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Both age and gender affect thymic output: more recent thymic migrants in females

than males as they age
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SUMMARY

The thymus undergoes age-associated involution, with studies showing thymic size decreasing from

birth at a rate of approximately 3% per year until middle age, and at a rate of 1% per year thereafter. The

aim of this study was to determine the effect of thymic atrophy on T-lymphocyte production by the

thymus, and to clarify the ongoing uncertainty regarding gender differences in thymic function. We

quantified recent thymic emigrants (RTEs) in blood through the measurement of signal joint T-cell

receptor rearrangement excision circles (sjTRECs), and showed that the decline in the number of RTEs

in the blood with increasing age is gender-linked. Peripheral blood from females contained significantly

higher levels of sjTRECs per CD31 T cell than blood from males (P � 0´002), despite there being no

significant gender difference in the absolute number of CD31 T cells in the populations analysed

(P . 0´10). Our findings suggest better thymic function in females compared with males, providing

females with a higher number of recent thymic emigrants for longer periods of life. Such a finding

provides a plausible explanation for the immunological gender differences observed in previous studies

and possibly, for the general longer life expectancy in females compared with males.
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INTRODUCTION

The central role of the thymus in the generation of T lymphocytes

is well established [1], as is the process of age-related atrophy that

leads to a reduction in this organ's function of T-lymphocyte

generation [2]. The underlying causes of thymic atrophy remain to

be defined, although several theories have been proposed. These

theories include reduction in the number or function of the T-cell

progenitors from the bone marrow [3], problems with the

rearrangement of the TCRb chain [2,4], adverse changes in the

thymic microenvironment [5], or changes in the levels of

hormones or growth factors [6,7]. Whatever the precise cause,

the result is a reduction in the number of constituent thymocytes

with age, a consequent shrinking of the thymus and a decline in its

output. T-cell emigrants from the thymus contribute to the naõÈve

T-cell pool, whose residents remain for a finite period and whose

survival depends upon T-cell receptor (TCR) ligation with self

MHC, whilst their expansion and differentiation into memory T

cells requires successful recognition of foreign antigen [8].

Measurement of recent thymic emigrants (RTEs) has been

achieved through the detection of extra-chromosomal DNA

generated as by-products of the TCRa rearrangement process

that occurs during intrathymic development. Such by-products do

not replicate during cell division and so are present in higher

concentrations in the most recent thymic emigrant population,

after which they are diluted out by cell division. Previous studies

clearly show an age-related decline in the number of these

episomal DNA excision products within the peripheral T-cell

pool, echoing the decline seen in thymic output [9,10].

One of the major differences between the naõÈve RTEs

containing T-cell pool and memory T-cell pool is that the naõÈve

T-cell pool may possess the capacity to recognize previously

unencountered antigens for which no memory T-cell specificity

exists. Thus, a reduction in the numbers of naõÈve T cells may

decrease the number of potentially new antigens which can be

recognized by the cell-mediated arm of the immune system. Such

a functional consequence of thymic atrophy may explain why

older individuals, who generally have fewer naõÈve T cells than

younger individuals, show a less efficient ability to respond to

vaccines [11,12].

This functional difference between young and old individuals,

and its potential correlation with the size of the naõÈve T-cell pool,

prompted our study on thymic performance according to age and

gender. Several studies have shown that when immunological

responses are analysed according to gender, females show better

antibody and cell-mediated responses than males. Animal models

reveal females to have the ability to reject allografts more rapidly,

to have a greater ability to combat various viral and bacterial
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infections, and to show superior anti-tumour responses (reviewed in

[13,14]). Rates of human thymic involution have been shown to differ

according to gender, with male thymuses atrophying more rapidly

than those of females [15,16], although this was refuted in a later

study [3]. More recent support comes from a study showing gender

differences in the rate of thymic involution in mice, with male mice

showing more rapid involution than female mice [17]. To clarify this

issue, we studied thymic performance as measured by thymic output

in male and female volunteers as a function of age.

MATERIALS AND METHODS

Sample collection

Forty-six healthy volunteers (21 males and 25 females) aged up to

62 years provided samples of peripheral blood. Blood samples were

obtained with the subjects' informed consent and in accordance with

the guidelines set by the Riverside Ethics Committee. Venous blood

(25 ml) was collected from the volunteers into EDTA-K3 containers

(Becton Dickinson, Oxford, UK) and peripheral blood mononuclear

cells (PBMC) were isolated by density gradient centrifugation using

Histopaque (Sigma, Poole, UK). DNA was extracted from 107

isolated PBMCs using the Puregene DNA purification kit (Gentra,

Flowgen, Ashby de la Zouch, UK).b-actin polymerase chain reaction

(PCR) amplification and agarose gel analysis were performed for

each sample in order to validate the quality of the DNA.

sjTREC PCR amplification and quantification

sjTREC DNA was PCR amplified according to the previously

published technique [18]. The product band was visualized on

1´2% agarose gels containing 0´005% ethidium bromide (Sigma),

and the image captured using the Enhanced Analysis System

(Scotlab, Coatbridge, UK). Image analysis was performed using

the Scion Imager (Scion Corp., Maryland, USA). Quantification

of sjTREC molecules per DNA band was determined according to

the method of Aspinall et al. [18]. Briefly, a standard curve was

constructed via the PCR amplification of known starting numbers

of standard sjTREC molecules. PCR products were analysed on

agarose gels using the Scion imager software. A best fit straight-

line graph (R2 � 1´0) composed of the starting amount of sjTREC

molecules used for the PCR against DNA band intensity was

constructed (data not shown). For each of the test samples, the

light intensity values of the amplified sjTREC DNA bands

provided the number of molecules by reference to the standard

curve. Results were considered valid if the light intensity value of

the DNA band of the positive control differed from the actual

values on the standard curve by no more than 10%.

FACS analysis of CD3 and CD45RA, CD62L T-lymphocyte

populations

Peripheral blood (100 ml) obtained from subjects were treated with

the following monoclonal antibodies: mouse anti-human CD3

conjugated to FITC (Sigma), mouse anti-human CD45RA con-

jugated to Quantum red (Pharmingen, Oxford, UK) and mouse anti-

human CD62L conjugated to PE (Pharmingen), or to the appropriate

isotype-matched negative controls, and incubated on ice for 30 min.

The red cells were then lysed by the addition of 2 ml of Ortholyse

(Ortho Diagnostic Systems, Amersham, UK) and the samples were

analysed using the Absolute Ortho Cytotron flow cytometer.

Statistical analysis

The Mann±Whitney U-test was used to determine whether gender

differences in sjTREC values were statistically significant, i.e. when

the value of P was , 0´05. The Student's t-test was used to compare

the ages of female and male volunteers. The line of best fit was drawn

using the Microsoft Excel package, which also provided the value for

R2 and the equation.

RESULTS

Thymic output and function progressively declines during ageing

Measurement of sjTREC levels in peripheral blood mononuclear
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Fig. 1. sjTREC numbers between the ages of 20 and 62 years. The

number of sjTREC shows a progressive linear decline with age

(R2 � 0´601), indicating a decrease in RTEs and therefore thymic output

with increasing age.

Fig. 2. Agarose gel analysis of sjTREC bands showing a correlation between

band intensities and gender. Lane 2 containing sjTREC from a 23-year-old

female has a greater intensity when compared with sjTREC of an age-matched

male (lane 1). Lane 4 is the sjTREC for a 25-year-old female. Lane 7 contains a

DNA band for a 42-year-old female and has a higher intensity than a 40-year-

old male's DNA band (lane 3). Lanes 5 and 6 containing sjTREC bands for a

55-year-old female and a 48-year-old male, respectively, are shown to possess

bands of almost equal intensities. The actual light intensity values for sjTREC

DNA bands are shown below each lane.
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cells (PBMCs) from healthy female and male volunteers between

the ages of 20 and 62 years (Fig. 1) revealed a progressive decline

with age, indicating an age-related reduction in the contribution of

RTEs within the cell population tested. The line of best fit

(y � 0´002x220´2139x 1 7´9681; R2 � 0´601) displays the clas-

sic bi-phasic rate of decline, with greater decline in sjTREC

numbers prior to 40 years of age and slower decline in their

numbers thereafter. Prior to 40 years of age, the rate of decline

was approximately 2% per year but after 40 years, we calculated

that the decline dropped to approximately 1´5% per year.

Gender-related difference in sjTREC levels

There was a higher intensity of DNA bands from females

compared with males of comparative age (Fig. 2) which prompted

further analysis of sjTREC numbers according to gender. This

approach proved more successful and revealed an obvious

difference in sjTREC levels, as well as a tighter correlation of

the line of best fit, with R2 values for females and males being

0´81 and 0´63, respectively (Fig. 3) compared with 0´601 overall.

Between the ages of 20 and 62 years, females were observed

generally to have a greater number of sjTRECs than males, with

the P-value calculated to be 0´004, indicating a gender difference

that is statistically significant. Comparison of sjTREC levels

obtained for subjects over the age of 30 years continued to reveal

a significant difference between males and females with

P � 0´014, and for subjects over 40, P � 0´036. Such P-values,

while indicating a consistent statistically significant gender

difference in sjTREC levels, also suggest that the difference

becomes less apparent with age, so that thymic output eventually

converges to some similar value.

No gender differences in naõÈve T-lymphocyte population during

ageing

To counteract any bias due to T-cell numbers, we first calculated

the number of CD31 T cells in the PBMC samples analysed and

observed no significant change in their number with age and no

gender differences (P . 0´10). We then calculated the number of

sjTREC per T cell (Fig. 4) and found the gender difference to

remain statistically significant (P � 0´002). To refine our analysis

further, we looked for differences in the number of naõÈve T cells

(CD31 CD45RA1 CD62L1) in our samples. Figure 5 shows two

age-matched FACS profiles, one from the male and one from the

female pool of samples, which are consistent with the overall

result that revealed no significant gender differences in the

number of these cells within the samples tested (P $ 0´10).

However, when we calculated the number of sjTREC molecules

per naõÈve T cell, we continued to find significant gender

differences (P � 0´006), with higher levels of sjTREC molecules

per naõÈve T cell in females than in males.

DISCUSSION

Our result showing the progressive decline in sjTREC numbers

with age agrees with previous studies showing a decline in the

contribution of thymic emigrants to the peripheral T-cell pool with
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Fig. 3. sjTREC numbers in males (B) and females (K) at ages ranging

from 20 to 62 years. Females have significantly higher sjTREC levels than

age-matched males (P � 0´004) between the age of 20 and 62 years, with

the difference becoming less apparent with increasing age. For females,

the line of best fit formula was y � 0´0027x2 2 0´268x 1 8´01,

R2 � 0´81. For males, the line of best fit formula was y � 0´0017x2

2 0´2236x 1 8´45, R2 � 0´63.
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Fig. 4. Absolute number of CD31 T cells in samples from male (B) and female (K) subjects at different ages shown in (a) reveal no gender

difference (P . 0´10). Changes in the number of sjTREC molecules per CD31 T cells for male (B) and female (K) subjects at different ages

shown in (b) show a gender difference (P � 0´002), with females having higher sjTRECs than males. For females, the line of best fit

formula was y � 0´0586e-0´1798x and R2 � 0´72. For males, the line of best fit formula was y � 0´0143e20´168x and R2 � 0´65.
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age [9,18,21]. However, the significant effect of gender in this

process has not previously been established.

Comparison of sjTREC levels in males and females shows

values to be persistently higher in females between the ages of 20

and 50, suggesting that thymic output is prolonged at higher levels

in females compared with males.

There were some obvious and trivial explanations for our data,

which we were able to discount. Firstly, the observed gender

difference in sjTREC values was not due to a possible difference

in the age range of the female and male volunteers employed in

the study since comparison of the age ranges for each gender

showed no significant difference (P � 0´095). Secondly, analysis

of T-cell (CD31) numbers in the volunteers' samples revealed no

gender differences, dismissing the possibility that the observation

could be due merely to differences in the absolute number of T

cells in the samples. Calculation of the number of sjTREC

molecules per CD31 T cell, and the correlation of this number

with age, again revealed significant gender differences, thus

preventing any bias in the data due to individual variation in

CD31 T-cell numbers.

Other possible explanations were also considered. Survival

times for T cells within the naõÈve T-cell pool may be greater in

females than in males, producing the higher female sjTREC levels

seen in this analysis. This would, however, be expected to produce

a larger number and percentage of naõÈve T cells in females than in

males. Our FACS analysis of T-lymphocyte subpopulations

revealed no significant difference in the number of naõÈve (CD31

CD45RA1 CD62L1) T cells between males and females, thus

discounting this possibility. Calculation of the number of sjTREC

per naõÈve T cell revealed a gender difference with a more rapid

age-related drop in males compared with females. The naõÈve T-

cell population has often been considered to be a non-dividing
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Fig. 5. An example of CD31 cells FACS analysis from a 26-year-old male (a) and 26-year-old female (b) sample showing the naõÈve CD45RA1 CD62L1

T-cell population. Absolute numbers of naõÈve T cells per 107 PBMC at different ages for males (B) and females (K) are shown in (c). Changes in the

number of sjTREC molecules per naõÈve T cells for male (B) and female (K) subjects at different ages are shown in (d), where they continue to show gender

difference (P � 0´006), with females having more sjTRECs than males. For females the line of best fit formula was y � 0´1962e-0´1516x and R2 � 0´53. For

males the line of best fit formula was y � 0´0209e20´1183x and R2 � 0´0.35.
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pool of cells dependant on thymic export to maintain its size [20].

However, an alternative reason for the observed gender difference

in sjTREC levels may be that T cells with a naõÈve phenotype are

turning over more rapidly in males than in females without

changing phenotype, since sjTREC levels are a marker of division

within a cell population, showing a reduced frequency in the

dividing populations [9]. Another possibility is that there is a

gender-related difference in the migratory pathways of T cells in

the blood.

To determine whether there were any functional implications

for differences in the levels of sjTREC, we looked at mortality

statistics, provided by the Office for National Statistics in the UK

for the period 1993±98, for deaths due to pneumonia and

influenza. Antigenic variation within the underlying causative

organisms means that a less than competent response by the naõÈve

T-cell pool could lead to disease susceptibility and eventual

mortality. We hypothesized that greater thymic output would lead

to a larger naõÈve T-cell pool repertoire, a more competent immune

response and reduced mortality. Our analysis revealed that over

the age range of our study subjects, the number of deaths in the

male population was significantly higher (P � 0´001) compared

with females (data not shown). The relationship between gender

and death due to influenza and pneumonia, with more males dying

in the sample age range than females, follows a trend similar to

the results of thymic output and the expectation of improved

efficiency in the immune response. Immune insufficiency due to

reduced thymic output, particularly in males, may be a likely

predisposing factor at the root of the gender difference in deaths.

Hormonal differences would appear to be the most probable

cause of gender-related differences in the rate of thymic

involution, with androgens such as the reproductive hormone

testosterone being the most likely culprits. Standard tables for

levels of testosterone show a difference between adult males and

females of 10 nmol L21 [22]. Furthermore, testosterone levels are

known to decline with age in men, possibly accounting for the

biphasic rate of decline seen in age-associated thymic atrophy. In

addition, previous studies using animal models have shown that

reduction in testosterone levels in males by chemical or surgical

castration leads to a reversal of age-related thymic atrophy [6,23].

The consequences of prolonging higher levels of thymic

output have been shown experimentally by the sequential grafting

of syngeneic thymuses in an animal model. Analysis of a group of

animals treated in this manner showed the procedure to result in

the extension of mean life expectancy in these animals compared

with the controls [24]. It is tempting to speculate that the

consequence of improved thymic output in females compared with

males may contribute towards the difference in life expectancy

seen between the sexes.
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