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Abstract

IL-15 is involved in regulating host defense and inflammation. Monocytes produce the

biologically active cell surface IL-15 in response to IFN-γ. Although aging can alter the immune

system, little is known about whether and how aging affects IFN-γ-mediated IL-15 production in

human monocytes. We showed that monocytes of healthy older adults (age ≥ 65) had increased

cell surface IL-15 expression in response to IFN-γ compared to those of healthy young adults (age

≤ 40). This finding stems in part from increased IFN-γ receptor (R)1/2 expression on monocytes

in older adults, leading to enhanced STAT1 activation and interferon regulatory factor 1 synthesis

with increased IL15 gene expression. Our study suggests that with aging the IFN-γ-mediated

IL-15 production pathway in human monocytes is uncompromised, but rather augmented, and

could be considered as a therapeutic target point to modulate host defense and inflammation in

older adults.
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1. Introduction

IL-15, a member of the common cytokine-receptor γ (γC)-chain family, promotes the

activation, cytokine production, cytotoxicity, and proliferation of T and NK cells, which are

essential for host defense against infections and tumors [1–4]. IL-15 is produced largely by

innate immune cells including monocytes in response to IFN-γ and microorganisms [5, 6].
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In particular, IFN-γ up-regulates the expression of the transcription factor interferon-

regulatory factor 1 (IRF1) by activating STAT1, and IRF1 subsequently induces IL-15

production by binding the promoter of the IL15 gene [7–9]. The IL-15 receptor (R) consists

of high affinity IL-15Rα, IL-2/15Rβ and γC chains. The unique characteristic of this

receptor is the trans-presentation of IL-15, which complexes with the IL-15Rα chain on

IL-15-producing cells to the complex made of IL-2/15Rβ and γC chains on responding cells

(reviewed in [2, 10]).

IL-15 is critically involved in CD8+ T cell homeostasis by promoting the proliferation of

memory CD8+ T cells [11–14]. Mice deficient of IL-15 had a profound decrease in numbers

of memory phenotype CD8+ T cells that were rescued by IL-15 administration [11].

Similarly, in the absence of IL-15 or IL-15Rα chain, the long-term maintenance of viral

specific memory CD8+ T cells was impaired in response to infection with the vesicular

stomatitis virus or lymphocytic choriomeningitis virus [15, 16]. Mice with IL-15 over-

expression had increased antigen-specific memory CD8+ T cell response upon Listeria

monocytogenes infection compared to control mice [17]. IL-15 also promotes the

proliferation of human memory CD8+ T cells [1, 14]. IL-15 can enhance cytotoxicity of

human and mouse CD8+ T cells [18, 19]. Similarly to CD8+ T cells, IL-15 regulates the

homeostasis and maturation of NK and NKT cells. Mice deficient of IL-15 had decreased

survival of adoptively transferred NK cells [20]. Also, NKT cells of IL-15-knockout mice

had decreased expression of effector molecules such as IFN-γ, granzymes A and C

compared to wild type mice [4]. In fact, a study with humanized mice showed the essential

role of the IL-15 and IL-15Rα complex in promoting NK cell development and

differentiation in vivo [21].

Monocytes that represent 5–10% of peripheral leukocytes have essential functions in innate

immunity, including cytokine production [22, 23]. Older adults had a decrease in the

production of IL-6 and TNF-α by monocytes in response to the TLR-1/2 ligand Pam3CSK4

in association with decreased TLR1 expression [24, 25]. In addition, monocytes of older

adults had an increase in TLR5 expression as well as in IL-6 and IL-8 production in

response to the TLR5 ligand flagellin [26]. Despite the regulatory role of IL-15 on multiple

immune cells as well as the capacity of IFN-γ to induce IL-15 expression on monocytes,

little is known about whether and how aging affects the pathways involved in IFN-γ-

mediated IL-15 production in human monocytes. Here we showed that healthy older adults

(age ≥ 65) had increased surface expression of IL-15 on IFN-γ-treated monocytes compared

to healthy young adults (age ≤ 40). This phenomenon stemmed in part from increased

expression of IFN-γR1 and R2 on monocytes in older adults, leading to the enhanced

STAT1 activation and IRF1 induction with increased IL15 gene expression. These findings

suggest that aging enhances IFN-γ-mediated IL-15 production by human monocytes in

association with increased IFN-γR expression and signaling.

2. Materials and methods

2.1. Human subjects

Healthy older (age ≥ 65, n = 32) and young adults (age ≤ 40, n = 40) were recruited (mean

age ± SD, 72.62 ± 6.39 and 30.0 ± 4.45; males to females, 13:19 and 20:20 for older and
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young groups, respectively, P = 0.428 by Chi-square test). The older adult group had 31

Whites and 1 Afro-Americans, and the young adult group had 31 Whites, 2 Afro-Americans,

6 Asians and 1 Hispanic (P = 0.089 by Chi-square test). The older and young groups had 5

and 2 smokers, respectively, (P = 0.231 by Fisher’s exact test). The mean values and SD of

the body mass index (BMI) of older and young subjects were 27.3 ± 4.34 and 24.6 ± 3.40,

respectively (P = 0.006). Individuals on immunosuppressive drugs or with any disease

affecting the immune system including autoimmunity, infections, and malignancies were

excluded [27]. This study was approved by the institutional review committee of Yale

University. Informed written consent was obtained from individual human subjects.

2.2. Analyses of IL-15, IL-15Rα, IFN-γR and P-STAT1 by flow cytometry

Peripheral blood mononuclear cells (PBMCs) were purified from peripheral blood on

FicollPAQUE gradients [27]. To determine IL-15 expression on monocytes, untouched

monocytes (CD14+CD16−) were purified from PBMCs using a commercially available kit

(Easysep®, Stemcell Technologies) [28]. The yield of purification was determined by flow

cytometry (purity greater than 90%). Purified monocytes were incubated for 16 hours with

IFN-γ (20 ng/ml) or control (PBS) in RPMI1640 culture media supplemented with 10%

fetal calf serum and antibiotics. We performed time- and dose-kinetic experiments using

monocytes from young and older adults (Supplementary Figure 1). The results of these

experiments and a published study provided the rationale for incubating monocytes for16

hours with 20 ng/ml of IFN-γ [6]. Cells were then stained with antibodies (Abs) to FITC-

IL-15, PE-IL-15Rα (R&D Systems) or isotype control. Stained cells were analyzed on an

LSRII® flow cytometer. In measuring IFN-γR1 and R2 expression, PBMCs were stained

with Abs to CD14 (eBioscience), CD16 (BD Bioscience), IFN-γR1, IFN-γR2 or isotype

control (R&D Systems) and analyzed on a flow cytometer. The phosphorylated form of

STAT1 was assessed using flow cytometry [27]. PBMCs were stained with Abs to CD14

and CD16 and then incubated for 15 and 30 min with or without IFN-γ (20 ng/ml) in

RPMI1640 media based on our preliminary study and other studies [29, 30]. Following

washing, cells were fixed, permeabilized with ice-cold 90% methanol and stained with Abs

to P-STAT1 (BD Bioscience, Tyr701) or isotype control. Cells were analyzed on an LSRII®

flow cytometer. In determining the effect of plasmas on IFN-γR1 and R2 expression,

monocytes purified from PBMCs of a healthy young donor were resuspended in RPMI1640

culture media supplemented with 2% FCS and incubated for 20 hours with or without

plasmas of young and older adults (plasma to culture media volume, 1:1). The expression of

IFN-γR1 and R2 was measured by flow cytometry as describe above. Collected flow

cytomeric data were analyzed using FlowJo® software (Tree Star).

2.3. qPCR and Western blot

Untouched human monocytes (CD14+CD16−) were resuspended in RPMI1640 culture

media supplemented with 10% fetal calf serum and incubated for 4 (qPCR) or 16 (Western

blot) hours with IFN-γ (20 ng/ml) or PBS (negative control). For qPCR, total RNA was

extracted from cells and cDNA was synthesized. The IRF1, IL15 and IL15RA gene levels

were analyzed using appropriate primers (Supplementary table 1), with normalization to

ACTINB expression. To measure IRF1 by Western blot, cells were treated with cell lysate

buffer (Thermo Scientific) and analyzed by immunoblotting with primary Abs (anti-IRF1

Lee et al. Page 3

Clin Immunol. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Abs from Cell Signaling and anti-β-actin Abs from Santa Cruz Biotechnology) followed by

appropriate secondary Abs conjugated with horse-radish peroxidase (Santa Cruz

Biotechnology). Blots were visualized using enhanced Chemiluminescence system (ECL,

Amersham Biosciences).

2.4. Statistical Analysis

The unpaired Student’s t-test was done using SPSS 19.0 (IBM). P values < 0.05 were

considered statistically significant.

3. Results

3.1. Older adults have increased surface expression of IL-15 on monocytes in response to
IFN-γ compared to young adults

IL-15 is critically involved in the homeostasis of CD8+ T and NK cells. IFN-γ, a cytokine

potently produced by T and NK cells, induces the expression of biologically active surface

IL-15 on human monocytes [11–14]. To determine whether aging affects IFN-γ-mediated

production of IL-15 on monocytes, we measured the surface expression of IL-15 on

monocytes in response to IFN-γ in healthy older and young adults. In accordance with the

observation of a previous study [6], low levels of IL-15 were detected on monocytes even

without IFN-γ treatment as measured by flow cytometry. IFN-γ substantially increased the

expression of IL-15 on monocytes in both young and older adults (Figure 1A). This increase

was higher in older adults than in young adults (mean MFI ± standard error of mean (SEM),

1691 ± 53.23 vs 1203 ± 86.88, P < 0.0001) (Figure 1B) although the expression levels of

IL-15 on IFN-γ-untreated monocytes were also higher in older adults (mean MFI ± SEM,

269.2 ± 33.11 vs 149.1 ± 19.40, P = 0.007). We could not detect IL-15 in culture

supernatants by ELISA, which is consistent with the results of a previous study [6]. It is

possible that any alteration in IL-15Rα expression on monocytes could affect the levels of

IL-15 expression since IL-15 complexes with IL-15Rα expressed on IL-15-producing cells

[2, 10]. We measured the expression of IL-15Rα on IFN-γ-treated and -untreated

monocytes in young and older adults by flow cytometry. IFN-γ increased IL-15Rα
expression on monoyctes (Figure 1C). The levels of such an increase were similar between

young and older adults (Figure 1D). Also, the levels of IL-15Rα on IFN-untreated

monocytes were not different between the two groups (data not shown). Our findings

indicate that the enhanced IFN-γ-mediated IL-15 expression on human monocytes occurs

with aging.

3.2. The expression levels of IFN-γR1 and R2 on monocytes are higher in older adults than
in young adults

IFN-γ executes its effect by binding with the IFN-γR [31]. The IFN-γR comprises two

chains of IFN-γR1 and two chains of IFN-γR2. The former receptor binds IFN-γ directly

while the latter molecule has the signaling transducing capacity (reviewed in [31]). We

explored whether enhanced IFN-γ-mediated IL-15 expression by monocytes of older adults

was associated with increased expression of IFN-γR1 and R2. We measured the expression

of these molecules on monocytes in young and older adults using flow cytometry (Figure 2A

and C). The levels of IFN-γR1 on monocytes were higher in older adults than in young
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adults (mean MFI ± SEM, 4382 ± 186.6 vs 3562 ± 108.9, P < 0.001) (Figure 2B). Similarly,

older adults had increased levels of IFN-γR2 expression on monocytes compared to young

adults (mean MFI ± SEM, 1352 ± 65.72 vs 1119 ± 66.84, P = 0.028) (Figure 2D). These

findings suggest the possible implication of altered IFN-γR1 and R2 expression in increased

IFN-γ-mediated IL-15 expression on human monocytes with aging.

3.3. Older adults have increased STAT1 activation and IRF1 expression in monocytes in
response to IFN-γ compared to young adults

The signaling molecule STAT1 is a downstream molecule of the IFN-γ signaling pathway.

Upon IFN-γ binding to the IFN-γR complex, STAT1 becomes phosphorylated and

dimerized [31]. The STAT1 homodimer promotes the expression of the transcription factor

IRF1 that induces IL15 gene expression via binding of the IFN-γ activation site (GAS)

located in the promoter [31]. We first determined whether monocytes of older adults had

increased STAT1 activation in response to IFN-γ. We detected phosphorylated STAT1 in

monocytes treated with IFN-γ using flow cytometry (Figure 3A). Older adults had increased

phosphorylation of STAT1 in monocytes treated for 15 minutes with IFN-γ compared to

young adults (mean MFI ± SEM, 6813.417 ± 364.441 vs 5342.539 ± 273.794, P = 0.003)

(Figure 3B). We next measured the expression of the IRF1 gene in monocytes treated with

IFN-γ in young and older adults. Although this cytokine treatment increased the IRF1 gene

expression in monocytes of both groups, the levels of this increase were higher in older

adults than in young adults (Figure 4A). In accordance with the gene expression, monocytes

of older adults had increased expression of IRF1 protein in response to IFN-γ compared to

those of young adults as measured by Western blot (Figure 4B). Also, the levels of an

increase in IL15 gene expression in monocytes treated with IFN-γ were higher in older

adults than in young adults although both groups had similar levels of an increase in IL15RA

gene expression (Figure 4C–D). Our findings indicate that monocytes of older adults have

increased STAT1 activation and IRF1 synthesis with the increased IL15 gene expression in

response to IFN-γ compared to monocytes of young adults.

3.4. Human monocytes incubated with plasmas of young and older adults have increased
expression of IFN-γR

We have found that older adults have enhanced IFN-γ-mediated IL-15 expression on

monocytes which can be explained in part by increased IFN-γR expression with augmented

STAT1 activation and IRF1 expression. We explored a possible explanation for increased

IFN-γR expression on monocytes of older adults. Although mechanisms involved in

regulating IFN-γR are largely unknown, a previous study reported the up-regulation of IFN-

γR1 on human monocytic THP-1 cell line by IL-6 and TNF-α [32], which could be

increased in the circulation of older adults [33]. We incubated monocytes from a single

donor in the presence or absence of plasmas from young and older adults. The incubation

with plasmas from both groups increased IFN-γR1 and R2 expression on monoytes

although this effect appeared to be more prominent on IFN-γR2 than on IFN-γR1 (Fig 5A,

C). In fact, monocytes which up-regulated IFN-γR1 expression in the presence of plasmas

were the ones with relatively low levels of IFN-γR1 expression at baseline while cells

expressing high levels of IFN-γR1 at baseline barely upregulated this cytokine receptor (Fig

5A). Of interest, the levels of such an increase in IFN-γR1 expression were higher in older
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adults than in young adults (Fig 5B). Plasmas of both groups induced similar levels of an

increase in IFN-γR2 expression (Fig 5D). We also determined the relationship of this

increase with plasma levels of IL-6 and TNF-α. There was no correlation noticed between

the effect of plasmas on IFN-γR expression on monocytes and the levels of these cytokines

(data not shown). These findings raise a possible involvement of a soluble factor in the

circulation in up-regulating the expression of IFN-γR, in particular IFN-γR1, on human

monocytes with aging.

4. Discussion

The cytokine IL-15 promotes the activation, cytokine production, cytotoxicity, and

proliferation of T and NK cells which are essential for host defense against infections and

tumors [1–3]. Monocytes, which account for 5–10% of PBMCs, can potently produce IL-15

in response to IFN-γ. Although aging is known to affect the immune system [24–26, 34–

40], it is largely unknown whether older adults have any alteration in the production of

IL-15 by monocytes. In this study, we showed that monocytes of older adults had increased

surface expression of IL-15 in response to IFN-γ compared to those of young adults. The

enhanced expression of such a molecule likely stems in part from increased expression of

IFN-γR1 and R2 on monoyctes in older adults, leading to the enhanced activation of STAT1

and the increased expression of the transcription factor IRF1 with the capacity to up-regulate

IL15 gene expression. Although the exact mechanism for an age-associated increase in IFN-

γR1 and R2 expression on human monocytes is yet to be determined, a factor(s) in the

circulation could be involved in this process given the enhanced expression of these

cytokine receptors on monocytes by human plasmas, including the ones from older adults.

Overall, our findings show that aging enhances IFN-γ-mediated IL-15 production by human

monocytes in association with increased IFN-γR expression and signaling.

We found an age-associated increase in the expression of IFN-γR1 and R2 on human

monocytes and the production of IL-15 by these cells in response to IFN-γ. IFN-γ-mediated

production of IL-15 involves STAT1 and IRF1 [31]. IFN-γ activates STAT1 leading to the

expression of the transcription factor IRF1 with the capacity to induce IL-15 expression.

Indeed, we noticed the increased STAT1 activation and IRF1 expression in monocytes of

older adults in response to IFN-γ compared to those cells of young adults. These findings

suggest that an age-associated alteration in IFN-γR expression could account for increased

IL-15 production by monocytes treated with IFN-γ. Previous studies reported the effects of

aging on human monocytes in association with altered TLR expression. Older adults had a

decrease in the production of IL-6 and TNF-α by monocytes in response to the TLR-1/2

ligand Pam3CSK4 [24, 25]. This defect appeared to be related to decreased expression of

TLR1 on monocytes in older adults. Also, monocytes of older adults had an increase in the

expression of TLR5 and the production of IL-6 and IL-8 in response to the TLR5 ligand

flagellin [26]. These findings imply that aging may affect the expression of immune

receptors such as IFN-γR and TLRs, leading to the altered cellular responses to the ligands

of such receptors. In our study, IFN-γ increased both IL-15 and IL-15Rα expression by

monocytes although the levels of the increase for IL-15, but not IL-15Rα were higher in

older adults than in young adults. This suggests an enhanced activity of the signaling

pathway specific for IL-15 production (e.g. IRF-1) with aging in addition to increased IFN-
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γR expression. We also noticed increased expression levels of IL-15 on unstimulated

monocytes in older adults compared to young adults. Similarly to this observation, increased

levels of IL15 mRNA were detected in the bone marrows of older adults [41], supporting the

effect of aging on IL-15 production by blood cells in humans.

Previous studies, including our own, found no aging effect on plasma IL-15 levels in healthy

human subjects and patients with primary myelofibrosis [27, 42]. Kleiner et al. reported that

serum IL-15 levels were under the lower limit of detection (2.1 pg/mL) in adults (age > 18,

median age 36) and children (age 1–17) [43]. Gangemi et al. showed no difference in serum

IL-15 levels between young (age 30–59) and older (age 60–89) adults although

ultralongeveal subjects (age 95–99) had higher levels of serum IL-15 compared to the

former groups [44]. These findings suggest that circulatory IL-15 levels are relatively low in

healthy humans and could be altered in older adults with ultralongevity. Increased levels of

plasma IL-15 were reported in male patients with primary myelofibrosis compared to female

patients with the same disease [42]. However, in our study on healthy subjects, we did not

notice a difference in IFN-γ-mediated IL-15 expression on monocytes between males and

females (mean MFI ± SEM, males (n=18) vs. females (n=16), 1459.0 ± 78.0 vs. 1494.6 ±

105.5, P = 0.785). A recent study reported that obese adults (BMI > 30) had lower levels of

plasma IL-15 compared to non-obese adults (BMI < 30); the difference of such levels

between the two groups was about 0.2 pg/ml [45]. Although older adults had higher levels of

BMI than young adults in our study, the expression levels of IL-15 on monocytes were not

lower, but rather higher in the former group than in the latter group.

IL-15 plays a crucial role in protecting the host against cancers and infections by promoting

the maintenance and/or functions of memory CD8+ T, NK, and NKT cells [2, 4, 11, 12, 14,

21, 46–48]. The effect of IL-15 on promoting the survival of memory CD8+ T cells is in part

through increased mitochondrial biogenesis [49]. In addition to participating in CD8+ T cell

homeostasis, IL-15 can modulate memory CD8+ T cell trafficking to inflamed tissues by

regulating the synthesis of O-glycans which interact with P- and E-selections [50]. This

cytokine can also be involved in the development of pathologic conditions including celiac

disease and inflammatory bowel disease as well as in human T cell lymphotropic virus-1

(HTLV-1)-mediated adult T cell leukemia [3, 51–54]. Of interest, aging has been viewed as

an inflammatory condition with increased levels of inflammatory cytokines in the circulation

[34, 55]. The latter concept of the so-called “inflammaging” is supported by the observation

that older adults have increased circulatory levels of pro-inflammatory cytokines such as

IL-6 and TNF-α, which predicted mortality risk independently of other risk factors [56, 57].

Also, an inverse relationship between influenza vaccine seroconversion and circulatory

levels of IL-6 and TNF-α was reported in older adults [58, 59], suggesting the possible

detrimental effect of inflammaging on vaccine responses. Given the expansion of memory

CD8+ T cells with the capacity to produce high levels of IFN-γ in older adults [36–40, 60]

and the role of IL-15 in maintaining and expanding memory CD8+ T cells [11–14], it is

conceivable that the age-associated exaggeration of the IFN-γ-mediated IL-15 pathway

could contribute to the expansion of memory CD8+ T cells and inflammation with aging.

This notion would need further investigations.
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Taken together, we showed that monocytces of older adults had increased surface expression

of IL-15 in response to IFN-γ compared to those of young adults. Such an increase likely

stems in part from increased IFN-γR1 and R2 expression on monoyctes in older adults,

leading to the enhanced STAT1 activation and IRF1 induction with increased IL15 gene

expression. This uncompromised, but rather augmented, IFN-γ-mediated IL-15 production

pathway in human monocytes with aging may have biological implications given its critical

role in regulating the maintenance and/or function of multiple immune cells including CD8+,

NK and NKT cells [1–4, 21, 47, 48, 61].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• IL-15 expression on human monocytes treated with IFN-γ increased with age

• This finding was related to increased IFN-γ receptors on monocytes with age

• Enhanced IFN-γ receptor expression on monocytes with age led to increased

signaling.
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Figure 1. Older adults have increased surface expression of IL-15 on monocytes in response to
IFN-γ compared to young adults
Monocytes (CD14+CD16−) were negatively purified from PBMCs of young and older adults

using a commercially available kit. Purified cells were stimulated for 16 hours with IFN-γ
(20 ng/ml) or control (PBS). Cells were then stained with antibodies to IL-15 (A, B),

IL-15Rα (C, D) or isotype control. Stained cells were analyzed on an LSRII® flow

cytometer. (A) Representative histograms showing the induction of surface IL-15 expression

on monocytes by IFN-γ. (B) Mean fluorescent intensity (MFI) of surface IL-15 expression

on monocytes in response to IFN-γ in young and older adults. Delta MFI of IL-15

expression was obtained by subtracting MFI of IL-15 expression on IFN-γ-untreated

monocytes from MFI of IL-15 expression on IFN-γ-treated cells. (C) Representative

histograms showing the induction of IL-15Rα expression on monocytes by IFN-γ. (D) MFI

of IL-15Rα expression on monocytes in response to IFN-γ in young and older adults. Delta

MFI of IL-15Rα expression was obtained by subtracting MFI of IL-15Rα expression on

IFN-γ-untreated monocytes from MFI of IL-15Rα expression on IFN-γ-treated cells. Data

from 15 young and 19 old adults for B, and 16 young and 20 old adults for D. Bars and error

bars indicate mean and standard error of the mean (SEM), respectively. P values were

obtained by the Student’s t test.
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Figure 2. The expression levels of IFN-γ receptor (R) 1 and 2 on monocytes are higher in older
adults than in young adults
PBMCs from young and older adults were stained with antibodies to CD14, CD16, IFN-

γR1, R2 or isotype control. The expression of IFN-γR1 and R2 on monocytes

(CD14+CD16−) was measured by flow cytometry. (A) Representative histograms showing

the expression of IFN-γR1 on monocytes. (B) Mean fluorescent intensity (MFI) of IFN-γR1

expression on monocytes in young and older adults. (C) Representative histograms showing

the expression of IFN-γR2 on monocytes. (D) MFI of IFN-γR2 expression on monocytes in

young and older adults. Data from 17 young and 17 older adults for B, and 14 young and 9

older adults for D. Bars and error bars indicate mean and standard error of the mean (SEM),

respectively. P values were obtained by the Student’s t test.

Lee et al. Page 14

Clin Immunol. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. Older adults have higher levels of STAT1 phosphorylation in monocytes in response to
IFN-γ than young adults
PBMCs from young (n = 13) and older adults (n = 12) were stained with Abs to CD14 and

CD16. Cells were incubated for 15 and 30 min with recombinant human IFN-γ (20 ng/ml)

or PBS. Incubated cells were fixed, permeabilized and stained with Abs to phosphorylated

(P)-STAT1 (Tyr701) or isotype control. P-STAT1 in monocytes (CD14+CD16−) was

measured by flow cytometry. (A) Representative histograms of P-STAT5 and isotype

control staining. (B) Mean fluorescent intensity (MFI) of P-STAT1 expression by

monocytes in young and older adults at indicated times. Delta MFI of P-STAT1 expression

was obtained by subtracting MFI of P-STAT5 expression by IFN-γ-untreated monocytes

from MFI of STAT5 expression by IFN-γ-treated cells. Bars and error bars indicate mean

and standard error of the mean (SEM), respectively. P values were obtained by the Student’s

t test.
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Figure 4. Monocytes of older adults have enhanced expression of interferon regulatory factor 1
with increased IL15 gene expression in response to IFN-γ compared to monocytes of young
adults
Monocytes (CD14+CD16−) were negatively purified from PBMCs of young and older adults

using a commercially available kit. Purified cells were stimulated for 4 (A) or 16 (B) hours

with IFN-γ (20 ng/ml) or control (PBS). (A) Analysis of IRF1 gene expression by qPCR

(young = 6 and older = 10). (B) Analysis of IRF1 protein expression by Western blot. (C)

Analysis of IL15 gene expression by qPCR (young = 8 and older = 7). (D) Analysis of

IL15RA gene expression (young = 5 and older = 9) by qPCR. Bars and error bars indicate

mean and standard error of the mean (SEM), respectively. P value was obtained by the

Student’s t test.
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Figure 5. Human monocytes incubated with plasmas of young and older adults have increased
expression of IFN-γR
Monocytes (CD14+CD16−) were negatively purified from PBMCs of a young adult using a

commercially available kit. Cells were incubated for 20 hours with or without plasmas from

young and older adults (n = 12 and 12, respectively) (plasma to culture media volume, 1:1).

Cells were then stained with Abs to IFN-γR1, R2 or isotype control followed by analysis on

a flow cytometer. (A) Representative histograms showing the expression of IFN-γR1 on

monocytes treated with or without plasmas. (B) Changes in mean fluorescent intensity

(MFI) of IFN-γR1 expression on monocytes treated with plasmas of young and older adults.

Delta MFI of IFN-γR1 expression was obtained by subtracting MFI of IFN-γR1 expression

by plasma-untreated monocytes from MFI of IFN-γR1 expression by plasma-treated cells.

(C) Representative histograms showing the expression of IFN-γR2 on monocytes treated

with or without plasmas. (D) Changes in mean fluorescent intensity (MFI) of IFN-γR2

expression on monocytes treated with plasmas of young and older adults. Delta MFI of IFN-
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γR2 expression was obtained by subtracting MFI of IFN-γR2 expression by plasma-

untreated monocytes from MFI of IFN-γR2 expression by plasma-treated cells. Bars and

error bars indicate mean and standard error of the mean (SEM), respectively. Representative

data from 2 independent experiments. P values were obtained by the Student’s t test.
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