA.DR after exercise could compromise antigen

1266 Eur J Appl Physiol (2010) 110:1259–1268

123



presentation capabilities to CD4? T-cells (Simpson et al.

2009), the heightened expression of HLA.DR on the resting

monocytes by serum might indicate that certain serum

factors present in blood after exercise are capable of

inducing monocyte activation, facilitating diapedesis and

migration into the tissues. Moreover, as the total blood

monocyte and CD14?dim/CD16??bright subtype count was

lowered at 1 h post-exercise, it is likely that any monocytes

activated by exercise-induced serum components will have

already extravasated the blood compartment in vivo.

Essentially, the serum-induced increase in HLA.DR

expression in vitro might identify a population of cells that

would have otherwise vacated the blood compartment in

response to exercise.

In conclusion, although an acute bout of strenuous

cycling exercise altered the overall surface expression of

TLR2, TLR4 and HLA.DR on blood monocytes, exposing

resting monocytes to post-exercise serum did not elicit a

similar response. Exercise-induced changes in monocyte

TLR and HLA.DR expression might, therefore, be unre-

lated to soluble serum factors that are known to change in

response to exercise (i.e. glucocorticoids, stress hormones,

acidosis, etc.); but could merely be a result of different

expression levels that already exist between monocytes

resident in blood and those that are mobilized in/out blood

with exercise. Limitations of the present study include the

relatively small sample size, which might explain why we

observed very few changes in expression among the

monocyte subtypes, and the responses of cultured cells to

the circulating factors in post-exercise sera may not reflect

those normally occurring in vivo. Future research should

attempt to (1) explore the link between monocyte surface

expression of TLRs and the responsiveness of these cells to

pathogen challenge following an acute bout of exercise;

and (2) examine the effects of different intensities, dura-

tions and forms of exercise on blood monocyte subtype

trafficking and their expression of TLRs and other cell

surface receptors.
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