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Monocyte-driven inflamm-aging reduces £
intestinal barrier function in females
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Abstract

Background The intestinal barrier encompasses physical and immunological components that act to
compartmentalize luminal contents, such as bacteria and endotoxins, from the host. It has been proposed that an
age-related decline of intestinal barrier function may allow for the passage of luminal contents into the bloodstream,
triggering a low-grade systemic inflammation termed inflamm-aging. Although there is mounting evidence to
support this hypothesis in model species, it is unclear if this phenomenon occurs in humans. In addition, despite
being well-established that biological sex impacts aging physiology, its influence on intestinal barrier function and
inflamm-aging has not been explored.

Results In this study, we observed sex differences in markers of intestinal barrier integrity, where females had
increased epithelial permeability throughout life as compared to males. With age, females had an age-associated
increase in circulating bacterial products and metabolites such as LPS and kynurenine, suggesting reduced barrier
function. Females also had age-associated increases in established markers of inflamm-aging, including peripheral
blood monocytes as well as TNF and CRP. To determine if impaired barrier function was driving inflamm-aging, we
performed a mediation analysis. The results show that the loss of intestinal barrier integrity was not the mediator of
inflamm-aging in humans. Instead, persistent, low-grade inflammation with age preceded the increase in circulating
bacterial products, which we confirmed using animal models. We found, as in humans, that sex modified age-
associated increases in circulating monocytes in mice, and that inflammation mediates the loss of intestinal barrier
function.

Conclusion Taken together, our results suggest that higher basal intestinal permeability in combination with age-
associated inflammation, increases circulating LPS in females. Thus, targeting barrier permeability in females may slow
the progression of inflamm-aging, but is unlikely to prevent it.
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Background

The persistent low-grade inflammation that increases
with age (‘inflamm-aging’) is associated with numerous
health conditions including diabetes mellitus, cancer,
dementia and depression [1]. Inflamm-aging is charac-
terized by an increase in inflammatory mediators such
as interleukin (IL)-6, tumor necrosis factor -a (TNF),
and C-reactive protein (CRP) in the serum and tissue
[reviewed in Refs [2, 3]]. These mediators activate inflam-
matory signalling pathways, changing the local and sys-
temic milieu into a non-resolving pro-inflammatory
state, leading to DNA damage and tissue death over time.
Individuals with higher than age-average levels of inflam-
matory mediators are more likely to face premature mor-
tality [4], whereas lower than age-average inflammation
predicts good health [5]. Understanding the causes of
chronic, age-associated inflammation is therefore a pre-
requisite to developing novel therapeutic interventions to
improve health and quality of life in older adults.

Defects in intestinal barrier function have long been
associated with increased inflammation [6]. The intes-
tinal barrier encompasses physical (i.e., the epithelium
and mucus layer), biochemical (i.e., antimicrobial pep-
tides), and immunological (i.e., macrophages and other
immune cells) components, which act to compartmen-
talize luminal microorganisms from the host. One of
the prevailing theories on the origins of inflamm-aging
is that impaired intestinal barrier function results in the
translocation of bacterial products and triggers inflam-
matory responses from innate immune cells [7, 8]. Stud-
ies in animal models have shown that barrier integrity is
lost with age [9] and can contribute to a persistent rise
in bacterial lipopolysaccharide (LPS) or its proxy, LPS-
binding protein, in the blood of aged mice [10] and non-
human primates [11]. Low doses of LPS are known to
polarize monocytes towards pro-inflammatory pheno-
types [12], which are believed to contribute to the inflam-
matory conditions that arise in mid- to late-life [13, 14].
Although this hypothesis is compelling, the alternative
is equally likely wherein age-associated inflammation
precedes and causes intestinal barrier dysfunction that
ultimately results in LPS translocation. Cytokines such
as TNEF, IFNy, and interleukins regulate tight junction
integrity [15], and stimulation with TNF has been shown
to increase gut permeability [16]. We have shown that
aged mice deficient in TNF do not demonstrate increased
intestinal permeability with age [10], suggesting that
inflammation is a driver of impaired barrier integrity.
Based on these findings, we postulate that age-related
increases in inflammation precede intestinal barrier
dysfunction.

Monocytes are a likely contributor to age-associated
inflammation as they are the principal producers of
proinflammatory cytokines that are characteristic of
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inflamm-aging, including TNF and IL-6 [17, 18]. Data
from our laboratory and others indicate that monocyte
subsets change with age in both mice [19, 20] and humans
[21]. For instance, circulating Ly6CM¢" inflammatory
monocytes increase with age in mice and express more
of the chemokine receptor, CCR2 [20]. These mono-
cytes, which are equivalent toCD14*CD16~ classical
and CD14*CD16™* inflammatory monocytes in humans
[22], produce higher levels of pro-inflammatory cyto-
kines than their Ly6C!®"/non-classical counterparts, and
as a result, are often associated with immunopathology
[20, 23]. Beyond their potential role in inflamm-aging,
age-associated changes in monocyte subsets may con-
tribute to impaired intestinal barrier function. Circulat-
ing monocytes continuously replenish Tim-4~CD4 and
Tim-4-CD4* gut macrophages, a process that is critically
dependent on the expression of CCR2 [24]. It is therefore
a possibility that age-associated changes in CCR2-medi-
ated monocyte recruitment of intestinal macrophages
may disrupt barrier homeostasis; however, this has not
yet been investigated.

Another striking gap in our understanding of the rela-
tionship between intestinal barrier function and inflamm-
aging is the role of biological sex. An increasing number
of clinical observations have revealed widespread differ-
ences in aging and age-related diseases by biological sex
[25]. For instance, the life expectancy of females is 15%
longer compared to males [26]; however, despite longer
lifespans, females have higher rates of disability, dementia
and frailty, resulting in prolonged suffering at end-of-life
[27]. As a consequence, females collectively spend about
20% more years living with disability [26]. These marked
differences in aging trajectories make it important to
account for biological sex in aging research and discour-
ages the consideration of biological sex as a confounder,
which can lead to results that are not biologically relevant
to either sex [28]. Establishing whether sex differences in
intestinal barrier function and/or monocyte-remodeling
exist with age will be crucial to tailor sex-specific thera-
peutic strategies.

Herein, we assessed the effects of sex and age on
peripheral blood monocytes, inflammatory mediators,
and non-invasive markers of intestinal barrier function in
healthy, non-frail, human participants. We then explored
whether age- and sex-associated changes in immunity
could modulate intestinal barrier dysfunction or vice
versa. We also considered the interactions of sex and
age on these parameters in mice. Our data highlight the
importance of biological sex as a determinant of intes-
tinal barrier integrity, wherein females have increased
intestinal permeability, independent of age. Our findings
also suggest that in humans, increased intestinal perme-
ability is not the mediator of inflamm-aging. Instead,
impaired barrier function resulting in LPS translocation
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is likely a consequence of persistent, low-grade systemic
inflammation with increasing biological age.

Methods

Recruitment of research participants

Research participants were recruited from the Greater
Hamilton Area (Ontario, Canada) between November
2017 and January 2020. All protocols were approved by
the Hamilton Research Ethics Board (#1949). The inclu-
sion criteria encompassed individuals aged over 18 years
who were willing and able to provide consent, biological
samples, and a health questionnaire. Venous blood was
drawn in anti-coagulant-free vacutainers for the isola-
tion of serum, and in heparin-coated vacutainers for the
experiments that required viable leukocytes [29]. Par-
ticipant demographic information (age, sex, height) and
health status (components of the Charlson Comorbidity
Index [CCI], body mass index [BMI], medication history,
vaccination history, and frailty) were provided at the time
of sample collection. Based on the five Fried frailty cri-
teria (weight loss, exhaustion, low physical activity, slow-
ness, weakness), the participants were divided into three
categories: non-frail (score 0), pre-frail (score 1-2) and
frail (score 3—5). Only non-frail, healthy participants [as
defined in Ref [30]]. who had not required antibiotics
within two weeks of their single sample collection, were
included in this analysis.

Animals

All animal care and experiment protocols were approved
by the McMaster Animal Research Ethics Board (AUP
21-04-13) and performed in accordance with the Cana-
dian Council on Animal Care guidelines. Specific-patho-
gen-free male and female mice were maintained under a
12-h light-dark cycle at 2242 °C and 55+5% air humid-
ity at the McMaster Central Animal Facility (Hamilton,
ON, Canada). To protect from age-related obesity, all
mice were provided with an exercise wheel. Mice had
ad libitum access to a 14% protein maintenance diet
(Envigo Teklad Diets 2914, Madison, W1I) and autoclaved
reverse osmosis water. The C57BL/6] wildtype (WT) and
B6.129s-Tnf"’1le/] (TNE-a knockout; Tnf~'~) mice were
obtained from The Jackson Laboratory (Bar Harbor, ME,
USA) and bred in-house.

Measurements of cellular and soluble inflammation

In humans, circulating monocytes were quantified by
multi-color flow cytometry as previously described [31,
32]. In brief, direct application of monoclonal antibodies
(Additional File S1) to 100 uL whole blood was performed
for 30 min at room temperature. Following staining, sam-
ples were fixed and red blood cells were lysed using 1 x
Fix/Lyse Buffer (eBioscience, Thermo Fisher Scientific,
Waltham, MA, USA) for 10 min. Samples were washed
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with PBS, resuspended in FACS Wash (5 mM EDTA,
0.5% BSA in PBS) and stored in the dark at 4°C until
analysis on a LSRII (BD Biosciences). Absolute numbers
of monocyte populations were determined using Count-
Bright™ absolute counting beads (Invitrogen Life Tech-
nologies, Carlsbad, CA, USA). The hierarchical gating
strategy to determine circulating immune populations
are shown in Fig. 1, set with appropriate isotype and
unstained controls. The mouse tissues were processed
and analyzed by flow cytometry based on our previous
protocols [33]. Serum cytokines, chemokines and growth
factors were quantified using human high sensitivity Dis-
covery Assays (Eve Technologies). Measured cytokines
included: granulocyte macrophage colony-stimulating
factor (GM-CSE), interferon gamma (IFNYy), interleukin
(IL)-1B, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12[p70],
IL-13, IL-17 A, IL-23, TNE, vascular endothelial growth
factor-A (VEGF-A), interferon gamma-induced protein
10 (IP-10; also known as C-X-C motif chemokine legend
10 [CXCL10]), and monocyte chemoattractant protein-1
(MCP-1). Measurements of C-reactive protein (CRP) and
hCAP18/LL-37 were performed using human ELISA kits,
following specifications of the manufacturer (Thermo-
Fisher # KHA0031, #88-52103-22).

Measurements of intestinal barrier function
Circulating muramyl dipeptide (MDP) and LPS in human
sera was detected using a colourimetric reporter bioas-
say as previously described [10]. This assay quantifies
NF-«B activation in response to the pattern recognition
receptors nucleotide-binding oligomerization domain
2 (NOD2) and toll-like receptor (TLR)-4, respectively.
Briefly, HEK293T cells were transfected with pNifty2-
SEAP (Invivogen, CA, USA) and NOD2, generating an
MDP-responsive reporter line. LPS-responsive reporter
lines were created by stable transfection with pNifty-2-
SEAP plasmid HEK293 cells expressing TLF-4, MD2 and
CD14 (Invivogen, CA, USA). Cells were seeded at 40,000
cells per well in a 96-well plate in complete DMEM for
24 h. The media was removed and heat-inactivated serum
(diluted 1:10) was added with HEK Blue Detection Media
(Invivogen, CA, USA) to a final volume of 200 mL. Read-
ings were performed at 650 nm, 24 h after stimulation
and background levels were subtracted from relative
absorbance units. Both assays were performed in tripli-
cate. For detection of human intestinal fatty acid bind-
ing protein (I-FABP) and zonulin, commercially available
ELISAs (ab193700 and ab2190438, respectively) were per-
formed on serum following manufacturers specifications.
In mice, intestinal permeability was determined by
fluorescein isothiocyanate (FITC)-dextran assay as pre-
viously described [10]. Briefly, mice were fasted for 6 h
then orally administered 150 pl of 3-5 kDA FITC-dex-
tran (Sigma-Aldrich #46944, 80 mg/ml in PBS [pH 7.4]).
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Fig. 1 Peripheral blood monocyte populations change with age and sex. (A) The flow cytometry data gating strategy for peripheral whole-blood im-
munophenotyping of classical (CD14*CD167), intermediate (CD14*CD16"*) and non-classical (CD14~CD16"*) monocyte populations. Both age and sex
altered monocyte prevalence (as a proportion of total CD45" leukocytes): total monocytes (B), classical monocytes (C), non-classical monocytes (D).
Absolute monocyte numbers were not significantly affected by chronological age in the whole population (males and females) but showed a differential
influence of biological sex. Total monocyte (E), classical monocyte (F), and non-classical monocyte (G) numbers increased in females with age. There were
no sex differences in the surface expression of mobilization markers CC-chemokine receptor 2 (CCR2) and CX;CR;, though both increased with age in the
whole population (H, I). In contrast, there was no age-associated change in the surface expression of monocyte activation markers CD13 and CD64 (data
not shown), but expression was higher in females, inclusive of all ages (J, K). Monocyte surface receptor expression as mean fluorescence intensity (MFI).
Data is shown as a dot for each participant. Subjects are color coded according to their biological sex (Male - black; female — grey). Statistical significance
was assessed by simple linear regression (A-1) and Students't test (J,K)
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Blood obtained from the tail vein 1 h prior to, and 4 h
following gavage were sampled into tubes containing
citrate-phosphate-dextrose solution (15% v/v). Plasma
was obtained after centrifugation 5000 rpm for 10 min at
4 °C. Plasma was diluted 1:10 (v/v) in PBS (pH 7.4) and
added to a 96-well microplate in duplicate. Fluorescence
was measured spectrophotometrically with an excitation
wavelength of 485 nm and an emission wavelength of
530 nm, with subtraction of background levels.

Trans-Epithelial Electrical Resistance (TEER) of co-
cultured epithelial cells (Caco-2 [ATCC HTB-37]), gob-
let cells (HT-29-MTX-E12 [ATCC HTB-38], and Raji-B
lymphocytes (ATCC CCL-86) was used to mimic the
intestinal barrier as previously described [34]. To initiate
cytokine induced changes in TEER, cytokine or vehicle
control were introduced at various concentrations for
48 h at 37 °C, 5% CO2 and 90% relative humidity. TEER
measurements were taken in duplicate for each well
using a EVOM2 epithelial volt/ohm meter with chopstick
electrodes (World Precision Instruments) at baseline and
following treatment.

Quantification of microbial metabolites

The short-chain fatty acids (SCFA) acetic acid, propionic
acid, isobutyric acid, butyric acid, isovaleric acid, pen-
tanoic acid and lactic acid were analyzed from human
serum samples. Acidified samples were extracted twice
with propyl formate, derivatized with N-Methyl-N- (tert-
butyldimethylsilyl) trifluoroacetamide and analyzed by
GCMS. For assessment of kynurenine, tryptophan and
indole-3-acetic acid, serum samples were extracted with
MeOH/H,0 (1:1) twice, and LCMS was performed on an
Agilent 6550 Q-TOF using a Kinetex C18 column 2.6 pum
(50%3.00 mm, 100A). The flow rate was 200 pL/min. Cal-
ibration curves were used to obtain analyte concentra-
tion. Calibration curves for all analytes were linear over
the range of interest, with R?>0.98.

Statistical analysis

All statistical analysis were performed using R [35] ver-
sion 4.1.2, GraphPad Prism version 9.2 (San Diego, CA,
USA) and FlowJo™ (Version 10.8.1 Ashland, OR, USA).
Data was tested for normality using a Shapiro-Wilk test.
In instances where data failed the normality test it was
natural log transformed. To compare age and sex dif-
ferences among groups, a two-way analysis of variance
(ANOVA) with Tukey’s multiple comparison test was
used. A Mann-Whitney non-parametric test was used for
comparing zonulin and I-FABP between sexes as these
datasets failed normality tests even after several trans-
formation attempts. Biological sex differences in comor-
bidities were determined using a Fisher’s exact test. To
evaluate the association of biological sex with age-asso-
ciated changes to monocyte populations in humans, we
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performed simple linear regressions. A Pearson correla-
tion matrix was used to evaluate associations between
immune parameters and markers of intestinal barrier
function. To examine the temporal relationship between
inflamm-aging and barrier function, a mediation analysis
was used as recommended in Ref [36]., using the ‘Causal
Mediation Analysis’ package in R [37]. Outliers in data
were removed using the Grubbs’ method («=0.05).

Results

Demographics and comorbidities

The characteristics of the study population are dis-
played in Table 1. The participants ranged from 20 to
100 years of age and consisted of 54 females (56.8%) and
41 males. All participants fit the World Health Organi-
zation definition of healthy agers [30], and none were
identified as frail based on the Fried frailty criteria [38].
In brief, healthy agers maintained their mental and physi-
cal capacity and did not suffer weight loss, exhaustion,
low physical activity, slowness or weakness. Of the par-
ticipants, 17.8% were young adults (20-35 years of age),
43.1% were adults (36—65 years of age), and 38.9% were
older adults (>65 years of age). There were no significant
differences in body mass index (BMI) or sex distribution
among age groups. Consistent with the rates in the Cana-
dian population, females had greater incidence of hypo-
thyroidism [39] and mood disorders [40].

Biological sex differences in age-associated monocyte
populations
Age-related changes in monocyte subset numbers have
been previously reported; however, it is unclear whether
biological sex impacts age-related differences in mono-
cyte subset numbers or proportions. Using flow cytom-
etry, we quantified monocyte subsets as well as their
surface expression of migratory and activation markers.
The flow cytometry gating strategy to identify mono-
cytes is illustrated in Fig. 1A and results are summarized
in Tables 2 and 3. We found an increase in the relative
proportion (as a percentage of total CD45" leukocytes)
of total monocytes (Fig. 1B) and classical monocytes
(Fig. 1C) in both sexes, whereas only females had an
increase in the proportion of non-classical monocytes
(Fig. 1D). Further analysis revealed an age-associated
increase in the absolute numbers of total monocytes,
classical monocytes and non-classical monocytes in
females only (Fig. 1E-G), demonstrating sex-specific
monocyte aging trajectories. There were no age or sex
specific differences in intermediate monocyte subsets.
Discrepancies between monocyte proportions and num-
bers could be attributed to a decrease in T cell numbers
in males with age (Additional File S2).

Mobilization of monocyte populations into and out
of the circulation occurs in response to chemokines. To
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Table 2 Whole-blood myeloid cell prevalence by biological sex and chronological age

Sex Young adult (n=8 M; 9 F) Adult (n=20 M; 21 F) Older adult (n=13 M; 24 F)
Mean (SD) Median (IQR) Mean (SD) Median (IQR) Mean (SD) Median (IQR)
% CD45*leukocytes
Monocytes Male 3.7(2.16) 3.77(1.8-5.5) 3.8(1.6) 4.11(3.1-5.0) 54(2.2) 458(3.9-6.4)
Female 2.8(1.5) 2.5(2-3.8) 4.36(1.51) 4.5(3-5.6) 44(1.5) 4.2(3.6-5.3)
Classical monocytes Male 34(2.1) 3.6(1.17-4.99) 3.49(1.56) 3.9(3-4.7) 5.02(1.98) 4.1(3.7-6.1)
Female 2.5(1.49) 2.23(1.8-34) 3.96(1.4) 4.15(2.7-5.2) 411(1.4) 3.8(3.2-5.1)
Intermediate monocytes Male 0.15(0.16) 0.10(0.03-0.27) 0.17(0.13) 0.15(0.06-0.25) 0.19(0.12) 0.18(0.07-0.25)
Female 0.16(0.12) 0.15(0.06-0.23) 0.18(0.2) 0.12(0.06-0.21) 0.15(0.11) 0.11(0.09-0.16)
Non-classical monocytes Male 0.11(0.07) 0.11(0.04-0.19) 0.14(0.07) 0.15(0.07-0.2) 0.14(0.08) 0.14(0.07-0.19)
Female 0.12(0.07) 0.12(0.06-0.19) 0.10(0.07) 0.07(0.05-0.12) 0.16(0.11) 0.15(0.06-0.24)
% Monocytes
Classical monocytes Male 86.1(14.3) 94.4(71-97) 87.9(11.1) 92.1(86-95) 93.13.2) 93.3(90-96)
Female 86.4(10.2) 89.9(76-92) 92.6(5.0) 94.2(88-96) 92.05(4.47) 92.8(89-94)
Intermediate monocytes Male 6.0(7.6) 2.2(0.79-10.6) 5.22(3.6) 4.2(1.7-8.5) 34019 3.0(1.9-44)
Female 7.3(6.2) 54(2.6-10.5) 4(34) 8(1.6-6.5) 3.6(2.7) 9(1.9-3.5)
Non-classical monocytes Male 5.5(6.3) 1.5(1.2-12.1) 53(6.4) 3.2(1.9-5.1) 3.0(1.6) 2.6(1.8-4.6)
Female 4.5(3.1) 3.1(2.1-79) 6(2.4) 8(1.3-3.1) 37024 5(1.9-4.7)
Correlations by chronological age
Variables Beta Std. Error R? P
% CD45*leukocytes
Monocytes Male 0.038 0.01 0.17 0.006*
Female 0.02 0.009 0.10 0.01*
Classical monocytes Male 0.036 0.012 0.172 0.006*
Female 0.023 0.005 0.11 0.01*
Intermediate monocytes Male 0.001 0.0009 0.033 0.24
Female 0.0001 0.0009 0.0007 0.84
Non-classical monocytes Male 0.000 0.000 0.01 0.49
Female 0.001 0.0005 0.07 0.04*
% Monocytes
Classical monocytes Male 0.14 0.07 0.09 0.05*%
Female 0.05 0.03 0.04 0.14
Intermediate monocytes Male -0.03 0.03 0.04 0.20
Female -0.04 0.02 0.06 0.06
Non-classical monocytes Male -0.05 0.03 0.06 0.11
Female -0.0007 0.01 0.00 0.96

Top: Summary statistics of peripheral blood monocyte cell proportions in young adults (20-35 years of age), adults (36-64 years of age) and older adult (=65 years
of age). Bottom: Results of simple linear regression test showing how monocyte prevalence change with chronological age in males and females

understand the altered abundance of classical and non-
classical monocytes in circulation, we investigated sur-
face expression of CC-chemokine receptor 2 (CCR2)
and CX,CR;. Both CCR2 and CX;CR, increased with
age on monocytes and non-classical monocytes, respec-
tively (Fig. 1H, I); however, no sex-specific changes were
observed. In contrast, there were no age-associated
changes in the surface expression of monocyte activation
markers CD13 and CD64, but females had higher expres-
sion of these markers when compared to males (Fig. 1],
K).

Inflamm-aging is more pronounced in females
To assess whether immune cell activation or inflam-
matory state differ by biological sex, we quantified

peripheral blood cytokines and chemokines. Consistent
with previously published data, levels of circulating che-
mokines, such as IL-8 and CXCL10 increased with age
in study participants (Fig. 2A, B). The increase in these
inflammatory mediators was evident in both sexes; how-
ever, there was a larger impact of age in females. Circu-
lating TNE, VEGF-A and CRP likewise increased with
chronological age in females, but not males although
there was a trend (Fig. 2C-E). We did not see any age-
specific changes in other major inflammatory cytokines
including IFNy, IL-1p, IL-2, IL-4, IL-5, IL-8, IL-12[p70],
IL-13, IL-17 A, and IL-23, though there was a tendency
toward an increase in IL-6 in males with age (Additional
File S3). The anti-inflammatory cytokine, IL-10, also
did not change with age; however, the ratio of TNF to
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Table 3 Whole-blood myeloid cell numbers? by biological sex and chronological age

Sex Young adult (n=8 M; 9 F) Adult (n=20 M; 21 F) Older adult (n=13 M; 24 F)
Mean (SD) Median (IQR) Mean (SD) Median (IQR) Mean (SD) Median (IQR)
Cell population
Monocytes Male 103.1(79.2) 93.2(31-183) 3.7(79.6) 100.5(42-180) 127.3(109.) 93.6(60-137)
Female 54.3(384) 50.3(24-68) 107.8(81) 98.1(62-129) 1 09.3(77.6) 84.9(52-150)
Classical monocytes Male 100.5(80.29) 128.8(20-181) 106.2(78.0) 91.5(35-179) 9.2(106) 85.6(56-164)
Female 489(384) 47.2(19-60) 98.1(72.9) 94.3(37-119) 101.6(74.0) 77.9(49-140)
Intermediate monocytes Male 3.6(2.8) 2.8(1-6.9) 4.8(3.8) 3.7(2.8-6.5) 4.0(3.1) 3.9(1.1-6.2)
Female 2.7(1.7) 0(1.6-4.3) 54(6.5) (1.9-5.9) 3424 2.6(1.4-54)
Non-classical monocytes Male 2.7(1.1) 2.7(1.9-3.2) 3.8(2.1) 4.1(1.5-5.6) 3.5(3.2) 3.1(1.5-4.7)
Female 2.3(1.6) 0(1.5-3.0) 3.134) 9(1.0-34) 3.7(2.7) 3.1(1.3-5.0)
Correlations by chronological age
Variables Beta Std. Error R? P
Monocytes Male 0.25 0.64 0.004 0.69
Female 1.03 045 0.09 0.02*
Classical monocytes Male 0.16 0.66 0.001 0.8
Female 0.98 042 0.09 0.02*
Intermediate monocytes Male -0.003 0.02 0.001 0.90
Female -0.004 0.02 0.001 0.86
Non-classical monocytes Male -0.01 0.01 0.003 0.72
Female 003 0.02 0.07 0.048*

2 All cell numbers are cells/pL. Top: Summary statistics of peripheral blood myeloid cell numbers in young adults (20-35 years of age), adults (36-65 years of age)
and older adult (>65 years of age). Bottom: Results of simple linear regression test showing how myeloid cell numbers change with chronological age in males and

females

IL-10 significantly increased with age in females but not
males (Fig. 2F, G), demonstrating that the balance of pro-
inflammatory and anti-inflammatory cytokines change in
a sex dependent manner with age. However, we should
note that despite females having more pronounced age-
associated inflammation, males had higher absolute
TNF in peripheral blood that did not change with age
(Fig. 2H).

Females have lower barrier integrity

Accumulating evidence in mice suggests that intestinal
barrier dysfunction may be a driving factor of inflamm-
aging [reviewed in Ref [41]]. We investigated serum
markers of barrier function to determine if there was a
relationship between barrier function and inflamm-aging
in humans. Circulating indicators of epithelial permeabil-
ity/damage (zonulin [42, 43], I-FABP [44]), microbiota-
derived products (LPS, MDP) and metabolites (SCFAs
[acetic acid, propionic acid, isobutyric acid, butyric
acid, isovaleric acid, pentanoic acid and lactic acid] and
derivatives of the kynurenine pathway [45] [kynurenine,
tryptophan and indole-3-acetic acid]), were used as non-
invasive markers of intestinal barrier function. Dietary
tryptophan can be oxidized, via the kynurenine path-
way, into kynurenine in the liver of the host [46]; how-
ever, accumulating evidence highlights a crucial role of
the gut microbiota in determining tryptophan availabil-
ity for the host by balancing the microbial tryptophan
metabolism in the gut [47]. As such, we included the

kynurenine-tryptophan metabolites as microbial mark-
ers but acknowledge they may be host-derived as well.
The human antimicrobial host defense peptide hCAP18/
LL-37 was also included as a biomarker of epithelial bar-
rier function, based on studies showing it contributes
to barrier integrity in mice [48]. hCAP18/LL-37 is the
sole human cathelicidin peptide, orthologous to murine
mCRAMP. Cathelicidin is expressed by intestinal epithe-
lial cells as well as resident immune cells in the intestine
including neutrophils, monocytes and macrophages in
humans and in mice. In addition to direct antimicrobial
and immunomodulatory properties, cathelicidin has
been shown to stimulate re-epithelialization [49] and
increase tight junction proteins [50] which are essential
for intestinal barrier integrity. Intestinal cathelicidin also
maintains the balance between pro- and anti-inflamma-
tory factors [50] and protects against colonization with
epithelial adherent bacterial pathogens [51]. Not surpris-
ingly, cathelicidin deficiency in mice results in patho-
logical dysregulation of barrier function and immune
environment with increased susceptibility to gastrointes-
tinal infection, DSS-induced colitis and gluten-induced
enteropathy [48-51], all ameliorated by restoration of
intestinal cathelicidin (e.g. by treating with a cathelicidin-
secreting strain of Lactococcus lactis) [52, 53].

The results showed an impact of sex, but not age, on
circulating zonulin levels whereby females had higher
zonulin expression (Fig. 3A), which may be indicative of
increased intestinal permeability. This was accompanied
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Fig. 2 Age-associated inflammation is altered by biological sex. Simple linear regression showing a significant age-associated increase in the chemokines
(A) IL-8 and (B) CXCL10 in both sexes. Females had an increase in circulating (C) TNF, (D) VEGF-A and (E) CRP with age. (F) Although no changes in IL-10
occurred, (G) there was an increase in the TNF to IL-10 ratio in females with age. (H) Males had higher overall TNF levels, but unlike in the females, these
levels did not change with age. Statistical significance was assessed by a Student’s t test. *P<0.05

by lower circulating hCAP18/LL-37 in females across the
life-course (Fig. 3B), with no differences in young or old
participants. No age or sex differences in I-FABP were
observed (Fig. 3C). In agreement with previous reports
[54], we found an increase in circulating LPS with age.
When we considered variation by biological sex, we
found that the apparent age-associated increase in cir-
culating LPS was predominantly driven by increases in
females (Fig. 3D). There were no associations between
MDP, age or sex. The integrity of the intestinal epithe-
lium is maintained, in part, by bacterial metabolites such
as SCFAs. An analysis of circulating SCFAs revealed no
age- or sex-driven differences in SCFAs (Additional File
S4). Likewise, there were no age or sex-dependent effects
on circulating tryptophan or indole-3-aa; however, cir-
culating kynurenine increased with age, resulting in a
higher kynurenine to tryptophan [KT] ratio (Fig. 3E-
G). When we assessed kynurenine by biological sex we

found a female-specific increase in the levels of kynuren-
ine with age. Though not significant, males had a similar
trend. Overall, this data shows that females have higher
indicators of compromised barrier integrity than males,
establishing that there is a strong effect of biological sex,
independent of chronological age, on intestinal barrier
integrity.

Impaired barrier function correlates with the activation
and recruitment of monocytes

We next sought to determine if the differences in bar-
rier integrity correlated with soluble and cellular mark-
ers of inflammation. Results from the Pearson correlation
analyses revealed a positive association between circulat-
ing zonulin levels and the relative frequency of interme-
diate monocytes, as a proportion ofCD45% leukocytes
(Fig. 4A). Zonulin also had a positive association with
CD64 expression on monocytes (Fig. 4B), which can lead
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Fig. 3 Females have lower intestinal barrier integrity. Noninvasive biomarkers of intestinal barrier function showed (A) higher circulating zonulin in
females, indicative of increased intestinal barrier permeability. No age-associated changes in zonulin were observed when categorized as young adults
(20-35 years of age), adults (36-65 years of age), and older adults (> 65 years of age) (B) Assessment of the human host defense peptide hCAP18/LL-37
showed lower circulating hCAP18/LL-37 in females as compared to males, which was age independent. (C) There were no age or sex differences in
circulating I-FABP. (D) Circulating LPS increased with age, driven by an increase in females only. (E) Circulating kynurenine increased with age in females.
(F) There were no age- or sex-associated changes in circulating tryptophan levels. (G) The ratio of kynurenine to tryptophan increased with age in both
biological sexes. Statistical significance was assessed by a two-way ANOVA (A-C top), Student’s t test (A-C bottom) and simple linear regression (D-G). Data
is shown as a dot for each participant. Subjects are color coded according to their biological sex. **P<0.01
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Fig. 4 Associations between circulating markers of intestinal barrier disfunction and immune parameters. Pearson correlation analysis showing a cor-
relation between circulating zonulin and (A) intermediate monocyte proportions and (B) monocyte expression of CD64. Peripheral blood LPS was signifi-
cantly correlated with circulating (C) CXCL10, (D) classical monocytes expressing CCR2 and (E) MCP-1. The bacterial metabolite, kynurenine, was positively
associated with circulating (F) CXCL10, (G) CRP, (H) monocyte expression of CD13 and (I) monocyte expression of CD64. (J) The human antimicrobial host
defense peptide, hCAP18/LL-37 was positively associated with CRP. Data is shown as a dot for each participant. Shaded area represents 95% confidence

intervals

to monocyte activation and further production of inflam-
matory cytokines [55]. Circulating LPS was correlated
with the inflammatory chemokine, CXCL10 (Fig. 4C),
but had an inverse relationship with classical mono-
cytes expressing CCR2 (Fig. 4D). Surface expression of
CCR2 on the total monocyte population likewise had a
negative correlation with LPS. Monocytes expressing
high CCR?2 are the first to leave the bone marrow. Once
they have entered circulation, they are recruited to sites
of acute inflammation in response to CCL2/monocyte
chemoattractant protein-1 (MCP-1) or differentiate into
intermediate monocytes. We speculated that the inverse
relationship between classical monocytes express-
ing CCR2 and the circulating LPS levels was a result of
cells expressing the highest levels of CCR2 emigrating
from the circulation. In support of this, we found a mar-
ginal (P=0.06) correlation between circulating MCP-1
and LPS levels (Fig. 3E). Circulating kynurenine was

positively associated with CXCL10 (Fig. 4F) and CRP
(Fig. 4G). Levels of kynurenine in circulation also had a
positive association with monocyte activation markers
including CD13 and CD64 (Fig. 4H, I). Finally, we found
that circulating hCAP18/LL-37 levels were positively
associated with circulating CRP (Fig. 4J). Overall, these
data demonstrate that impaired intestinal barrier integ-
rity corresponds with higher inflammatory mediators.

Inflammation as a driver of gut permeability

To further examine the associations between our obser-
vations of the effects of age on peripheral monocytes,
soluble inflammatory mediators, intestinal barrier func-
tions, and their modification by biological sex, we used a
path analysis. Path analysis evaluates the extent to which
the relationship between two variables can be explained
by a third variable (the mediator). Although path analysis
based on cross-sectional data cannot prove causality, it
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can strengthen the case for a causal relationship between =~ CCR2-expressing classical monocytes, was not signifi-

exposure and outcome [36]. cant. This data indicates that changes in monocyte phe-
Herein, we evaluated whether the association between  notype mediates changes in barrier integrity with age.
age and sex (exposures) and impaired barrier function These findings were then considered in the context of

(outcome) was mediated by inflammation (mediator) mouse models. We hypothesized the most likely cause
or vice versa. We did independent mediation analysis  of enhanced gut permeability in old mice to be inflam-
on five separate markers of barrier dysfunction (zonu- mation derived from immigrating CCR2-expressing
lin, LPS, kynurenine, KT and hCAP18/LL-37) and eight  Ly6CM#" monocytes (the mouse equivalent to classical
markers of immune function (TNF, inflamm-aging [TNF, monocytes[CD14*CD167] in humans) [56]. Flow analy-
CRP, IL-6], CXCL10, CRP, monocyte numbers, monocyte  ses of peripheral blood collected from young (5-7 mo)
expression of CD13 and CD64 and classical monocytes and old (>18 mo) wild-type (WT) C57Bl/6 mice revealed
expression of CCR2). These parameters were selected as  an increase in the prevalence of Ly6C"8" monocytes in
they were the most likely to have an effect be mediated  old female but not old male mice (Fig. 5B), compatible
(ie., they changed with age or sex and there was a cor-  with our human data. Differentiation of theseLy6Chis
relation between immune and intestinal parameters). Of monocytes into intestinal macrophages could change
all the simulations, the only combination to have a medi-  the composition, phenotype, and function of intestinal
ated effect was between classical monocytes expressing  macrophages. Both human and mouse intestinal tissues
CCR2 and LPS with age. We found the amount of LPS  contain macrophages derived from circulating mono-
in circulation was mediated by CCR2-expressing clas- cytes and tissue-resident self-renewing populations [24,
sical monocytes wherein LPS in circulation increases 57]. As we previously observed that increase age-associ-
as CCR2-expressing classical monocytes decrease ated paracellular permeability was localized to the colon
(Fig. 5A). The reversal, LPS mediating an increase in  [10], we examined colon monocyte-derived macrophage
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Fig. 5 Intestinal barrier integrity is mediated by CCR2-expressing inflammatory monocytes in humans and mice. (A) Path analysis demonstrates that
chronological age has a direct effect on circulating LPS levels and CCR2-expressing classical monocytes(CD14*CD167) in humans. The amount of LPS
in circulation is mediated by the monocytes in peripheral blood wherein the CCR2-expressing monocytes in circulation decreased with an increasing
amount of circulating LPS. Effect estimates from the 100 simulations are shown in Table 4. In mice, (B)Ly6C“‘gh monocyte prevalence (as a proportion of
total CD45" leukocytes) increased in the circulation of old wild-type females, but not old males. (C) Monocyte-derived CD4~TIM4™ colon macrophages
have increased TNF expression in old mice. (D) Intestinal permeability, as measured by circulating FITC-dextran levels, increased in old wild-type females,
but not old males or old Thf”~ females who are missing age-associated inflammation. (E) There was an inverse relationship between CCR2-expressing
Ly6C"9" monocyte and FITC-dextran in the circulation of females, but not males or (F) Tnf”~ females. (G) Trans-epithelial electrical resistance (TEER) prior
to- and following- administration of 2pg/mL TNF showed reduced barrier integrity following cytokine challenge
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populations for evidence of increased inflammation.
We found thatCD4 TIM4~ monocyte-derived macro-
phages in old mice had increased intracellular expres-
sion of TNF (Fig. 5C). Using a non-terminal gavage of
3-5 kDa FITC-dextran and measuring translocation of
the FITC-dextran from the gut to the serum, we found
that old female mice had a significant increase in intes-
tinal permeability when compared to young mice and
age-matched males (Fig. 5D). To determine if the differ-
ences in barrier permeability correlated with the changes
in inflammatory monocytes, as we observed in humans,
we performed a Pearson correlation analysis between
CCR2-expressing  Ly6CM#" monocytes and intestinal
permeability (i.e. FITC-dextran). In agreement with the
human data, the results show a significant negative cor-
relation between circulating CCR2-expressing Ly6Cheh
monocytes and intestinal permeability in females but
not males (Fig. 5E). Thus, we reason that emigration of
CCR2-expressing Ly6C"8" monocytes from circulation
and into the colon, increases inflammation in the local
environment that reduces barrier integrity. Consistent
with this, we found that that old female Tuf’~ mice
that are missing age-associated inflammation, do not
have increased intestinal permeability, and the relation-
ship between CCR2-expressing Ly6CM¢" monocytes and
intestinal permeability is lost (Fig. 5D, F). We confirmed
that TNF reduces barrier function using TEER, con-
sistent with previous reports [58] (Fig. 5G). These find-
ings in mice support the interpretation from the human
data that immune remodeling resulting in inflamm-aging
exacerbate barrier dysfunction in females with age.

Discussion

Accumulating evidence suggests that inflamm-aging
may underlie the pathogenesis of aging conditions, but
whether biological sex contributes to the variations
in cellular immune populations or soluble inflamma-
tory factors that guide inflamm-aging, remains unclear.
Herein, we reported age- and sex-specific differences in
monocyte subsets and inflammatory mediators in the
circulation of healthy individuals aged 20 to 100 years.
We also considered whether age-associated increases
in inflammatory profiles were mediated by impaired
intestinal barrier function or vice versa. In contrast
to the prevailing theory developed in mouse models
[7, 8], the results show that impaired barrier function
resulting in circulating LPS may not be the mediator of
inflamm-aging. Rather, impaired barrier function is likely
a consequence of, or is exacerbated by, the low-grade
inflammation that increases with chronological age. The
results demonstrate that females are more likely to expe-
rience inflamm-aging, which, when combined with their
higher basal intestinal permeability, makes females more
likely to accrue peripheral blood LPS and kynurenine
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with age. The sex-specific differences in inflammatory
markers with age may be attributed to hormonal dif-
ferences, environmental influences, or lifestyle factors,
which warrant further investigation.

We show that age has a more pronounced impact
on monocyte prevalence, phenotype, and function in
females. In agreement with previous literature [59], there
was an age-associated increase in the relative proportion
of monocytes as a percentage of total leukocytes in both
sexes. However, only females had a significant increase
in total monocyte numbers, driven by an increase in
both classical and non-classical monocyte subsets. We
show that the increase in peripheral blood monocytes in
females was accompanied by marked changes in inflam-
matory profiles. Although both sexes had increased
peripheral blood chemokines with age (e.g. IL-8 and
CXCL10), only females had increased TNF and CRP,
indicative of inflamm-aging.

Earlier studies have suggested that inflamm-aging may
be a consequence of sub-clinically elevated levels of cir-
culating LPS [60]. The potential source of circulating LPS
may be derived from compromised intestinal barriers
or infections. In this study, we aimed to eliminate infec-
tions as a source of LPS by excluding participants who
required antibiotics within two weeks of sample collec-
tion. Investigation of intestinal barrier integrity revealed
sex-differences in non-invasive measures of barrier func-
tion. Females had consistently higher zonulin and lower
hCAP18/LL-37 detected in the circulation, as compared
to males. These observations indicate that females have
reduced barrier integrity [49, 50] and may be less able
to balance pro- and anti-inflammatory responses in
the intestine [50]. Surprisingly, the increased perme-
ability did not result in the passage of luminal contents
such as LPS into the bloodstream in young adults, and
there was no evidence that higher basal permeability in
females triggered inflamm-aging. In contrast, we show
that inflamm-aging was most likely the initial cause of
enhanced bacterial products in circulation of females.

In support of this, we show that the increase in circu-
lating LPS and kynurenine in females was robustly asso-
ciated with aging and correlated with age-associated
changes in chemokines, pro-inflammatory cytokines,
and inflammatory status (i.e. CRP). These data are in
agreement with previous studies, which have shown that
inflammatory mediators shunt tryptophan metabolism
towards its catabolite kynurenine, and that an increase in
the kynurenine to tryptophan ratio in blood is associated
with aging in humans [detailed in Ref [45]]. Additional
research to elucidate the primary source of kynuren-
ine (host vs. microbe) is needed in order to foster future
interventions to restore KT homeostasis. Finally, we
found an inverse relationship between CCR2-rich classi-
cal monocytes and LPS in circulation. We speculate that
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the inverse relationship between monocytes express-
ing CCR2 and the circulation of LPS levels is a result of
cells expressing the highest levels of CCR2 emigrating
from the circulation, but this would need to be experi-
mentally determined. Using a mediation analysis, we
demonstrated that the changes in circulating CCR2-rich
classical monocytes mediated the increase in LPS with
age, not vice versa. Collectively, this data demonstrates
that age-associated inflammation and monocyte migra-
tion may be responsible for the increase in bacterial LPS
and kynurenine in peripheral blood with age.

Conclusion

Taken together, our results suggest that higher basal
intestinal permeability in combination with age-associ-
ated inflammation, increases circulating bacterial prod-
ucts in females. Thus, targeting barrier function may
slow the progression of inflamm-aging, but is unlikely to
prevent it, whereas targeting inflamm-aging is likely to
reduce circulating endotoxin.
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