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SUMMARY

The proinflammatory cytokines play a central role in mediating cellular and physiological responses,
and levels may reflect immune system effectiveness. In this study, the effect of ageing on the
inflammatory response was examined using a novel method to detect production of the proinflammatory
cytokines, i.e. tumour necrosis factor-alpha (TNF-a), IL-6 and IL-1b. Peripheral blood mononuclear
cells (PBMC) obtained from healthy donors of different ages were incubated for 0, 24, 48 and 72 h with
or without phorbol 12-myristate 13-acetate (PMA) stimulation. At each time point these cells were
permeabilized and incubated with secondary conjugated FITC MoAbs specific for each cytokine. A flow
cytometric system was developed to quantify specific intracellular fluorescence in T cells (CD3þ) and
monocytes (CD14þ). TNF-a, IL-6 and IL-1b production in cell culture supernatants was also measured
using ELISAs. In older subjects, flow cytometry detected significant increases in intracellular T cell
TNF-a and IL-6 (P< 0·05). IL-1b was not detected in any of the T cell samples. Likewise, the
monocytes of older subjects demonstrated increased intracellular levels of all three cytokines, but these
increases were not significant (P>0·05). These changes in intracellular proinflammatory cytokine levels
may explain some of the exaggerated inflammatory responses seen in elderly patients.
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INTRODUCTION

The outcome of infection in old age may be more severe than in
younger subjects, and this may be related to dysregulation of the
immune system in the elderly [1]. The proinflammatory cytokines
play a pivotal role in the immune response, including cellular
activation and proliferation [2–4], and are also involved in the
pyrogenic and acute-phase responses [5,6]. Due to their pleio-
trophic functions, these cytokines may be useful markers of
immune competence.

Studies examining alterations in proinflammatory cytokine
production with age are contradictory. Both an increase and no
change in proinflammatory cytokine production between different
age groups have been reported [7–10]. This discrepancy may
reflect problems regarding the methodology used in cytokine
detection. Several difficulties inherent to ELISAs, RIAs and bio-
assays [11] used for cytokine assays may be due to the presence of
naturally occurring biological inhibitors which interfere with the
detection of the respective cytokine. Furthermore, many of the
methods employed in the quantification of cytokine levels in

body fluids and culture supernatants do not allow identification of
the cytokine-producing cell type, without prior separation of the
different subpopulations.

Intracellular cytokine detection, using flow cytometry, avoids
the influence of the extracellular milieu, and MoAbs to cell surface
markers (such as CD3 and CD14) can be used to identify the
cellular origin of cytokine production. Qualitative intracellular
proinflammatory cytokine methods have been previously reported
[12–15] and these studies examined the percentage of cytokine-
producing cells. However, the amount of cytokine being produced
per cellular population (median fluorescence intensity (MFI)) may
be more informative. Earlier studies also used artificial inhibitors
of cytokine export such as monensin and brefeldin A. This results
in accumulation of intracellular cytokine levels, thus facilitating
detection. However, this methodology does not allow quantifica-
tion of intracellular cytokine levels, as the amount of cytokine
present has been artificially amplified. We report here a method
which quantifies intracellular proinflammatory cytokines in peri-
pheral blood mononuclear cell (PBMC) subpopulations in the
absence of cell export inhibitors. Using this technique, increases
in tumour necrosis factor-alpha (TNF-a) and IL-6 were observed
in T cells isolated from a normal elderly population.
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MATERIALS AND METHODS

Subjects were interviewed concerning their current medical status,
medications and previous medical history. The criteria used to
define a healthy individual excluded persons who were taking
immunosuppressive medications, persons with inflammatory dis-
orders or infections, or those who had suffered serious trauma (e.g.
surgery) within the previous 6 months. No persons who had
experienced unexplained weight loss or any kind of malignancy
were included. A total of 19 normal healthy volunteers were
accepted into the study and informed consent was obtained from
each individual. These volunteers were divided into two groups,
20–40 years (mean age 29 years,n¼ 10), and> 62 years (mean age
73 years,n¼ 9).

Blood was collected into sterile EDTA bottles, placed on ice,
and the PBMC were immediately separated using Lymphoprep
(Nycomed, Oslo, Norway). Cell number and viability were

determined using ethidium bromide/acridine orange staining and
PBMC were resuspended at a final concentration of 1×106 cells/
ml. One millilitre aliquots, in RPMI 1640, containing 2 mM gluta-
mine, 50 U/ml penicillin, 50mg/ml streptomycin, 2·5mg/ml fungi-
zone and 10% heat-inactivated autologous serum, were added to
24-well microtitre plates (Nunclon). PBMC were stained for
cytokine levels at 0, 24, 48 and 72 h in culture, with or without
25 ng/ml phorbol 12-myristate 13-acetate (PMA; Sigma) stimu-
lation. All cultures were incubated at 378C in a humidified
atmosphere of 5% CO2.

Panels of MoAbs for TNF-a (nine antibodies), IL-6 (nine
antibodies) and IL-1b (three antibodies) were obtained from
R&D Systems (Minneapolis, MN) and one IL-1b antibody was
obtained from Immunotech (Marseille, France). These were
screened for their usefulness in flow cytometry. Access to the
intracellular space was achieved by first fixing the cell membrane
with 2% paraformaldehyde (PFA) followed by 0·05% saponin
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Fig. 1. Dot plots and histograms representing intracellular cytokine levels in T cells and monocytes. The distinct T cell and monocyte
populations can be gated in the dot plot using cell size (FSC)versuscell granularity (SSC). This method of cell identification was confirmed
using cell surface CD3 (80–85% positive) or CD14 antibodies (70–80% positive). Using the histograms, intracellular fluorescence can be
measured. The ordinate relates to the relevant cell number, while fluorescence intensity can be seen on the abscissa, representing the amount
of intracellular cytokine. A shift to the right demonstrates an increase in the amount of cytokine within a cell. Peaks can be observed for non-
permeabilized cells, T cells and monocytes. Specific intracellular fluorescence levels can be quantified from these histograms for each of the
cell types.



(Sigma) permeabilization. Non-specific binding sites were blocked
by incubating the permeabilized cells with 10% normal human
serum (NHS)/saponin. MoAbs, at 0·2mg/test, were added to 5×104

cells in 100ml 10% NHS/saponin, as were similar concentrations of
the irrelevant isotype-matched control IgG antibodies (Dako,
Glostrup, Denmark). Anti-vimentin antibodies (Dako) were also
used to demonstrate cell permeability. FITC-labelled Fab goat
anti-mouse MoAbs (2·0mg/test; Dako) were used to label the
primary antibodies. Cells were finally fixed with 0·5% PFA and
intracellular fluorescence measured using a Becton Dickinson flow
cytometer with Lysis II software. Cell types were selected for on
the basis of cell size (FSC) and cell granularity (SSC), Fig. 1, after
which dual staining of representative samples with cell surface
MoAbs CD3 (T cells) and CD14 (monocytes) was performed (data
not shown). Histograms were then generated using the T cell or
monocyte region which allowed measurement of intracellular
cytokine levels using MFI.

Time course studies were performed with two individuals, in
order to examine the correlation between intracellular (MFI) and
extracellular (ELISA) cytokine levels. Both measurements were
simultaneously made at 0, 3, 6, 9, 12, 24, 48 and 72 h in culture.
The effect of export inhibitors on intracellular cytokine measure-
ments was examined by adding 10mg/ml brefeldin A (Sigma) to
the culture supernatants 4 h prior to staining.

When the protocol was finalized, culture supernatants were
collected from PMA-stimulated cultures and analysed in duplicate
using ELISA kits for IL-6, TNF-a and IL-1b (R&D). Age-related
differences in extracellular cytokine production were only
examined after 72 h.

The two age groups were compared using unpaired Student’s
t-tests and one- and two-wayANOVA for comparison of cytokine
production with time.

RESULTS

Intracellular TNF-a and IL-6 were detected in both T cells and
monocytes, wereas IL-1b was detected in monocytes alone. Cyto-
kines were only detected in the saponin permeabilized samples
(Fig. 1). From the panel of antibodies that were examined for their
ability to stain cytokines intracellularly (using flow cytometry) the
most suitable for TNF-a (6402.31; R&D), IL-6 (1927.311; R&D)
and IL-1b (beta 36; Immunotech) were chosen. With these anti-
bodies staining did not increase with the addition of exogenous
cytokine (results not shown), suggesting that the signal detected
was due solely to intracellular cytokine. In further experiments
antibody specificity was confirmed, since the TNF-a antibody was
blocked by the addition of TNF-a (>85% inhibition), but not by
IL-6. Similarly, only addition of IL-6, but not TNF-a, blocked the
signal due to the IL-6 antibody (>85% inhibition). Intracellular
cytokine stainings for the first four individuals were repeated
six times and the coefficient of variation was<5% in all cases.
Therefore, the remainder of the samples were not performed in
replicates.

The percentages of T cells and monocytes with positive
staining for TNF-a, IL-6 and IL-1b following PMA stimulation
are shown in Table 1. The percentage of T cells positive for TNF-a

and IL-6 production was quite low at the time of isolation (<16%).
However, upon PMA stimulation the percentage of T cells pro-
ducing these cytokines at 24 h had significantly increased
(P< 0·005 for both TNF-a and IL-6). These percentages were
maintained until the 72 h time point, when a marked fall was

observed. A greater percentage of monocytes (24–30%) stained
positively for TNF-a and IL-6 at time 0. With PMA stimulation,
percentage positivity increased significantly at 24 h, with a decline
observed thereafter. Few monocytes were initially positive for IL-
1b, but the number increased rapidly upon stimulation. Similar to
the other cytokines, the percentage of monocytes positive for IL-1b

decreased at the later time points.
In contrast to previous studies, which only reported the

percentage of cells positive for cytokine production, the method-
ology described here can also be used to quantify intracellular
cytokine levels. Intracellular T cell TNF-a and IL-6 MFI levels
increased with time in culture and the differences in detection
between PMA-stimulated and spontaneous samples were signifi-
cant (Fig. 2). Monocytes produced two- to three-fold greater
amounts of their cytokines compared with the T cell samples. In
monocytes, increased levels of TNF-a and IL-6 were seen in the
PMA-stimulated cultures, compared with spontaneous samples, up
to 48 h. By 72 h, spontaneous production of these cytokines was
approaching similar levels to that seen in the PMA cultures. PMA-
stimulated monocytes optimally produced IL-1b at 24 h, with a
rapid reduction in MFI values at 48 h and 72 h. Some spontaneous
production of IL-1b was observed at 24 h, with a decreased
staining intensity thereafter.

The relationship between intracellular and extracellular TNF-a

production was examined for both T cells and monocytes (Fig. 3).
A rapid increase in intracellular monocyte TNF-a was observed
which preceded the appearance of extracellular cytokine. After 9 h
intracellular monocyte levels began to fall, while extracellular
levels remained constant. A modest increase in intracellular T cell
TNF-a levels was also observed, and this occurred later than
monocytes.

The cytokine export inhibitor brefeldin A had a modest effect
on T cell and monocyte intracellular cytokine detection. Little or
no increase was seen in MFI for TNF-a or IL-6, from both cell
types, but intracellular monocyte IL-1b levels increased by 30%.
Brefeldin A had a minimal effect on the percentage of cells
positive for cytokine production; however, most of these cells
were already positive for cytokine production.

Having optimized the methodology described above, the per-
centage of cytokine-positive cells and intracellular cytokine levels
were examined in different age groups. There was no difference, at
any time point, between the two age groups for the percentage of T
cells or monocytes staining positively for the proinflammatory
cytokines (results not shown). In the older age group however,
consistent increases in the level of intracellular T cell TNF-a and
IL-6 were seen (Table 2). At time zero, TNF-a and IL-6 levels
were similar in the two age groups, but upon incubation, both in
spontaneous and PMA-stimulated cultures, T cells from the older
group had significantly elevated levels of intracellular TNF-a and
IL-6. An example of this age-related increase in intracellular
TNF-a is shown in Fig. 4.

The intracellular monocyte cytokine results are also summar-
ized in Table 2. Monocyte intracellular cytokine levels were
initially similar, but over time in culture there was a trend in
older individuals towards increased intracellular TNF-a, IL-6 and
IL-1b. However, these differences were not statistically significant.

ELISAs were performed on 72 h cell culture supernatants
(Fig. 5). There was increased IL-6 and TNF-a production in the
older compared with the younger age group, but these differences
were not significant. There was no difference between the two age
groups for IL-1b.
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Table 1.The percentage positive cells (6 s.e.m.) from all individuals (n¼ 19) for cytokine production, over time in culture with phorbol 12-
myristate 13-acetate (PMA) stimulation, is illustrated for T cells and monocytes

TNF-a IL-6 IL-1b

Time, h T cells Monocytes T cells Monocytes T cells Monocytes

0 116 3 216 5 156 1 306 5 16 1 46 1
24 766 6** 65 6 14** 80 6 7** 75 6 12** 1 6 1 596 15**
48 726 9** 48 6 12* 756 10** 79 6 18** 1 6 1 426 10**
72 386 7* 496 13 566 12** 51 6 22 16 1 96 5

Significant numbers of cells are positive for cytokine production without using blockers of extracellular transport.
*P<0·05 compared with time 0.
** P< 0·005 compared with time 0.

100

PMA-stimulated

Spontaneous

T cells

* *

* *

*

*

*
*

*

*

*

* *

TNF

IL-6

IL-1

200

M
F

I

100

PMA-stimulated

Spontaneous

Monocytes

200

100

200

100

200

100

200

0 24 48

Time (h)

72

100

200

0 24 48

Time (h)

72

Fig. 2.Differences in intracellular cytokine production between phorbol 12-myristate 13-acetate (PMA)-stimulated and spontaneous cultures
are shown for T cells and monocytes (n¼ 19). The abscissa represents time in culture up to 72 h, while the ordinate represents median
fluorescence intensity (MFI), which are the arbritary units being used to quantify intracellular cytokine levels (6 s.e.m.). *P<0·05 PMA-
stimulatedversusspontaneous values.



DISCUSSION

Identification of cytokine-producing cells, using flow cytometry,
has been previously reported [13,14]. In these studies results were
expressed as the percentage of cells staining positive for cytokines.
Moreover, protein export inhibitors were commonly employed in
order to facilitate cytokine measurement. In the methodology
developed in this study, quantification of intracellular cytokine
was performed and the cell source (T cell or monocyte) identified.
By avoiding the use of export inhibitors, the level of intracellular
cytokine at a given time point rather than the accumulated product
was measured.

Using this new methodology, both T cell and monocyte
proinflammatory cytokine levels were seen to increase with age.
Intracellular T cell TNF-a and IL-6 levels were significantly
increased in the older age group and similar, although not sig-
nificant, increases were observed in monocyte TNF-a, IL-6 and IL-
1b in older subjects. Pooled levels of proinflammatory cytokine
production were also measured in 72 h culture supernatants, but no
significant age-dependent differences were observed. This result
emphasizes the value of the flow cytometric method, where
cytokine production from each of the cell types can be quantified
separately. Quantification of pooled cytokine levels using ELISAs
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Fig. 3. Time course experiments were performed to examine the appear-
ance of extracellular tumour necrosis factor-alpha (TNF-a) production (pg/
ml) and its relationship to intracellular (mean fluorescence intensity (MFI))
cytokine staining. Rapid increases in intracellular monocyte TNF-a

staining immediately preceded the appearance of extracellular cytokine.

Table 2. Intracellular cytokine staining results are expressed as mean fluorescence intensity (MFI) (6 s.e.m.) and are shown for
phorbol 12-myristate 13-acetate (PMA)-stimulated, or resting, T cells and monocytes at 0, 24, 48 and 72 h in culture

T cells

TNF-a IL-6

Time, h Younger Older Younger Older

Unstimulated
0 186 1 206 4 206 2 316 8

24 206 1 296 5 206 1 366 9*
48 196 1 246 2* 206 2 356 6*
72 176 1 326 5* 226 2 416 7*
PMA-stimulated
24 356 2 476 11 306 2 636 21
48 376 4 636 12 396 5 1226 41
72 316 4 696 14* 356 4 976 23*

Monocytes

TNF-a IL-6 IL-1b

Time, h Younger Older Younger Older Younger Older

Unstimulated
0 426 2 426 6 446 4 516 10 46 1 46 1
24 446 3 666 15 526 3 696 13 86 2 266 20
48 656 11 566 10 576 6 676 5 66 1 46 2
72 716 7 1216 34 706 5 1076 18 86 1 76 1
PMA-stimulated
24 806 2 1146 22 786 8 1046 14 1896 75 2646 35
48 1046 23 1176 14 1006 11 2326 41 886 16 856 16
72 1016 23 1256 26 1306 28 1986 47 106 2 196 6

An increase in intracellular cytokine levels can be seen from the younger to the older age group.
*P<0·05 between groups.



may also be misleading, as many complicating factors influence
detection with this assay system. Specific binding proteins exist for
a number of cytokines, including autoantibodies,a2-macroglobu-
lin, heterophilic antibodies and soluble cytokine receptors, all of
which interfere with cytokine detection [11,16]. Quantification of
intracellular cytokine levels using flow cytometry avoids the
interference due to these extracellular factors.

While the older age group produced a greater quantity of
cytokine at the later time points, resting (time zero) cytokine
levels were essentially the same as in the younger individuals.
This suggests that some regulatory or feedback inhibition pathway
which controls stimulated cytokine production may become dys-
functional with age. Previous reports also suggest that alterations
in the regulation of cytokine production may occur with age [17].
This could occur due to alterations in secondary messenger
systems, such as adenyl cyclase, guanylate cyclase and G proteins
[17,18], which mediate the response to receptor binding of various
anti-inflammatory hormones. This hypothesis is further supported
by the observation that although glucocorticoid levels in aged mice
are similar to those in young mice, the older animals are unable to
down-regulate excessive cytokine release in response to lipopoly-
saccharide (LPS) [19].

Previous studies have noted age-associated changes in T
lymphocyte subsets [20–23]. Due to the paracrine nature of
cytokine production these phenotypic changes might be expected
to influence cytokine production. Furthermore, there is some

evidence which suggests that with increasing age, there is an
accumulation of non-responsive T cells which demonstrate low
signalling by lymphokine receptor interactions [24]. Therefore,
increased cytokine production by T cells in the elderly may be a
type of compensation mechanism in an attempt to overcome these
receptor signalling defects.

While the possible reasons for this increase in cytokine levels
remain unclear, it may have some important clinical consequences.
Systemic increases in proinflammatory cytokine levels could help
explain some of the exaggerated inflammatory responses seen in
certain elderly individuals following sepsis or surgery. Chorinch-
ath et al. [19] observed increased lethality with age in LPS-
administered mice which was due to increased plasma TNF-a

and nitric oxide levels in the older group. Since only a proportion
of elderly individuals develop exaggerated inflammatory
responses, analysis of proinflammatory cytokine levels may be a
useful prognostic indicator for those with infection or about to
undergo surgery. Such analysis could be performed using the
intracellular quantification technique described in this study.

This, in turn, will facilitate a greater understanding ofde novo
synthesis of cytokines in physiological and pathological states.
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