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Identifying biomarkers of age-related changes in immune system functioning
that can be measured non-invasively is a significant step in progressing
research on immunosenescence and inflammaging in free-ranging and wild
animal populations. In the present study, we aimed to investigate the suitability
of two urinary compounds, neopterin and suPAR, as biomarkers of age-
related changes in immune activation and inflammation in a free-ranging
rhesus macaque (Macaca mulatta) population. We also investigated age-
associated variation in gene transcription from blood samples to understand
the underlying proximate mechanisms that drive age-related changes in
urinary neopterin or suPAR. Neopterin was significantly positively correlated
with age, and had a moderate within-individual repeatability, indicating it is
applicable as a biomarker of age-related changes. The age-related changes
in urinary neopterin are not apparently driven by an age-related increase in
the primary signaler of neopterin, IFN-y, but may be driven instead by an
age-related increase in both CD14+ and CD14— monocytes. sSuPAR was not
correlated with age, and had low repeatability within-individuals, indicating
that it is likely better suited to measure acute inflammation rather than
chronic age-related increases in inflammation (i.e., “inflammaging”). Neopterin
and suPAR had a correlation of 25%, indicating that they likely often signal
different processes, which if disentangled could provide a nuanced picture of
immune-system function and inflammation when measured in tandem.

immunosenescence, inflammaging, neopterin, suPAR, gene expression, aging,
transcriptomics, Macaca mulatta
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Introduction

Age-related changes in immune system function are
increasingly recognized as a key component in senescence and
the resulting health decline seen with increasing age (Franceschi
et al,, 2000; Fulop et al., 2018). The terms “immunosenescence”
and “inflammaging” have been coined to describe these late-
life changes in immune system function. Immunosenescence
refers to the decline in effectiveness of the immune system
and inflammaging refers to the increase in inflammatory
processes with age (Franceschi et al., 2000, 2018; Baylis et al,,
2013). Understanding the characteristics of age-related changes
in immune activation and inflammation is fundamental to
understanding the proximate and ultimate mechanisms driving
the phenomenon of aging. Much of our current understanding
of immunosenescence and inflammaging comes from research
on humans and laboratory animals (Franceschi et al.,, 2007;
Gruver et al., 2007; Frasca and Blomberg, 2016; Min and
Tatar, 2018). While valuable, this research comes with biases
and limits to its applicability. For example, socioeconomic
confounds in humans create challenges in disentangling the
biological vs. societal forces driving aging. In laboratory animals,
a lack of environmental and genetic diversity can sometimes
limit the translational value of the research. The use of
free-ranging animals living in naturalistic conditions provides
the opportunity to investigate how immunosenescence and
inflammaging are shaped by life-history, behavior, and ecology.

Identifying robust biomarkers of immune system function
that can be feasibly measured in wild populations is key
to extending laboratory and human research on age-related
immune system function to wild animal populations. In human
and model species, age-related changes in immune system
function are typically measured through blood sampling to
measure a range of physiological biomarkers [reviewed in
Peters et al. (2019)]. However, these invasive measurement
methods create both logistical and ethical challenges. This is
especially true for large mammal populations, where invasive
measurement often necessitates trapping and anesthetizing the
animals (Sapolsky, 1983; Huber et al., 1984; Ezenwa et al,
2010; Hoffman et al,, 2011). These challenges could at least
be partially solved by switching to non-invasive methods of
measuring health and aging in these populations. Urine and
feces provide avenues to collect physiological markers of health
non-invasively. These include urinary or fecal measurement
of glucocorticoid metabolites (Ostrowski et al., 2006; Jaimez
et al,, 2012; Mohlman et al., 2020), urinary C-peptide of insulin
(Emery Thompson and Knott, 2008; Higham et al., 2011; Sacco
et al., 2021), isotopes (Deschner et al., 2012; Vogel et al., 2012;
Rioux et al., 2019), fecal parasite load (Gillespie and Chapman,
2006; Nalubamba et al., 2012; Liu et al, 2022), and thyroid
hormones (Gobush et al., 2014; Cristobal-Azkarate et al., 2016).
These measures are generally indicative of energy mobilization
and allocation and may be linked to health, while some may
also be indirectly related to immune system activation and
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function. However, none of these measures provide a direct
quantification of immune system activation per se. The use of
validated biomarkers of immune-system functioning that can
be measured non-invasively in free-ranging animals is currently
quite limited.

Urinary measurement of neopterin and the soluble
urokinase Plasminogen Activator Receptor (suPAR), two
compounds that are regularly used in clinical settings to
assess disease progression (Eisenhut, 2013; Rasmussen et al,
2016), are excellent candidates as non-invasive biomarkers of
immune system function due to their broad roles in cellular
immune-system activation and inflammation. Neopterin
is a nucleotide synthesized by macrophages in response to
stimulation by inflammatory cytokines (Hamerlinck, 1999).
The protein suPAR is the soluble version of the urokinase-type
plasminogen activator receptor (uPAR) (Thuno et al.,, 2009).
suPAR originates from the cleavage and release of membrane-
bound uPAR following the binding of the protein urokinase.
Higher circulating concentrations of both neopterin and
suPAR in blood and urine are associated with higher levels of
immune system activation (Reibnegger et al., 1988; Thuno et al,,
2009). Both urinary suPAR and neopterin are used in clinical
settings to evaluate disease prognosis, as higher circulating
concentrations of both compounds are indicative of worse
disease outcomes for a range of conditions, including viral
infections (Fuchs et al.,, 1988; Andersen et al., 2008b), parasitic
infections (Brown et al., 1990; Ostrowski et al., 2005), malignant
tumors (Sucher et al., 20105 Liu et al., 2017), and autoimmune
diseases (Reibnegger et al., 1986; Pliyev and Menshikov, 2010).
Additionally, both neopterin and suPAR have been shown to be
good indicators of the level of low-grade inflammation among
otherwise healthy individuals (Thune et al, 2009; Capuron
et al, 2011). Increased levels of both circulating neopterin
(Reibnegger et al., 1988; Diamondstone et al., 1994; Schennach
et al., 2002; Wakabayashi et al., 2020) and suPAR (Haastrup
et al., 2014; Rasmussen et al., 2016, 2020; Haupt et al., 2019)
have been shown to be associated with age, suggesting they
may hold promise as broad biomarkers related to patterns of
inflammation and immunosenescence.

However, there are also notable differences between
neopterin and suPAR in their molecular function and resulting
clinical significance. Neopterin is indicative specifically of innate
immune system activation and is exclusively sensitive to cell-
mediated (Th1-1 type) responses (Hamerlinck, 1999), making
it a better prognostic tool in monitoring HIV progression
compared to suPAR (Nyamweya et al., 2012). Conversely,
suPAR is particularly active in wound healing, and is likely
a better prognostic indicator of tissue damage compared
to neopterin (Higham et al, 2020). Correlations between
circulating neopterin and suPAR in human clinical trials have
been reported between 0.38 and 0.41 (Nyamweya et al,, 2012;
Tahar et al,, 2016). As such, although both neopterin and suPAR
hold promise as age-related biomarkers, they reflect different
aspects of biology, and measuring both in tandem may provide

frontiersin.org


https://doi.org/10.3389/fevo.2022.1007052
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/

Cooper et al.

a fuller and more nuanced picture of patterns of immune
activation and inflammation.

Many characteristics inherent in neopterin and suPAR make
them well-suited for use in field work settings. Both compounds
are soluble in wurine, and urinary concentrations, when
adjusted according to urinary creatinine, correlate strongly with
circulating blood plasma concentrations (Fuchs et al.,, 1994;
Andersen et al., 2008a; Higham et al., 2015, 2020). This means
that both compounds can be collected non-invasively, removing
perhaps the largest logistical and ethical challenge associated
with studies on wild or free-ranging animals. Previous validation
studies have shown that both compounds are relatively robust
to freeze-thaw cycles and prolonged periods above freezing
temperature (Heistermann and Higham, 2015; Higham et al,,
2020), making them suitable for use in the field. Additionally,
individual fluctuations in suPAR (Sier et al., 1999) and neopterin
(Auzeby et al, 1989) concentrations across daylight hours
are negligible, such that measurements occurring at any time
during the day are comparable to one another, and researchers
need not restrict their sample collection to a narrow window
of time. Validation studies in captive rhesus macaques have
shown that urinary neopterin shows a sustained spike after
an immune system challenge while urinary suPAR shows a
sustained spike following tissue trauma, suggesting similar
functions of these compounds to those seen in humans (Higham
et al,, 2015, 2020). Recent studies have begun to investigate
the relationship between age and neopterin concentrations in
wild and free-ranging primate populations, including studies
amongst primarily juveniles (Behringer et al,, 2019, 2021), and
amongst adult individuals (Miiller et al., 2017; Dibakou et al,,
2020; Gonzalez et al., 2020; Negrey et al., 2021). In studies
of adults, some have found a significant increase in urinary
neopterin with increasing age (Miiller et al., 2017; Negrey et al,,
2021), while others have not found associations between age and
neopterin (Dibakou et al.,, 2020), or found a significant positive
association in some conditions, but not others (Gonzélez et al.,
2020). This may be because of the greater variability inherent
in wild and free-ranging populations, which leads to substantial
sample sizes needed to detect the relationship between age
and neopterin, rather than a lack of a consistent relationship.
Additionally, it may be that age-related differences in neopterin
can be observed only in populations in which large numbers
of advanced aged individuals are found. To our knowledge,
no studies have yet assessed the relationship between suPAR
and age in wild populations. Further study into suitability of
both neopterin and suPAR as biomarkers of aging and age-
related changes in immune system function and inflammation
is needed.

Immunosenescence is also reflected in transcriptional
changes in the blood (Herrero et al, 2002; de Magalhdes
et al,, 2009; Sidler et al,, 2013). Circulating levels of suPAR
or neopterin (i.e., the suPAR or neopterin phenotype) can
be traced to a variety of genes which may both directly and
indirectly influence their production. If these genes underlie
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the proximate mechanisms of age-related changes in urinary
suPAR and neopterin concentrations, then we would expect to
find age-associated gene expression changes in the respective
transcriptomes of younger vs. older individuals. The suPAR
phenotype is likely related to expression of at least two
genes, plasminogen activator, urokinase receptor (PLAUR), and
plasminogen activator, urokinase (PLAU). suPAR is formed by
the binding of urokinase to uPAR, which are two proteins
directly encoded by PLAU and PLAUR, respectively (Borglum
et al., 1992; Thune et al., 2009; Connolly et al., 2010). The
neopterin phenotype is likely related to expression of IFNG
(cytokine interferon-gamma [IFN-y]), as this cytokine primarily
stimulates neopterin production (Huber et al., 1984; Henderson
et al, 1991). Additionally, gene expression related to the
production of both monocyte or monocyte-derived cells may be
related to suPAR and neopterin production. suPAR is cleaved
from innate immune cells including monocytes (Estreicher
et al, 1990; Koch et al, 2014) and neopterin is synthesized
by monocytes and monocyte-derived cells (Huber et al,
1984). Classical (i.e., CD14+) and non-classical (i.e., CD14—)
monocytes are the cells most likely involved in the production
of neopterin and suPAR (Hearps et al.,, 2012; Koch et al,, 2014).

The free-ranging population of rhesus macaques on Cayo
Santiago, Puerto Rico, provide an excellent opportunity to
extend our current understanding of immunosenescence and
inflammaging beyond humans and laboratory animals. This
population lives in a naturalistic environment where they live
and die with minimal intervention, form their own social
groups and choose their own mates within a genetically diverse
population (Rawlins and Kessler, 1986). Cayo Santiago is
free of predators, and the rhesus macaques diet of wild-
growing flora is supplemented by commercial monkey chow and
ad libitum water to maintain their population level (Rawlins
and Kessler, 1986). Consequently, the Cayo Santiago rhesus
macaques live substantially longer than their wild counterparts
(Cooper et al,, 2022), and the primary causes of adult death
on the island are age-related diseases and injury (Kessler et al,,
2015). Although average lifespan for rhesus macaques that
survive to reproductive maturity (age of 3 years) is 11 years for
females and 10 years for males in this population (unpublished
data), reproductive senescence does not begin until 18 years
of age for the females in the population (Lee et al, 2021),
and the maximum recorded age is 31 for females and 29 for
males (unpublished data). These demographic conditions on
Cayo Santiago provide a unique avenue to investigate changes
in the immune system amongst older senescent individuals.
Additionally, there is translational value of aging research
on rhesus macaques given the phylogenetic and physiological
similarities between rhesus macaques and humans (Chiou et al,,
2020), which allow us to build upon and draw connections
between the substantial human clinical research on neopterin
and suPAR, and research on the free-ranging rhesus macaques.

In this study we investigate the suitability of neopterin
and suPAR as non-invasive biomarkers of age-related changes
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in immune system function and inflammation in our study
population. We aim to illuminate the age-related patterns of
neopterin and suPAR both at the phenotypic and transcriptional
level. In order to understand the compounds at the phenotypic
level, we use urinary neopterin and suPAR concentrations
generated from 354 urine samples from 165 individuals. Here
we investigate: (1) associations between neopterin and suPAR
concentrations and age; (2) repeatability of neopterin and
suPAR within individuals; and the (3) correlation between
suPAR and neopterin within individual samples. We then use
gene expression data generated from a separate dataset of
505 blood samples from 406 individuals to investigate age-
related changes in expression of genes that are either directly
or indirectly related to neopterin and suPAR production. This
gene expression dataset was produced as part of a separate study
on primarily different individuals within the population. While
there was an overlap of 48 individuals from whom we have both
urine and blood samples, since the blood samples were taken
between 2 and 7 years prior to when urine collection began,
we are unable to investigate within-individual correlations
between urinary phenotypes and gene expression. Using this
gene expression dataset, we investigate (4) associations between
age and neopterin- and suPAR-related gene expression.

Materials and methods

Study site and subjects

This study focuses on the free-ranging population of rhesus
macaques located on Cayo Santiago, a 15.2 hectare island
approximately 1 km off the southeastern coast of Puerto Rico.
The population is composed of approximately 1,500 individuals
that are all the descendants of 409 wild-caught Indian rhesus
macaques that were brought to the island for research purposes
in 1938. The population is minimally managed. There is
minimal medical intervention on the island, monkeys freely
roam and form their own social groups (Rawlins and Kessler,
1986), and there is no evidence of inbreeding depression
(Widdig et al., 2017).

Urine sample collection

Since we aimed to identify aging phenotypes, we selected
study subjects across the entirety of the adult life. Study
subjects ranged in age from 3 to 28 years old (female average
age = 13.0 years, male average age = 12.4 years). We sampled
165 unique individuals (67 male, 98 female) from two social
groups (group V and group F). Between February 2020 and June
2021 we collected 354 samples, with an average of 2.1 £ 1.4
measurements per individual. Since the urinary assay for suPAR
required a larger urine volume than neopterin, we were not
able to assay suPAR for a subset of the samples. Consequently,
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the final sample size for suPAR measurements was 301 samples
across 160 individuals.

Urine samples were collected by trained field technicians.
No samples were collected during a period spanning October to
part way through January, as during this period monkeys were
being captured for routine measurements under anesthesia,
and no other samples could be collected. During sample
collection, between two and six technicians collected samples
opportunistically from focal individuals 5 days per week,
between the hours of 7:00 am. and 2:00 p.m. Immediately
upon observation of a focal individual urinating, samples
were collected from the ground or foliage using a disposable
pipette, and then transferred to a vial and put on ice until
transfer to a —80°C freezer at 2:30 p.m. Since soil and
fecal matter may influence suPAR concentration (Higham
et al,, 2020), care was taken to exclude any such extraneous
material at the time of sample collection by cleaning samples
in the field. The cleaning of samples involves allowing any
sediment to settle for several minutes in the collected sample,
before siphoning off the liquid, insuring the exclusion of
any form of debris. We shipped samples on dry ice to
New York University to be assayed. Urine samples thawed
during shipping but arrived cold with a small amount of
dry ice still in the box. We compared concentrations of
neopterin and suPAR between the thawed samples and samples
which were taken from the same individuals but that did
not thaw during transport, and for both neopterin values
(t = —3.95, df = 454.41, p-value = 1), and suPAR values
(t = 092, df = 647.53, p-value =
did not have significantly lower concentrations than unthawed

0.18), thawed samples

samples.

Urine measurement

We measured urinary neopterin and suPAR using
commercial ELISA kits (neopterin: IBL International Cat.
No. RE59321; suPAR: RayBiotech Cat. No. ELH-uPAR-1),
performed according to the manufacturer’s instructions for
each. Both the neopterin kit (Higham et al,, 2015), and the
suPAR kit (Higham et al, 2020) have been described and
validated for use in rhesus macaques previously. Sample
duplicates with a coefficient of variation (CV) greater than
15% were rerun. Samples which fell outside of the linear range
of the assay were rerun at either a lower or higher dilution
value to bring the sample within the linear range. Inter-assay
variation, determined by the CVs calculated by high- and
low-value quality controls, was 12% (high) and 9% (low) for
neopterin, and 15% (high) and 12% (low) for suPAR. Intra-assay
CVs were less than 11% for neopterin, and less than 10% for
suPAR. We corrected each sample for urine concentration by
indexing neopterin and suPAR values to urinary creatinine
concentrations, measured using the Jaffe reaction, as described
elsewhere (Bahr et al., 2000).
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Blood collection, RNA extraction, and
sequencing

In order to investigate how gene expression related to the
neopterin and suPAR phenotypes changes across age, we used
gene expression data collected as part of an ongoing study.
The complete dataset has been published and described in
detail elsewhere (Watowich et al., 2022). In brief, whole blood
was drawn from sedated rhesus macaques by veterinary staff.
A 2.5 mL blood sample was collected in a PAXgene Blood RNA
Tube (PreAnalytiX GmbH) and stored at room temperature
for 2-4 h before being transferred to 4°C for 24 h and finally
to —80°C for long-term storage until RNA extraction. We
included data from a total of 505 blood samples collected
from 406 adults (221 male and 185 female) belonging to 9
different social groups between the years of 2013 to 2018. The
ages of these individuals at the time of sampling ranged from
3 to 28 years, with an average age of 8.6 years. A detailed
description of RNA extraction and sequencing protocols is
provided in Watowich et al. (2022). In short, RNA from 457
samples was extracted using MagMAX for Stabilized Blood
Tubes RNA Isolation Kits (Thermo Fisher; Cat. No. 4451893)
and 48 samples using the PAXgene Blood RNA Kit IVD (Qiagen,
Cat. No. 762164) following the standard protocols for each
procedure. RNA sequencing libraries were prepared following
the TM3'Seq protocol from Pallares et al. (2020) and sequenced
on an [llumina NovaSeq S2 flowcell. cDNA reads were mapped
to the Mmul_10 M. mulatta reference assembly.

This conducted following ASAB/ABS
guidelines for the ethical treatment of animals. All data were

research  was

collected following protocols approved by the University of
Puerto Rico Institutional Animal Care and Use Committee
(protocol number: A6850108).

Statistical analysis

We performed all statistical analyses using R software,
version 4.2.0 (R Core Team, 2022). Both neopterin and suPAR
(measured in ng/mg creatinine) were log-transformed for all
analyses in order to satisfy normality assumptions (i.e., so that
residual variance was normally distributed). To determine the
association between age and urinary neopterin and suPAR,
we ran linear mixed models for each biomarker separately.
Both models included the same fixed and random effects. We
included age (in years), sex, and social group (group F or group
V) as fixed effects. We included individual ID as a random
effect to control for the non-independence of the repeated
measures of individuals. We included the month of collection
as a random effect since it has been previously shown for
neopterin that urinary markers of immune activation can vary
at the population level between months, likely as a consequence
of monthly metabolic differences related to the seasonality of
reproduction (Petersen et al.,, 2021). To determine whether there
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may be any non-linear associations between age and either
neopterin or suPAR, we also ran the same models as described
above but with the inclusions of second order, and then third
order polynomials of the “age” variable. For both neopterin and
suPAR the models containing only a first order “age” term had
the lowest AIC scores, and so we only present the results of these
models.

To quantify the consistency of urinary neopterin and suPAR
phenotypes within individuals, we calculated the repeatability
(also known as the intra-class correlation coefficient) for each of
the two compounds. Repeatability measures the proportion of
total variance attributable to between-individual variance, with
a higher repeatability indicative of lower phenotypic fluctuation
within-individuals and larger differences in mean phenotype
between individuals (Nakagawa and Schielzeth, 2010). To
calculate repeatability for each compound, we used a simple
random-effect regression model which included individual ID
as the sole random effect, and then divided the residual variance
by the total variance as estimated by this model. Using the rptR
package in R, we calculated 95% confidence intervals using 1,000
parametric bootstrapped samples, for both neopterin and suPAR
(Nakagawa and Schielzeth, 2010).

To determine if urinary neopterin and suPAR were
correlated with each other, we calculated the repeated measures
correlation (r) between the two compounds. The repeated
measures correlation quantifies the correlation between paired
measures (i.e., taken from the same individual urine sample)
while simultaneously controlling for the non-independence
of repeated sampling within-individuals (Bland and Altman,
1995). For this analysis we z-transformed concentrations (in
ng/mg creatinine) of (log-transformed) neopterin and suPAR
so that the scales of the measures were comparable. We
used the r package rmcorr to calculate the repeated measures
correlation and the 95% confidence interval for neopterin
and suPAR using 1,000 parametric bootstrapped samples
(Bakdash and Marusich, 2017).

We investigated age-related gene expression changes
in IFNG (ENSMMUGO00000056408), PLAUR (ENSMMUG
00000004616), and PLAU (ENSMMUG00000009906). We
tested for differential gene expression across ages by modeling
the effects of age and sex on normalized PLAUR gene expression
using the R package EMMREML while controlling for effects
of RNA quality and relatedness between individuals (Akdemir
and Godfrey, 2015). Lastly, we characterized the extent to which
monocyte-specific marker genes were associated with age to
illuminate how neopterin and suPAR-producing cells may be
affected by aging. We identified genes that are preferentially
expressed in monocytes (ie., “marker genes”) from single-
cell RNA sequencing of peripheral blood mononuclear cells
in rhesus macaques [details in Watowich et al. (2022)]. We
then used resampling to test whether CD14+ and CDI14—
monocytes marker genes exhibited significantly stronger aging
effect sizes compared to a random sample of the same number
of genes.
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Results

Aim 1: Associations between neopterin
and suPAR concentrations and age

There was a significant positive relationship between age and
urinary neopterin with the model predicting an average increase
in neopterin of 38% over 10 years of aging (B = 0.034 & 0.011;
p < 0.01, Figure 1A and Table 1). There was no significant
association between suPAR and age (B 0.029 4+ 0.024;
p = 0.23, Figure 1B and Table 1). There were significantly

higher neopterin concentrations in females than in males
(B = —0.21 £ 0.10; p = 0.04, Figure 1A and Table 1),
but there was no sex difference in suPAR concentrations
(B =—0.1540.23; p = 0.53, Figure 1B and Table 1). We found
no effect of social group on the urinary concentration of either
compound (Table 1).

TABLE 1 Relationships between log-transformed values of urinary (i)
neopterin and (ii) suPAR measured in ng/mg creatinine.

Predictors Estimates CI P

i. Neopterin

(Intercept) 4.62 4.25-5.00 <0.001
Age 0.03 0.01-0.06 0.001
Sex [male] —0.21 —0.41 to —0.01 0.037
Group [V] —0.04 —0.25t00.16 0.684
ii. suPAR

(Intercept) —2.07 —2.87to —1.26 <0.001
Age 0.03 —0.02 t0 0.08 0.234
Sex [male] —0.15 —0.61t0 0.31 0.527
Group [V] 0.46 —0.01t0 0.93 0.053

CI, 95% confidence interval. Each model controls for the random effects individual ID
and month of collection (neopterin: Vip = 0.13, V,yop = 0.06; suPAR: Vip = 0.24,
Vinonth = 0.15). P-values < 0.05 are shown in bold.
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Aim 2: Repeatability of neopterin and
suPAR within individuals

We calculated repeatability (R) for both neopterin and
suPAR in order to quantify the phenotypic consistency of
these urinary measures within-individuals, across the 15-month
study period. We found moderate repeatability for neopterin
(R=0.27,95% CI: [0.13-0.41]), and low repeatability for suPAR
(R=0.07, CL: 0-0.21). These results indicate that approximately
27% of the variance in neopterin measures was attributable to
between-individual differences, while only approximately 7%
of variance in suPAR measures was attributable to between-
individual differences.

Aim 3: Correlation between suPAR and
neopterin

We calculated the repeated measures correlation (r) between
paired samples of neopterin and suPAR to determine the extent
to which these compounds are indicative of the same health
or environmental conditions within an individual monkey and
timepoint. The magnitude of the repeated measures correlation
was moderate (r = 0.25) and the bootstrapped confidence
intervals indicated this correlation was significant (95% CIL:
[0.05, 0.43], p < 0.01, Figure 2).

Aim 4: Associations between age and
neopterin- and suPAR-related gene
expression

Since circulating neopterin is likely to be directly influenced

by IFNG and circulating suPAR is likely to be directly influenced
by PLAUR and PLAU, we tested if each of these three genes were
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Standardized Neopterin Concentration

Standardized suPAR Concentration

FIGURE 2

Correlation between z-transformed values of (log) urinary
neopterin and suPAR (ng/mg creatinine) measured within the
same urine samples. The thick black line represents the overall
correlation. Each colored point represents a single urine sample
from which both neopterin and suPAR were measured. Colored
lines represent individual random slopes (i.e., an individual's rate
of change in neopterin following an increase in sUPAR within
that individual).

differentially expressed across age. Contrary to expectations,
none of these three genes were significantly associated with age
(IENG: B = 0.013, p = 0.20; PLAUR: = —0.004, p = 0.87;
PLAU B = 0.022, p = 0.32). However, it is important to
note that there were a substantial number of samples where
these genes were not detectably expressed (i.e., there were no
RNA-seq reads that mapped to the gene), indicating the genes
were very lowly expressed. There were only 20 non-zeros for
IENG (4% of sample), 285 non-zeros for PLAUR (52% of
sample), and 208 non-zeros for PLAU (38% of sample). This
low level of expression likely reduced our power to detect
a statistically significant association, especially in the case of
the IFNG gene. Further, we tested whether genes that were
markers of CD14+ and CD14— monocytes were more likely
to be associated with age than expected by chance. We found
that the median effect size of marker genes of both monocyte
types were significantly more likely to be positively associated
with age (CD14+: B = 2.85, p = 0; CD14—: B = 248, p = 0;
Figure 3).

Discussion

In the present study, we aimed to investigate the
suitability of two urinary compounds, neopterin and
suPAR, as biomarkers of age-related changes in immune
inflammation

system function and in a free-ranging

primate population. We found that while urinary neopterin
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FIGURE 3

Marker genes for CD14—- and CD14+ monocytes were more
highly expressed among older individuals compared to younger
individuals (p = O; as indicated by the * symbol). Marker genes
significantly associated with aging are fully colored, marker
genes not significantly associated with aging at a 10% FDR are
unfilled.

and suPAR are moderately correlated with one another,
only neopterin had a significant association with age.
Neopterin had moderate repeatability within-individuals,
and suPAR had lower repeatability, indicating that both
are moderately to highly plastic within individuals. The
investigation into age-related gene expression showed
that while the expression of genes related to the signaling
or activation of neopterin and suPAR did not change
significantly with age, marker genes of two types of
monocytes which produce neopterin and suPAR, CDI14+
and CDI14— monocytes, were more highly expressed in
older individuals.

The results of this study indicate that urinary neopterin
is a viable non-invasive biomarker of age-related changes
in immune activation and function, as there was a strong
correlation between neopterin and age. The increase in
neopterin with age is indicative of higher levels of innate
immune activity in these older individuals (Gieseg et al,
1995; Hoffmann et al,, 1996; Schobersberger et al, 1996;
1999). This heightened
in older age groups could be a consequence of many
different The

neopterin may be directly related to the phenomenon of

Hamerlinck, immune activity

factors. age-related increase in urinary

immunosenescence, such that declines in some aspects of
immune system function with age results in increasing
susceptibility to degenerative diseases and infections,
causing age-related differences in neopterin. Alternatively,
but the

neopterin and age may be driven by senescent processes

not mutually-exclusively, association between
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indirectly related to the immune system, such as physical
declines with age that increase the risk of injury and
infection. It's also possible that non-senescent processes
that are simply associated with increased age drive the
association between neopterin and age. For example, social
behavioral shifts with age may influence an individual’s
risk of communicable disease transmission (Siracusa et al,
2022), consequently causing an increase in neopterin with
age. Since the present study only covered a period of
17 months and thus only tracks within-individual changes
in neopterin over a relatively short time period compared
to the full adult lifespan of rhesus macaques, it is also
possible that the association between neopterin and age
is a consequence of cohort-level differences in neopterin
concentrations, rather than within-individual changes over
age. However, given that a positive association between
neopterin and age has been shown in other non-human
primate populations (Miiller et al, 2017; Gonzilez et al,
2020; Negrey et al, 2021), as well as extensively in human
populations (Reibnegger et al, 1988; Diamondstone et al.,
1994; Schennach et al., 2002; Wakabayashi et al., 2020),
the most parsimonious conclusion is that the association
between neopterin and age is a consequence of within-
individual senescent, or otherwise age-related, processes,
rather than a unique cohort effect within the Cayo Santiago
rhesus macaques.

The age-related increase of urinary neopterin in the
Cayo Santiago rhesus macaques population over adulthood is
comparable in magnitude to what has been found in other
primate populations. The vast majority of neopterin research
has been on humans. In humans, the rate of neopterin
change with age, while significant, is typically small, with
only a 20% increase in (log) neopterin reported over a
cross-sectional 49 year period of adulthood in one study
(Diamondstone et al., 1994). In free ranging Barbary macaques
(log) neopterin increased by 4% over a comparable period
of adult lifespan of 10 years in their cross-sectional sample
(Miiller et al, 2017). In our study, age-related differences
are such that (log) neopterin is 6.6% higher per 10 years
of adulthood (which reflects a 38% change in absolute
neopterin concentrations). The similarities between these
findings suggest that the physiological, physical, or behavioral
factors influencing neopterin concentration differences across
age may also be comparable and conserved across the
primate order.

suPAR concentration was not significantly correlated
with age in our study. While many human studies have
found a positive correlation between suPAR and age
2016; Haupt
et al, 2019), some studies have not found a significant
correlation (Wittenhagen et al,, 2004; Koch et al, 2011).
It is not entirely clear what variables are determining

(Haastrup et al., 2014; Rasmussen et al,

why some studies have found a significant correlation
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between suPAR and age while others have not, although it
is notable that studies with sample sizes in the hundreds
typically do not find a significant correlation between
suPAR and age, while studies with sample sizes in the
thousands have found a significantly positive correlation.
Our findings in this study, coupled with the considerably
large number of subjects that are apparently needed in
order to detect a correlation between suPAR and age in the
human literature, suggest that urinary neopterin is likely
a more informative biomarker of age-related changes in
immune function than suPAR. However, suPAR still holds
promise as a broad biomarker of inflammation, as it is
commonly used in humans already (Thuno et al, 2009
Rasmussen et al.,, 2016), and has been validated to effectively
indicate inflammation in rhesus macaques (Higham et al,
2020).

Similar to patterns observed in humans (Nyamweya
et al, 2012; Tahar et al, 2016), we found that neopterin
and suPAR measures were significantly correlated within-
individuals within-timepoints in the rhesus macaques. This is
unsurprising given that neopterin and suPAR are broad markers
of changes in immune system activation and inflammation,
and are thus likely to respond similarly to a range of
stimuli. However, the magnitude of the correlation between
neopterin and suPAR was only 25%, indicating that although
neopterin and suPAR respond similarly to some environmental
or physiological triggers, there are clearly many instances
where they do not. The results of this study demonstrate
that aging is one variable to which suPAR and neopterin
do not respond in the same way. There is currently a
dearth of empirical research on how different specific types
of immune activation might influence neopterin and suPAR
separately [but see Higham et al. (2020)]. A better understanding
of the physiological and environmental drivers of these
compounds individually will provide opportunities to use their
measurement in tandem to illuminate and disentangle which
physiological and environmental triggers an individual has been
exposed to.

The repeatability of neopterin or suPAR is a measure
of how consistent concentrations of the compound are on
average within individuals across repeated measures. These
repeated measures in this study were taken at different
timepoints, typically several months apart. suPAR had a low
repeatability of 7%, indicating that within-individuals suPAR
concentrations are quite stochastic, and likely spike acutely
and frequently to environmental stimuli. The repeatability
of neopterin was 27%, indicating that neopterin levels are
considerably plastic within-individuals, and may respond
regularly to environmental stimuli with acute spikes, before
returning to a relatively consistent within-individual baseline.
For neopterin, the 95% confidence intervals of the repeatability
estimate spanned a range from 13 to 41%, indicating that
we have relatively low precision in this estimate, and the
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true estimate of repeatability may be substantially lower or
higher than 27%. The repeatability estimate for suPAR also
had a wide confidence interval, with the estimated repeatability
falling between 0 and 21%, suggesting a range from moderately
low to low repeatability. The low repeatability of suPAR
may be indicative of why it is not a good biomarker of
age-related changes. This is because the more stochastic
variance there is in any biomarker, the more statistical
power is needed to identify a relationship between that
biomarker and a continuous within-individual physiological
state, such as aging. Indeed, in our models the magnitude
0.034 £ 0.011)
is approximately the same as the magnitude of the effect
of age on suPAR (B = 0.029 £ 0.024). It is only a
consequence of the larger standard error and resulting
95% interval in the suPAR model that the
age effect is non-significant. Thus, it is possible that with

of the effect of age on neopterin (B =

confidence

a larger sample size the precision of the model could
improve and a positive association between suPAR and age
may be revealed.

The gene expression analysis indicated that while genes
that directly signal neopterin or form into suPAR did not
differ across age, there was an increase in markers of monocyte
expression, a primary producer of both compounds. The
lack of age-related change in the two genes which encode
the proteins which bind to form suPAR, the PLAUR and
PLAU genes, is unsurprising given the lack of age-related
change in urinary suPAR concentrations. We observed
that expression of the gene that encodes the cytokine
IENG,
trended toward increasing across aging, but did not reach

which primarily signals neopterin production,
significance, perhaps unsurprisingly as we only detected
IFNG in 20 samples. However, this lack of association over
aging could also indicate that the biochemical pathway
driving increased neopterin with age is not an increase
in IFN-y. It is also possible that IFN-y receptors become
more sensitized to signaling neopterin with increasing
Lastly, since both CDI14+ and CDI14— monocyte
markers increase in expression with age, it may be that

age.

the increased availability of these types of cells which
produce neopterin are the biochemical drivers of increasing
neopterin with age.

To our knowledge, this is the first study to measure both
urinary neopterin and suPAR simultaneously in a free-ranging
animal population, as well as the first study to investigate the
transcriptomic changes that may be driving any age-related
change in neopterin or suPAR. Our findings clearly indicate
that neopterin collected non-invasively through urine is a viable
method for measuring age-related changes in immune system
functioning. We found that these changes are not driven by
an age-related increase in expression of the primary signaler
of neopterin, IFN-y, but may be driven by an increase in
both CD14+ and CD14— monocytes instead. suPAR was not
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correlated with age and had low repeatability within-individuals,
indicating that it is likely better suited to measuring acute
inflammation rather than chronic inflammaging. The continued
sampling within-individuals across their entire adulthoods, as
well as time-matched phenotypic and genomic date within-
individuals, will provide opportunities to quantify variation
of within-individual aging patterns. Further study is needed
to elucidate the proximate and ultimate drivers of neopterin
and suPAR beyond the effect of aging. Consideration of
demographic and behavioral variables including reproduction,
injury, social status, social connection, parturition, and death
will all provide valuable avenues for understanding both the
causes and consequences of elevated neopterin or suPAR.
A more thorough understanding of the factors driving the
concentrations of neopterin and suPAR within individuals will
further open up opportunities to use these compounds to
measure health, aging, and eco-evolutionary dynamics in free-
ranging and wild populations non-invasively.
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