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Non-invasive health monitoring is advantageous for wild and captive primate populations
because it reduces the need for traditional invasive techniques (i.e., anesthetization) that
can be stressful and potentially harmful for individuals. The biomarker neopterin is an
emerging tool in primatology to measure immune activation and immunosenescence,
however, most neopterin studies have focused on catarrhine species with little
comparative work examining neopterin and health in platyrrhines. To address this
gap, we valdated a commercially available enzyme-linked immunosorbent assay
(ELISA) to measure urinary neopterin in two types of capuchin monkeys, a wild
population of white-faced capuchins (Cebus imitator) and a socially housed captive
colony of tufted capuchins (Sapajus apella). We analytically validated methods for
measuring urinary neopterin in two capuchin populations and demonstrated that two
commonly-used methods to control for urine concentration—creatinine and specific
gravity (SG)—produced highly concordant results. We also biologically validated these
methods by examining variation in neopterin levels based on environment (captive and
wild) and age, and changes in levels associated with immune-response. We found
that neopterin increased after immune perturbation (rabies vaccine booster), varied by
environmental condition, and mirrored expected trends in immune system ontogeny. Our
results improve understanding of the innate immune system in platyrrhine species and
suggest neopterin may be useful for non-invasive health monitoring in both captive and
wild primates.

Keywords: immune system, immunology, physiology, primate, non-invasive sampling, health monitoring

INTRODUCTION

Social animals, like non-human primates (primates hereafter), are at high risk of disease
transmission due to group living (1). The growing field of ecological immunology aims to examine
the relationships between ecological factors, disease, and parasite transmission in wild animal
populations by monitoring health and immune function. Traditionally, health monitoring methods
have required invasive interventions (e.g., blood draws) that require capture and anesthetization
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(2-4), stressful procedures that are difficult to conduct on
arboreal species and therefore impractical for longitudinal
monitoring. Non-invasive methods, such as measuring fecal
parasite load (5), dipstick urinalysis (6), and visual inspection
of body condition (7) allow for repetitive monitoring but often
lack precision and are inadequate to monitor immune system
processes associated with health and longevity.

Non-invasive sampling of the biomarker neopterin is a
promising tool for monitoring health and immune status in
wild primates. Urinary neopterin reflects activation of the innate
immune system, the body’s first line of defense against novel
pathogens (8, 9). Neopterin is excreted into body fluids by
macrophages and monocytes after stimulation from cytokine
interferon gamma. Increase in neopterin induces T-helper 1 cells
and declines when a measurable number of antibodies have
been created to fight the infection (10-13). Neopterin has been
used in clinical applications to monitor disease progression in
humans (14) and has been found to increase in urine after HIV
infection in macaque species (15-17) and respiratory infection
in bonobos and chimpanzees (18, 19). Urinary neopterin has
been validated and integrated into health monitoring studies in
a number of primate species (Pan troglodytes [chimpanzees; (18-
22)], Pan paniscus [bonobos; (18, 23)], Macaca sylvanus [barbary
macaques; (24)] and has been shown to vary with age (18, 23,
24), differ between environments [captivity vs. wild; (20)], and
respond to infection (18, 19).

Despite growing interest in utilizing neopterin as a biomarker
of health and immune response in primates, these studies have
focused predominantly on a small subset of primate species.
In particular, to date there is comparatively little research
on neopterin as a marker of health in platyrrhine primates.
Since 72 species of platyrrhines are vulnerable to extinction
[36 of which are endangered or critically endangered; (25)],
determining whether urinary neopterin can be used as an
effective biomarker of immune response in these predominantly
arboreal taxa is critical for monitoring the health of remaining
wild populations. Neopterin has been detected in urine in three
platyrrhine families (26) and in serum in one clinical experiment
with captive capuchins (27), suggesting that neopterin can be
measured in these taxa. Detecting neopterin is an important
first step; missing, however, is a detailed validation and
comparative analyses of whether neopterin functions similarly
as a biomarker of health and immune response in platyrrhine
primates as it does in catarrhines. In this paper, we analytically
and biologically validated urinary neopterin in two commonly
studied (and con-familial) platyrrhines, tufted and white-faced
capuchin monkeys.

Developing non-invasive markers of health for use in
capuchin monkeys is of specific interest for several reasons.
First, capuchins inhabit a wide variety of niches and exhibit
a high degree of ecological flexibility (28), thereby making
them a particularly interesting taxon in which to examine the
effects of ecological variability on health and immune function.
Second, their arboreal nature and small body sizes complicate
many traditional methods of health monitoring (2, 29).
Capuchins are also susceptible to intense anthropogenic

encroachment due to predicted expansion of intensive
agriculture in the neotropics (30) putting them at increased
risk of exposure to disease through contact with humans
(31, 32) and livestock (33). Validating urinary neopterin in
this species would permit its use to regularly monitor health
and immune function of both vulnerable wild capuchin
populations and in captive facilities where capuchins are
commonly used model species for biomedical and cognitive
research (34).

Our first goal was to develop and analytically validate methods
for measuring urinary neopterin in two populations of capuchin
monkeys: a wild population of white-faced capuchins (Cebus
imitator) in the Taboga Forest Reserve in Costa Rica and a
socially housed captive colony of tufted capuchins (Sapajus
apella) at Georgia State University. Specifically, we examined how
a commercially available competitive exclusion enzyme-linked
immunosorbent assay (ELISA) manufactured for human use
performed measuring neopterin in capuchin urine. In addition,
because neopterin levels vary with urine concentration, we
compared two commonly-used methods for detecting water
volume in urine in wild primates: creatinine and specific gravity
(SG). Creatinine, a byproduct of metabolic pathways in muscle
tissue excreted in urine, is the most common measure (16, 35—
37) but its methods are less field-friendly, more expensive, and
can be confounded by muscle-mass (38, 39). SG is a field-
friendly, cheaper alternative. SG is the ratio of the density of the
urine specimen to the density of water and increases with solute
concentration, but its utility has been debated due to the limited
comparative studies with creatine in both field primatology and
biomedical research (36, 37, 40).

Our second goal was to biologically validate these methods by
examining variation in neopterin levels as a function of immune-
response, environment, and age. Specifically, we examined
differences in neopterin: (1) in response to routine rabies
immunization, (2) between wild and captive conditions, and (3)
across age groups. To examine immune response activation, we
measured neopterin levels in the captive population of S. apella
prior to and after routine booster vaccination to confer immunity
to rabies. In children, urinary neopterin had been found to
increase following vaccination with the MMR vaccine (41). Thus,
we predicted that urinary neopterin would increase following
immunization with the rabies booster vaccine. Neopterin has
also been shown to differ among animals living under different
environmental conditions. Wild animals are thought to invest
more in their immune systems than their captive counterparts
and increased immune system investment in wild populations
has been shown in birds (42) and dolphins (43). In a recent
study on chimpanzees, neopterin was nearly twice as high in
wild vs. captive populations (20). Given this, we predicted
that neopterin would be elevated in wild compared to captive
individuals. Lastly, a common pattern among primates, and
humans, is that neopterin changes with age, specifically, it is
high in infants, decreases through juvenile and early adulthood,
and then increases again with advanced age (18, 21, 23, 44—
46). Thus, we predicted a similar pattern in both our wild and
captive populations.
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MATERIALS AND METHODS

Site Information
We collected C. imitator samples from two groups of habituated,
white-faced capuchins (26 individuals total) associated with
the Capuchinos de Taboga research project. The Capuchinos
de Taboga project is located in the Taboga Forest Reserve, a
516-ha tropical dry forest in Northwestern Costa Rica, owned
by the Universidad Técnica Nacional. Taboga Forest is subject
to extreme anthropogenic pressure but contains some of the
highest capuchin densities of any monitored forest fragment in
the country. The forest is surrounded by rice and sugarcane
farmland that has been intensively cultivated for more than
30 years; approximately 40% of the forest is within 100m
of an anthropogenic edge. The Taboga Forest Reserve is an
important piece of a fragmented biological corridor connecting
the Tempisque River Basin to the Guanacaste Mountains (47).
We collected S. apella samples from five long-term, stable
multimale-multifemale social groups and one bachelor male pair
(17 individuals total, out of 30 monkeys in the population) at
the Language Research Center (LRC) of Georgia State University.
This population consists of all subadult and adult monkeys
because it is not currently breeding for husbandry purposes
(males have been vasectomized). All six groups, including
the bachelor pair, live in large, indoor-outdoor enclosures.
Capuchins have access to the outdoors at all times unless they
have chosen to come inside for testing or during inclement
weather. All research at the LRC is non-invasive and consists of
cognitive and behavioral testing and non-invasive monitoring,
including behavioral observations and endocrinology sampling.
Our monkeys are trained to voluntarily enter test boxes affixed
to their indoor rooms if they choose to participate in the day’s
testing; when they do so, we can easily collect clean urine samples
from known individuals. Monkeys are fed a diet of fresh fruits
and vegetables, supplemented with high protein primate chow
several times a day and have ad libitum access to running
water, including during testing (water sources can be temporarily
turned off during urine collection to avoid contaminating urine
samples). All participation in testing is voluntary, and monkeys
are never deprived of food, water, or access to the outdoors or
social partners to motivate testing or sample collection (48).

Sample Collection

We collected a total of 62 samples from wild C. imitator
(Jun-Jul 2021). We identified all individuals based on their
physical characteristics and ages ranged from 5 weeks to 21
years. Ages were known for all individuals <5 years and
estimated (based on body condition) for all individuals >5
years. All individuals that we collected samples from appeared
healthy upon visual inspection. We collected urine samples
opportunistically between the hours of 5:30 AM and 5:00 PM,
primarily using the clean catch method (49) to avoid rainwater,
soil, and fecal contamination. We collected samples from leaves
only if they did not appear to be contaminated. We transferred
urine to 2ml vials with disposable pipets, immediately stored
samples in a portable cooler, and stored them in a —20°C freezer
at the end of the field day. We shipped samples via overnight

delivery on dry ice to the Core Assay Facility at the University
of Michigan and stored them in a —20°C freezer until analysis.

We collected a total of 56 samples from captive S. apella
(Aug-Nov 2021). We identified all individuals based on their
physical characteristics and ages ranged from 9 to 46 years. All
individuals that we collected samples from appeared healthy
upon visual inspection. We collected samples opportunistically
from sterilized, plastic trays placed in individual testing rooms
between the hours of 8:00 AM and 2:00 PM. We transferred urine
to 15 ml vials with disposable pipets, immediately stored samples
in a portable cooler, and transferred them to a —20°C freezer.
We then transported samples on ice to the Social Cognition and
Primate Behavior Lab at Emory University for analysis.

Out of 118 total samples we included 97 (mean =+ SD, 1258.3
£ 1257.2ng/mL corr. SG) in the analysis. To economize, we
only purchased five plates, which means we could only run 105
samples. Therefore, we excluded 13 samples (8 wild, 5 captive)
from the initial run, and we were unable to re-run 8 samples (6
wild, 2 captive) that exceeded our 15% intra-sample CVs. We
included 48 wild samples (mean + SD, 2074.4 &+ 1358.6 ng/mL
corr. SG) and 49 captive samples (458.8 = 188.5 ng/mL corr.
SG) in the analysis. Age range was not evenly distributed across
groups (Table 1), wild samples included only one old adult;
captive samples included no infant or juvenile samples (because
there are no infant or juvenile individuals in the population).

Sample Analysis

We analyzed C. imitator samples in the Core Assay Facility at
the University of Michigan and S. apella samples in the Social
Cognition and Primate Behavior Lab at Emory University. We
used a commercially available competitive exclusion neopterin
ELISA to measure neopterin levels in urine samples (Neopterin
ELISA, Ref. RE59321, IBL International GMBH, Hamburg,
Germany). The kit was originally manufactured for neopterin
detection in human serum, plasma, and urine. We thawed,
vortexed, and centrifuged all samples and diluted captive samples
to 1:64 and wild samples to 1:128 with manufacturer assay buffer.
We ran the assay following the manufacturer’s standard protocol.
We re-ran or discarded samples with a CV of 15% or higher.
Intra-assay variation of wild samples over two plates was 9.8%.
Inter-assay variation among the high pool controls was 15.2%
and the mid pool control was 2.7%. Intra-assay variation of
captive samples over three plates was 7.9%. Inter-assay variation
of high pool control was 6.4% and mid pool control was 11.2%.
Final neopterin concentration is expressed in jumol/L.

We controlled for sample water volume using both creatinine
and specific gravity (SG) to evaluate the suitability of each
method for urinary neopterin analysis. We measured creatinine
with a commercially available kit using the Jaffe reaction
(Creatinine detection kit, Ref. ADI907030A, Enzo Life Sciences
Inc., Farmingdale, NY). The kit was originally manufactured
for human, mouse, rat, dog, and monkey urine. We thawed,
vortexed, and centrifuged all samples and diluted captive samples
to 1:8 (if samples ran too high on the standard curve, we adjusted
the dilution to 1:16) and wild samples to 1:16 (if samples ran
too high on the standard curve, we adjusted dilution to 1:4),
with distilled water. We ran the assay using the manufacturer’s
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TABLE 1 | Sample information for wild and captive individuals.

Age class Captive (N/n) Wild (N/n) Total (N/n) Mean =+ SD (ng/mL corr. SG)
Infant (0-1yr) 0/0 3/3 3/3 4203.4 + 1513.0
Juveniles (2-8yr) 0/0 14/29 14/29 1803.6 + 1237.2
Adults (9-20yr) 9/31 8/15 17/46 990.3 + 1096.4

Old adults (21-40yr) 8/18 11 9/18 609.9 + 487.3

Total 17/49 26/48 43/97 1258.3 £ 1257.2

(N/n) Represents (total individuals/total samples). Sampling is uneven across age classes between wild and captive groups. The last column represents average neopterin (ng/mL corr.

SG) values for each group.

standard protocol. We re-ran or discarded samples with a CV of
15% or higher. Intra-assay variation of wild samples over 3 plates
was 3.3%. Inter-assay variation among the high pool controls was
10.5% and the low pool control was 13.7%. Inter-assay variation
of captive samples over two plates was 2.9%. Intra-assay variation
of high pool control was 1.8% and low pool control was 0.3%.
Final creatinine concentration is expressed in mol/L.

We measured SG using a handheld refractometer (Aichose,
Ref. SR0021-ATC) and used methods from Sacco et al. (26) for
sample correction. Captive SG mean was 1.0102 and wild SG
mean was 1.0195.

Analytical Validation

We assessed parallelism and accuracy to determine whether the
commercial assay effectively measured neopterin concentration
in capuchin urine samples. First, we created a wild sample
pool and a captive sample pool (representative of all age/sex
classes) and serially diluted the pools with manufacturer assay
buffer. Given our prediction that wild samples would have higher
neopterin concentrations, we adjusted the dilutions accordingly
(Wild: 1:16-1024, Captive: 1:4-256). We then ran the serial
dilutions and the kit standards on the same plate. Parallelism
can be verified both statistically and visually [e.g., (50)]. To assess
parallelism, we assigned the diluted pool sample that was closest
to 50% binding the concentration of the kit standard that was
closest to 50% binding. We then calculated concentrations for
the rest of the serial dilution by multiplying up and dividing
down the remaining serial dilution by the dilution factor. We
plotted the calculated concentrations of the serial dilution against
the kit standards and visually inspected whether the slopes
were parallel. We also assessed parallelism by examining the
interaction between the serial dilution and kit standard using
linear modeling. To assess accuracy, we added an aliquot of
each kit standard to our captive and wild pool at a 1:1 ratio
(i.e., 20 ul of standard: 20 ul of pool). We then calculated
the expected concentration of the spiked samples based on
the known concentration of the standards and pool. We then
compared the observed to expected values.

Biological Validation

Captive individuals received their rabies booster vaccines (Imrab
3, produced by Merial) during sample collection. We collected
post-vaccine samples from five individuals between 0 to 4
days after immunization and compared them to baseline
values collected before vaccination or more than 4 days after

vaccination. Rabies vaccines are administered by veterinarians
every 3 years, suggesting that individuals should have had
relatively lower immunity at the time of the booster.

Statistical Analysis

Analytical Analysis

To examine parallelism in our assays we fit multiple linear
models (Supplementary Tables 1, 2) using percent binding as the
outcome variable and compared them using Akaike information
criterion corrected for small sample sizes (AICc). We fit
models using the normal distribution, which has been used
to establish parallelism in previous publications (50) and the
beta distribution, which is more appropriate for data bounded
between zero and one (i.e., percent binding). The predictor
variables included log neopterin concentration (mol/L) and
type (the categorical variable for pool serial dilution or kit
standards). In one model we also included an interaction effect
between concentration and type to determine whether the slopes
of the two lines (serial dilution and kit standards) differed.

Similarly, we fit multiple linear mixed models (LMM)
(Supplementary Table 3) and compared them using AICc to
evaluate the relationship between creatinine (pumol/L corr. mol
creatinine) and SG-controlled (ng/ml corr. SG) neopterin values.
We built two models (1) an intercept model and (2) a model with
creatinine controlled neopterin values as the outcome variable
predicted by SG controlled neopterin values. In each model, we
included a random effect for individual with varying intercepts
to control for repeated sampling among individuals. We logged
creatinine and SG controlled neopterin values to meet Gaussian
model assumptions.

We also evaluated the effect of sex on urinary creatinine
(mol/L) to assess the extent to which muscle mass
might confound results. We compared two models
(Supplementary Table 4) (1) an intercept model and (2) a
model with sex as a predictor of urinary creatinine using
AICc and included a random effect for individual with varying
intercepts to control for repeated sampling among individuals
in both models. We logged creatinine values to meet Gaussian
model assumptions.

Biological Analysis

We assessed changes in urinary neopterin in response to the
vaccine by evaluating differences between baseline and post-
vaccination samples within individuals. To do this, we calculated
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the percent difference in means between baseline and post-
vaccination samples for each individual. We used z-scores to
measure standardized changes between the baseline and the
highest post-vaccination value and to determine p-values that
assessed the significance of these changes. Small sample sizes (n
= 5) and concerns about overfitting precluded the use of more
formal models for these comparisons.

We assessed the effects of environment and age on urinary
neopterin using multiple linear mixed models (LMMs) (n = 89)
and compared them using AICc. Neopterin concentration was
the outcome variable for all models but the predictor variables
differed among models. Predictors included environment, age,
age squared, and an interaction between environment and age
(Supplementary Tables 5, 6). All models included a random
effect for individual with varying intercepts to control for
repeated sampling among individuals. We scaled age in all
models for ease of interpretation of the polynomial results.

We built the same models for creatinine-controlled neopterin
and SG-controlled neopterin to compare the difference in results
between the two methods. We then visually inspected the
difference using coefficient plots. Both creatinine-controlled and
SG-controlled neopterin values were logged to meet Gaussian
model assumptions. We assessed the normality of all model
residuals by visually evaluating a histogram and Q-Q plot of the
residuals and confirmed assumptions were met for both models.
We conducted all analyses in R 4.1.3 (51). All data and code
necessary to replicate our results and produce our figures are
available at https://github.com/andrewjohnmarshall/neopterin_
validation.

RESULTS
Analytical Validation

Visual inspection suggests that pool serial dilutions were parallel
to the standard curve in the binding range of 20-80% for
both wild (Figure 1A) and captive (Figure 1B) individuals. We
found the beta distribution fit better for the intercept model;
but when we included the predictor variables, the two top
models were based on the normal distribution. For the wild
samples, the best-fitting model (91% of the model weight, )
did not include an interaction effect between log neopterin
concentration (wmol/L) and type (the categorical variable for
pool serial dilution or kit standards) indicating that the slopes
did not differ meaningfully by type. The next best-fitting model
(o = 8%) included the interaction effect but showed the
interaction between concentration and type is not a reliable
predictor of percent binding (Bconcentration*type = —0.0003, SE
= 0.0004). For the captive samples, the best-fitting model (w
= 76%) did not include an interaction effect between log
neopterin concentration and type indicating that the slopes did
not differ meaningfully by type. The next best-fitting model (w =
10%) included the interaction effect but showed the interaction
between concentration and type is not a reliable predictor of
percent binding (Bconcentration*type = —0.07, SE = 0.06).

For evaluation of accuracy, the average recovery for spiked
wild samples was 98.8 (range 86.8 — 109.5) and spiked captive
samples was 109.0 (range 102.23 - 123.9) (Table 2).

A WILD B CAPTIVE
100
80
Pool
£ o0
T
i
[11]
X
40
Standard
20
00 05 10 15 20 00 05 10 15 20
Log neopterin (nmol/L) Log neopterin (nmol/L)
FIGURE 1 | Percent binding of pool serial dilutions of (A) wild and (B) captive
individuals in relation to the standard curve.

Creatinine-controlled values were tightly correlated with
specific gravity (SG)-controlled values. The model of creatinine
and SG-controlled values performed better (w = 100%) than the
intercept model for creatinine-controlled values (w = 0%) and
SG-controlled values were a meaningful predictor of creatinine-
controlled values (BsGcontrolied = 2.0, SE = 1.05).

Urinary creatine values did not differ meaningfully between
females and males. The intercept model of urinary creatinine
(o = 79%) performed better than the model that included the
sex predictor (w = 21%) and sex was not a reliable predictor of
creatinine (Bsex = 1.19, SE = 1.29).

Biological Validation: Vaccine Response
Neopterin concentration increased after rabies booster
vaccination in four out of five individuals (mean percent
increase across all five subjects = 66%; Figure 2). Peak increase
occurred 2 days after vaccination, but neopterin remained
elevated until 4 days after vaccination compared to baseline
levels (Figure 3A). Neopterin increase post-vaccination is
statistically significant in two individuals only (p = 0.03 and
0.04), although all individuals except Irene showed increases in
neopterin levels post-vaccination (Figures 3A,B).

Model Results for Age and Environment

The results of the LMMs were consistent across models
(Figure 4) and all models held a meaningful portion of the
model weight (w > 3%). We saw minimal differences between
the creatinine-controlled and SG-controlled models (Figure 4).
Given that the values showed a tight correlation in the above
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TABLE 2 | Accuracy of urinary neopterin of pools in captive and wild individuals.

Pool Standard (nmol/L) Expected (nmol/L) Measured (nmol/L) Recovery (%)
Captive 0.0 2.6 3.3 123.9
0.7 3.3 3.4 102.5
2.0 4.6 5.4 116.4
6.0 8.6 9.0 104.6
18.5 21.1 221 104.3
55.0 58.1 59.6 102.5
Mean = 109.0
Wwild 0.0 6.3 5.4 86.8
0.7 10.0 6.4 92.3
2.0 8.3 8.0 96.6
6.0 12.3 12.6 102.9
18.5 24.8 26.0 104.9
55.0 61.8 67.6 109.5
Mean = 98.8

The pool (captive = 1:64 dilution, wild = 1:128) was spiked with 5 neopterin concentrations (kit standards).

o
o

o
N

o
o

Log neopterin (ng/mL corr. SG)
(&)
o

Baseline Post physical
FIGURE 2 | Difference between baseline and post-inoculation neopterin
concentrations. Boxplots show a 66% increase in mean neopterin
concentration 1 — 4 days after inoculation.

analysis, we report the results of the SG-controlled model
only. Since all of the SG-controlled LMMs held a substantial
portion of model weight, we averaged the models for ease
of interpretation and discussion. Environment was a reliable
predictor of neopterin concentration (B4 = 4.75, SE = 1.25);
the wild population had substantially higher neopterin than the
captive population (Figures 4, 5). Neopterin showed a modest
increase with age (Bage = 1.15, SE = 1.15) but we found a very
small interaction effect between age and environment (Bygerwild
= 0.74, SE = 1.22). We also found no effect for polynomial age
(Bagez = 0.99, SE = 1.00) but we found a modest effect of the

interaction between polynomial age and environment (B,ge2+ilg
= 1.69, SE = 1.25) showing that the wild population had a modest
convex trend in neopterin with age. Neopterin was elevated in
early and late-life (Figure 5).

DISCUSSION

In this study, we validated methods for collection and analysis
of urinary neopterin in capuchin monkeys. In line with our
predictions, we found that neopterin increased after immune
perturbation (rabies vaccine booster), varied by environmental
condition, and mirrored expected trends in immune system
ontogeny. Our results contribute to a growing number of studies
examining urinary neopterin as a biomarker of health in wild
primates, which to date have focused almost exclusively on
catarrhine primates. To our knowledge, this study presents the
first complete validation of urinary neopterin in a platyrrhine
species, highlighting both the effectiveness of commercially
available assay kits in measuring neopterin in capuchin urine
and the biological validity of using urinary neopterin as a health
monitoring tool in this taxon.

Results from this study support previous findings that urinary
neopterin can be measured in platyrrhine urine. Previous studies
have found that urinary neopterin is detectable via commercially
available assays in three platyrrhine families (26). Our study adds
to these findings in three key ways. First, it provides a complete
analytical validation for how urinary neopterin performs in
platyrrhine urine. While detection is a first step, there are two
key components necessary to assess the validity of an enzyme
immunoassay method: parallelism and accuracy (50, 52). We
found that, for capuchins, these kits perform well on both counts.

Second, we systematically compared two commonly used
methods that control for dilution of urine in neopterin analyses.
In line with previous research, we found that both creatinine and
specific gravity (SG) were tightly correlated (36, 37) suggesting
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that either can be used to standardize urinary neopterin. Some
wild primate urinary neopterin studies used SG to control for
urine dilution, most likely because it is a more field-friendly
and economical method to control for sample concentration
than creatinine assays (18, 19, 21-24, 26). We now know SG is
a sufficient method to control for urine dilution for neopterin
analysis in capuchin monkeys. We also found no meaningful
difference in creatinine levels between the sexes. Given these
findings, both creatinine and SG are suitable methods to control
for urine concentration in capuchins. We recommend using SG
because it is a more field-friendly and economical method to
control for sample concentration than creatinine assays.

Third, this study presents the first biological neopterin
validation in wild and captive capuchin species. In our captive
population, we saw an average 66% increase (Figure2) in
neopterin concentration 1 - 4 days after inoculation with
a rabies booster vaccine (Figure 3). Inoculation research in
children has shown a similar neopterin response to vaccination
with neopterin increasing following inoculation with a live
measles-mumps vaccine (41). An important distinction here
is that children exhibit an increase in neopterin after initial
vaccination but not following a booster shot. For the capuchins,
the rabies vaccine was a booster, thus the following increase
in neopterin levels could be a result of the adjuvant in the
IMRAB 3 rabies vaccine, meant to stimulate an immune
response. Additionally, the increase in neopterin levels could
suggest immunity was waning in this population at the time
of vaccination, causing a pronounced immune response. It
is possible the individual who did not exhibit an immune
response had a higher level of residual rabies immunity. More

research needs to be done, however, to fully understand the
relationship between neopterin and the immune response in
capuchins (e.g., the effects of inflammatory response and disease
on neopterin concentrations).

Previous studies have found a large degree of variability
in baseline neopterin in humans (53) and primates [barbary
macaques, (24); chimpanzees, (18, 19, 21, 22); bonobos, (23);
emperor tamarins, (26); saddle-back tamarins, (26)], making
it difficult to determine “normal”, baseline neopterin values
for primate species. Importantly, there is overlap between
baseline neopterin and neopterin after immune activation. This
pattern was seen in chimpanzees with respiratory infections
(18, 19) and humans with tuberculosis (53), making it difficult
to determine baseline neopterin vs. neopterin post innate
immune activation without within-subject comparison. Our
values show the same trend; baseline neopterin is variable
among individuals and some individuals’ baseline values
overlap the post-vaccination values of others (Figure 3).
We do not expect diurnal variation to cause differences in
neopterin values because neopterin does not vary diurnally
in bonobos (18) and it is excreted in surprisingly constant
proportions (11). Given the extreme variation in neopterin
among individuals, it is currently only appropriate to conduct
within-subject comparison when measuring innate immune
response. Innate immune activation may be individual-
specific, thus, neopterin may only be effectively used for
longitudinal individual sampling. However, it is also possible
that the variation within and between individuals could be a
result of underlying conditions or co-infections (26). Future
studies should employ individual longitudinal sampling to
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(B) The same four models fitted with creatinine-controlled values. The SG and
creatinine controlled models show similar results for the effect of age and
environment on neopterin.

evaluate expected individual variation and begin to answer
these questions. In particular, an understanding of expected
individual variation could help control for undiagnosed
underlying conditions/coinfections.

Our data show that wild capuchins have significantly higher
neopterin levels than captive capuchins. High neopterin in wild
populations suggests higher disease burdens and the need to
invest more in the innate immune system (20). In contrast,
captive animals live in much more sterilized environments with
strict protocols for food and habitat sanitation, no outside
source for conspecific disease transmission, access to preventative
medicine [e.g., parasite treatment, immunizations; (54)], and pest
control to limit vector-borne disease (55). Similarly, humans (56),
birds (42), and dolphins (43) show upregulation of the immune
system in environments with suspected higher pathogen load.

The environmental variables driving differences in neopterin
are probably not as simple as our captive vs. wild comparison
implies. Notably, our wild population lives in an area of high
anthropogenic disturbance (47) and animals in anthropogenic
environments are often subject to increased risk of zoonotic

©

(oo}

~

Captive

Log neopterin (ng/mL corr. SG)
(e}

0 10 20 30 40
Age

FIGURE 5 | Visual representation of LMM evaluating the effect of subject age
and environment on neopterin values. Shading represents 95% Cl.

disease and generally higher pathogen exposure (31, 33, 57).
Difference in neopterin between wild and captive individuals
may depend on degree of anthropogenic degradation in
the wild environment. Individuals living in more “pristine”
environments [i.e., bonobos; (23)] may show little difference
in immune activation from captive individuals because of the
shared evolutionary history with common pathogens in their
environment (23). Further, glucocorticoids are known to affect
immune system activation (58) and may differ between wild and
captive populations. However, no research, to our knowledge,
has investigated the connection between glucocorticoids and
neopterin. More research is needed on this kind of environmental
comparison to evaluate trends in innate immune activation in
response to environmental factors.

While there is little data providing strong comparisons
between closely related species, given that the immune system
is highly conserved across vertebrates (59, 60), we believe that
our results reflect differences in innate immune system activation
as a result of environmental conditions, rather than taxonomic
differences between Sapajus and Cebus. We note, however, that
comparison between different genera is a limitation in our study
and one that needs to be further addressed with a comparison on
a wild Sapajus or captive Cebus population.

Given the previous research on neopterin age trend, we
predicted that neopterin would be highest in early and late life.
Our predictions were largely met, however, the convex age trend
was only observed in the wild population because the captive
population did not include infants and juveniles (Table 1). The
captive population showed a neopterin increase with advanced
age indicating a convex trend would likely have been observed in
the captive population were we to have had samples from infants
and juveniles. This result is similar to other primate studies that
excluded infants and juveniles (24). Future studies should focus
on sampling a wide range of age classes to further investigate the
effects of age.
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The wild population shows a larger neopterin increase
in mid-late adulthood compared to the captive population
(Figure 5). Life history patterns differ between wild and
captive populations; captive individuals often have earlier
age of menarche, first birth, and shorter interbirth intervals
(61), probably due to relaxed environmental constraints
(e.g., food availability, disease). Neopterin increase with
immunosenescence may show similar differences between
wild and captive populations in that the captive immune
system senesces at a later age with decreased intensity.
Further comparative work is needed to understand how
immunosenescence differs between wild and captive populations.
Neopterin has potential as a marker of immune system ontogeny
because it mirrors expected change in immune system function
with age.

Our research contributes to the growing number of studies
integrating neopterin as a valuable maker of health and immune
status for wild primates. Specifically, we add an important
comparative data set, examining neopterin and immune response
in platyrrhine primates, that has been largely missing from
neopterin studies. It is our goal that the methods and findings
of this study spur more research on neopterin as a non-invasive
measure of health and longevity in platyrrhines. An important
future trajectory is using neopterin as a tool to study the effects of
anthropogenic perturbation on primates’ health, a necessity since
primates are increasingly utilizing anthropogenic environments
due to human encroachment (30). Captive facilities may also find
neopterin useful as a relatively quick and non-invasive measure
of health in captive individuals, for instance, to be used to track
at-risk animals non-invasively.
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