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Abstract

Background: Non-invasive biomarkers can facilitate health assessments in wild primate populations by reducing
the need for direct access to animals. Neopterin is a biomarker that is a product of the cell-mediated immune
response, with high levels being indicative of poor survival expectations in some cases. The measurement of urinary
neopterin concentration (UNC) has been validated as a method for monitoring cell-mediated immune system
activation in multiple catarrhine species, but to date there is no study testing its utility in the urine of platyrrhine
species. In this study, we collected urine samples across three platyrrhine families including small captive populations
of Leontopithecus rosalia and Pithecia pithecia, and larger wild populations of Leontocebus weddelli, Saguinus imperator,
Alouatta seniculus, and Plecturocebus toppini, to evaluate a commercial enzyme-linked immunosorbent assay (ELISA) for
the measurement of urinary neopterin in platyrrhines.

Results: Our results revealed measured UNC fell within the sensitivity range of the assay in all urine samples collected
from captive and wild platyrrhine study species via commercial ELISA, and results from several dilutions met
expectations. We found significant differences in the mean UNC across all study species. Most notably, we observed
higher UNC in the wild population of L. weddelli which is known to have two filarial nematode infections compared to
S. imperator, which only have one.

Conclusion: Our study confirms that neopterin is measurable via commercial ELISA in urine collected from captive and
wild individuals of six genera of platyrrhines across three different families. These findings promote the future utility of
UNC as a promising biomarker for field primatologists conducting research in Latin America to non-invasively evaluate
cell-mediated immune system activation from urine.
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Background
Health and disease monitoring in wildlife has an import-
ant role in modern conservation efforts [1, 2]. Identifying
health trends and evaluating disease prevalence and onset
not only allows for the prevention of disease transmission
to threatened populations, but also enhances our under-
standing of naturally occurring pathogen tolerance and
susceptibility in wild populations. Evaluating the health
status of wildlife allows researchers to anticipate the likeli-
hood of disease outbreaks and infection as well as predict
survival outcomes on an individual basis [3].

There are two general approaches to assessing wildlife
health. The first focuses on evaluating physiological
parameters associated with homeostasis and immune
system activity, such as temperature, blood pressure,
hematology or serum chemistry [4–13]. The second
approach focuses on biomarkers indicative of illness and
disease, which in some cases can be measured non-
invasively. Commonly measured parameters that adap-
tively change in response to the disruption of homeosta-
sis include cortisol measured in blood and feces [14–18],
the gut microbiome evaluated in feces [19–25], and c-
peptide measured in urine [26–29].
A little-explored but particularly promising

biomarker for field biologists is neopterin, or d-
erythro-trihydroxypropylpterin, which is a molecule
that is synthesized during the cell-mediated immune
response [30]. Neopterin is a pteridine derivative,
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secreted by monocytes and macrophages upon the ac-
tivation of cytokine interferon gamma (IFN-γ) [31].
The release of neopterin stimulates T-helper 1
(Th1) cell activation in immune responses to acute
stress, viruses, or inflammation [31, 32]. In humans,
elevated neopterin concentrations have been corre-
lated with severe viral (e.g., cytomegalovirus infec-
tions, influenza) and parasitic infections (e.g., acute
malaria) [31]. Neopterin concentrations have been
used for diagnosis and prognosis in individuals with
diseases that compromise immune responses, such as
HIV [33]. In addition to disease response, neopterin
is also associated with immunosenescence, or the age-
related decrease in cellular immune response [34–36].
Thus, neopterin is a reliable indicator of immune sys-
tem activity in cases of compromised health status in
humans.
Because the maintenance of a well-functioning im-

mune system is critical to survival and resistance to in-
fection based on human research [31], neopterin is a
promising method of evaluating risk factors for disease
transmission in threatened wildlife populations as well.
Neopterin concentrations can be measured in serum, ar-
terial blood, and urine using marker-specific immunoas-
says [31]. UNC is typically expressed as a ratio of
neopterin to urinary creatinine (Cr) to control for vari-
ation in urine density and concentration [31].
Urinary neopterin in particular is encouraging due to

its high stability even under field conditions without re-
frigeration. Heistermann and Higham [37] found that
urinary neopterin concentrations (UNC) can remain
stable in urine stored at room temperature without pre-
servatives for up to 21 days, however, urinary Cr is sensi-
tive to degradation and has been shown to decrease over
this same duration [37]. The degradation of Cr over time
can be corrected for by using the specific gravity (SG) of
the urine sample [38]. Short-term fecal and soil contam-
ination do not significantly degrade UNC; however,
UNC is sensitive to direct sunlight exposure and should
be stored in a dark place [37]. These factors make UNC
an ideal indicator for the immune status of wild non-
human primate populations.
Urinary neopterin, which can be sampled with relative

ease, has successfully been tested as an indicator of im-
mune system activation in four non-human primate spe-
cies over eight studies, five of which were in wild
populations [3, 36, 37, 39–43]. Behringer et al. [39]
found that two populations of wild chimpanzees (Pan
troglodytes) had higher UNC than captive chimpanzees,
suggesting that wild populations invest more energy into
immune function with respect to captive non-human
primates [39]. Elevated UNC was recorded in captive bo-
nobos (Pan paniscus) with respiratory infections [40],
captive SIV-infected rhesus macaques (Macaca mulatta)

[41, 42], and during a respiratory outbreak in a wild
population of chimpanzees [3]. Remarkably, elevated
UNC has also been observed in aging semi-free ranging
Barbary macaques (Macaca sylvanus), suggesting that
UNC may be an indicator of immunosenescence in non-
human primates [36]. UNC was also correlated with
serum neopterin and responsive to SIV-infection in cap-
tive rhesus macaques [42]. Although these studies have
confirmed that UNC can be used to accurately represent
and monitor changes in immune system activity in some
primates, it can be impacted by seasonal fluctuations
and temporal delays between the time of infection and
immune response [43]. Lohrich et al. [43] found seasonal
fluctuation in UNC of wild chimpanzees, with increased
levels corresponding to low ambient temperature. Thus,
UNC is a measure of monitoring immune function that
requires frequent sampling over time to adequately de-
tect changes in immune system activation during acute
outbreaks [31, 43].
The use of neopterin as a non-invasive biomarker in

platyrrhines is not well-represented in the literature.
Lahoz et al. (2009) measured neopterin in the plasma of
captive capuchins (Cebus apella) to assess the pharma-
cology of IFN β and suitability of platyrrhines as an ani-
mal model for IFN β research. They found that
neopterin plasma concentrations increased several hours
after subcutaneous injection of IFN β 1a, a type 1 inter-
feron that elicits immunomodulatory responses. Twenty-
four hours after injection, a three-fold change in neop-
terin concentrations was observed, with a slow return to
baseline levels after 48 h. This study demonstrated that
neopterin fluctuates in response to IFN β 1a in this spe-
cies, and that a commercially available ELISA kit allows
for precise quantification of changes in neopterin plasma
concentrations in C. apella [44]. This is the only study
to measure neopterin plasma concentrations in platyr-
rhines, and no studies have measured UNC in platyr-
rhines thus far. The divergent evolution of platyrrhines
is hypothesized to have contributed to the observed dif-
ferences in the structure and protein-coding regions of
other biomarkers, such as insulin and c-peptide [45],
that have contributed to reduced biological potency and
immunoreactivity of radioimmunoassays that were
otherwise successful for measurements in catarrhines.
Platyrrhines diverged from catarrhines ~ 37Ma [46];
thus, it is advisable to measure UNC across multiple
platyrrhine species. With 37 endangered primate species
in the Neotropics, 15 of which are critically endangered
[47], a stable biomarker of immune system activity could
also allow for future health monitoring and accurate as-
sessment of disease onset in platyrrhine populations. To
address this need, we aimed to evaluate a commercially
available neopterin ELISA for the detection of UNC
across three platyrrhine families. To facilitate future
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comparisons to previous studies that have employed
commercial neopterin kits [3, 36, 37, 39–44], we chose
to use the same commercial ELISA kit used in these
studies.

Results
Using a commercially available ELISA kit from IBL
International GmbH (Art. No. RE59321, Hamburg,
Germany), we successfully detected neopterin in urine
samples opportunistically collected from two golden lion
tamarins and two white-faced sakis living in captivity,
and 40 emperor tamarins, 30 saddleback tamarins, one
brown titi monkey, and one Colombian red howler mon-
key living in the wild.
We found no significant change in SG between the

time of collection and the time of analysis in Pithecia
pithecia (Wilcoxon signed-rank test, W = 11, p = 0.42),
Saguinus imperator (Wilcoxon signed-rank test, W =
1105, p = 0.71), and Leontocebus weddelli (Wilcoxon
signed-rank test, W = 598.5, p = 0.10) (Table 1). The
measured specific gravities for both samples collected
from the Alouatta seniculus and Plecturocebus toppini
individuals were the same at the time of collection and
time of analysis (Table 1). The small number of samples
collected from Leontopithecus rosalia (n = 2) precluded
our ability to use statistical tests to evaluate the signifi-
cance of SG changes, however, the observed difference
was only 0.001, a change that mirrors the non-
significant SG changes in the other study species (Table
1). We measured lower SG values in the urine of wild
species compared to captive species (Table 1); however,
null hypothesis statistical tests were inappropriate in this
instance due to potential species differences and the
small sample size from captive species (n = 7). Therefore,
we were unable to further explore the significance of
these differences between wild and captive individuals.
All urine samples were read photometrically at 405 nm

to measure UNC (Table 2). We demonstrated a signifi-
cant difference in the UNC measured in S. imperator
and L. weddelli (t (50.68) = 3.85, p < 0.001), as urine

samples collected from L. weddelli had a much higher
measured UNC on average (Table 2).
High and low controls were measured within the man-

ufacturer’s acceptable range across three different wave-
lengths. Measured UNC decreased at expected intervals
in accordance with each dilution factor (Fig. 1). The
mean standard deviation of measured UNC in L. wed-
delli and S. imperator, which were sampled multiple
times, was 38.50 ng/mL corr. SG, which is 3.9x and 7.8x
lower than the observed inter-individual standard devi-
ation across individuals of S. imperator and L. weddelli,
respectively (Table 2). The intra-individual variation was
further assessed using a paired t-test, which indicated
that intra-individual variation was non-significant in
these individuals (t (5) = − 0.92, p = 0.40).
We suggest that the minimum threshold for biologic-

ally significant variation in immune function would be
an effect size greater than chance (0.5). Considering
measured UNC values in L. weddelli and S. imperator in
our study, we calculated an effect size of 1.23. Calcula-
tions of sample size necessary to statistically differentiate
observed levels of UNC (β = 0.8, α = .05), using formula
½d ¼ m1−m2

σ � , suggests a minimum sample size of 14, and
near-equivalent sample sizes for all species is recom-
mended for such comparisons [48]. Conservatively, to
account for any additional variation, we recommend a
minimum sample size of 20 individuals per species for
future studies.

Discussion
We confirmed that the neopterin molecule is detectable
via commercial ELISA in the urine of three different
platyrrhine families (Atelidae, Callitrichidae, and Pithe-
ciidae) across six different genera. This is consistent with
the use of this assay to test neopterin in other primate
taxa [3, 36, 37, 39–44]. With nine biological validation
studies across non-human primates that confirm neop-
terin is a nonspecific biological marker for cell-mediated
immune function, this molecule can likely be used as a

Table 1 Summarized SG measurements of urine samples in this study. We sampled golden lion tamarins and white-faced sakis
living in captivity, and wild emperor tamarins, saddleback tamarins, a brown titi monkey, and a Colombian red howler monkey. n
denotes number of samples analyzed from each species

Sampling
location

Species n SG at time of collection SG at time of analysis

Mean Stdev. Mean Stdev.

Captive Leontopithecus rosalia 2 1.050 0.014 1.049 0.042

Pithecia pithecia 5 1.037 0.007 1.039 0.007

Field Saguinus imperator 46 1.012 0.006 1.011 0.005

Leontocebus weddelli 39 1.011 0.005 1.009 0.004

Alouatta seniculus 1 1.052a – 1.052a –

Plecturocebus toppini 1 1.014a – 1.014a –
aIndicates SG for a single sample, not a population mean
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non-invasive marker of immune system activation in
platyrrhines, accompanied by prior validation experi-
ments in untested species.
There was no significant change in measured SG be-

tween time of collection and time of analysis in these
species, which suggests that the degradation of Cr can
be inhibited by refrigeration. The variation in SG be-
tween the urine samples of captive and wild individuals
could be attributed to species differences, although we
hypothesize it is more likely due to diet. Unfortunately,
sample sizes precluded the statistical testing of this hy-
pothesis. Diet, however, can influence hydration and

consequently the concentration of solutes in urine, both
of which are reflected in the SG of urine samples [38].
However, the small sample size makes it difficult to con-
firm these are the only contributing factors to the SG
variation observed in this study. Additionally, urine sam-
ples collected from captive P. pithecia turned from yel-
low to a black color when exposed to the air post
collection, suggesting this individual had a rare inherited
disease called alkaptonuria. Because the urine had
turned black prior to performing the ELISA, it is pos-
sible that this impacted the colorimetric performance of
the ELISA from P. pithecia; however, diluting the

Table 2 Summarized urinary neopterin concentrations in this study. We sampled golden lion tamarins and white-faced sakis living
in captivity, and wild living emperor tamarins, saddleback tamarins, a brown titi monkey, and a Colombian red howler monkey. All
values are in ng/mL corrected based on SG, as listed in the methods. n denotes number of samples analyzed from each species

Species n Mean (ng/mL corr. SG) Median (ng/mL corr. SG) Stdev. (ng/mL corr. SG)

Leontopithecus rosalia 2 1364.82 1364.82 99.31

Pithecia pithecia 5 392.55 339.38 269.96

Saguinus imperator 46 186.98 149.85 167.69

Leontocebus weddelli 39 478.25 300.29 375.98

Alouatta seniculus 1 2060.31 – –

Plecturocebus toppini 1 1317.51 – –

Fig. 1 Measures of UNC in samples collected from captive Leontopithecus rosalia (n = 1) and Pithecia pithecia (n = 5) diluted to three dilution
factors. Samples were diluted in assay buffer and ran in duplicate. Data shown for P. pithecia is average ± standard deviation. No error bars are
shown for L. rosalia as there was only one sample included for this analysis
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samples 1:100 reduced the chance of interference in the
assay.
Behringer et al. [39] found significant differences

between the UNC of captive and wild chimpanzees, at-
tributing this variation to increased immune challenges
faced by wild chimpanzees [39]. Although we could not
perform such comparisons with these data, we believe
that comparing the immune status of captive and wild
platyrrhine taxa would be valuable in the future. Longi-
tudinal, repeated sampling from individuals across mul-
tiple seasons can facilitate the establishment of baseline
UNC for populations to explore trends that have been
observed in wild catarrhines, such as immunosenescence
[36] and elevated UNC during disease outbreak [3]. Our
power calculations indicate that minimum sample sizes
per species from either the wild or captivity are 14 (β =
0.8, α = .05), a difficult standard to achieve across mul-
tiple genera due to the limited number of animals in
captivity and the significant differences between captive
conditions across these individuals.
The large inter-individual variation observed in S. im-

perator and L. weddelli exceeded measured intra-
individual variation in individuals that were sampled
multiple times. The non-significant intra-individual vari-
ation indicates that these preliminary UNC data are
likely reliable measures of UNC on an individual basis
and justifies our choice to use a single sample for these
multiply sampled individuals in the rest of the analysis.
We speculate that the differences in the UNC measured
in samples from sympatric S. imperator and L. weddelli
could be attributed to two factors: variation in species-
specific baseline neopterin concentrations, varying de-
grees of parasite infection [49], or both. Inter-specific
variation is expected as there is notable variation in pub-
lished UNC values across catarrhine species [3, 36, 37,
39–44]. Within our study populations, L. weddelli has
been observed to have higher overall parasite species
richness and helminth prevalence compared to S. imper-
ator [49]. More specifically, L. weddelli are parasitized
by two filarial nematode species (Mansonella spp. and
Dipetalonema spp), compared to S. imperator that are
parasitized by just one (Dipetalonema spp.) [49]. Hel-
minth infections have been shown to interact with Th1
immune mechanisms and elevate neopterin levels [50],
which could explain the higher measured UNC in L.
weddelli compared to S. imperator.

Conclusion
In conclusion, we measured the presence of urinary
neopterin in platyrrhines, a non-invasive biomarker that
has been confirmed to be associated with cell-mediated
immune system activation in non-human primates [3,
36, 37, 39–44]. Future studies are necessary to determine
baseline UNC values across primate species to evaluate

health trends and assess the adaptive response of UNC
during the onset of disease and infection. Lahoz et al. [44]
provides promising evidence that elevated neopterin is
associated with increased immune system activity in one
platyrrhine species. Their findings, coupled with our pre-
liminary findings indicating higher measured UNC in L.
weddelli, which have known higher blood parasite infec-
tion in these populations, suggests that UNC can be
used as a measure to evaluate health status and disease
outbreaks in wild and captive platyrrhine populations to
predict survival outcomes in the future. It is likely that
UNC in these species mirrors the same seasonal fluctu-
ation of other non-human primates with similar time de-
lays following infections, thus frequent sampling is
recommended in future studies to adequately reflect the
dynamic immune system response observed in humans
and other non-human primates.

Methods
Captive sample collection
Seven urine samples were opportunistically collected
from two golden lion tamarins (L. rosalia) and two
white-faced saki monkeys (P. pithecia) in the Tropical
Rainforest exhibit at the Woodland Park Zoo, Seattle,
Washington from April 8 to 20, 2018. Five samples were
collected from P. pithecia and two samples were col-
lected from L. rosalia using swabs (Salivette® Cortisol,
Sarstedt, Nürmbrecht, Germany) previously validated for
non-invasive urine collection prior to UNC measure-
ment [51]. The Salivette collection device has an upper
compartment that houses a swab nested within a larger
tube. This upper compartment has a hole at the bottom
that allows for urine to be drawn out of the swab and
pool within the tube when centrifuged. Using sterile
technique, zookeepers removed the swab from the tube
and swiped it over the pooled urine to collect and ab-
sorb the sample in its entirety. The zookeepers then
used a manual oscillatory centrifuge composed of card-
board disks and string (a modified whirligig toy colloqui-
ally referred to as a “paperfuge”) [52] to generate enough
rotational force to recover the volume of urine absorbed
in the swab. Zookeepers were not able to positively con-
nect specific samples to individuals during captive sam-
ple collection. Urine samples were stored at 4–8 °C in a
refrigerator until analysis.

Field sample collection
The field study was performed at the Estacion Biologica
Rio Los Amigos (EBLA) (12°34′07″ S, 70°05′57″ W) in
the Madre de Dios Department of southeastern Peru in
collaboration with a longitudinal capture-and-release
program by Field Projects International [53]. In brief, an-
imals are habituated to a baited multi-compartment trap
that they enter voluntarily. Entire groups are processed
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simultaneously and released upon recovery at the same
trap site on the day of capture. Teams of five trained
wildlife handlers process animals using a novel two-step
anesthesia protocol [53]. Each individual is tagged per-
manently with a microchip (Home Again, Merck). Dur-
ing recovery from anesthesia, animals are placed in
individual holding cages with urine collection trays be-
neath that are checked every three minutes. For this
study, urine samples were opportunistically collected
from 40 emperor tamarins (S. imperator) and 34 saddle-
back tamarins (L. weddelli) during capture and release.
We collected urine samples that were uncontaminated
by soil, feces, or urine from other individuals. We col-
lected and analyzed multiple samples from three saddle-
back tamarins and three emperor tamarins to assess
intra-individual variation. Additionally, during primate
follows, urine samples were opportunistically collected
from one Colombian red howler monkey (A. seniculus)
and one brown titi monkey (P. toppini) using Salivette
collection devices (Salivette® Cortisol, Sarstedt, Nürm-
brecht, Germany) to recover urine from the surface of
leaves. All urine samples were stored immediately
upon collection in portable cool packs at a
temperature of 8 °C.

Sample storage and specific gravity
Upon return to the station, field samples were labeled in
more detail and 10 μL of urine were removed from each
sample using a sterile pipette to determine the specific
gravity using a handheld refractometer (Ade Optics Tri-
Scale Clinical Refractometer, Oregon City, USA) on the
day of collection. Samples collected from captive animals
by zookeepers also followed this protocol for measuring
SG at time of collection. The remaining volumes of the
recovered urine samples were then stored at room
temperature sheltered from direct sunlight until further
analysis. Urine samples from the field study were stored
in a freezer at − 5 to − 10 °C until sample analysis.

Urinary neopterin analyses
Samples from captive individuals were analyzed at
Central Washington University, whereas field sample
analyses were performed at The Green Lab, a molecu-
lar field laboratory at Inkaterra Guides Field Station
in Puerto Maldonado, Peru. To measure UNC, we
used a commercially available Neopterin ELISA kit
(Art. No. RE59321, IBL International GmbH, Ham-
burg, Germany) designed for quantifying neopterin in
human serum plasma and urine. For captive sample
analysis, three different dilution factors (1:10, 1:20,
and 1:100) were used to confirm that the ELISA
would identify neopterin in these species and to
evaluate the efficacy and cross-reactivity of the kit.
Previous work reported that a 1:100 dilution is

adequate for non-human primates [36] and is also
recommended by the manufacturer. Diluted samples
were mixed by inverting the sample tube three to
four times to fully homogenize the samples. All sam-
ples, standards, and controls were measured in dupli-
cate when possible given plate size constraints (only
two urine samples were measured once). The assay
was performed using the manufacturer’s instructions.
Briefly, following dilution, 20 μL of each sample,
100 μL of enzyme conjugate, and 50 μL antiserum
were added to each well on the 96-well plate pro-
vided in the kit. The plate was then covered with
black adhesive foil, wrapped in aluminum foil and in-
cubated at room temperature for 90 min. During this
time, every 90 s, the plate was gently manually shaken
three times side-to-side and three times forward and
backwards. Following the 90-min incubation period,
the plate was washed four times using the provided
wash buffer. Using a repeater pipette, 150 μL of tetra-
methylbenzidine substrate solution was added into
each well and incubated at room temperature for 10
min. The reaction was then stopped using 150 μL
stop solution. Although the manufacturer suggested
that the optical density be measured at 450 nm, due
to the filter availability constraints while in the field,
we decided to assess the efficacy of measuring the op-
tical density above and below the recommended
wavelength during captive samples analyses. To do so,
the optical density was read photometrically at 405,
450, and 490 nm using a BioTek Synergy 2 (BioTek
Instruments, Inc., Winooski, Vermont, USA). For field
sample analysis, optical density was then read at 405
and 490 nm using a BioRad Model 550 Microplate
Reader (BioRad Laboratories Inc., Hercules, California,
USA). Inter-assay coefficients of variation, which were
determined by repeated measurements of high and
low value controls in each assay, were 4.39 and
3.19%, respectively. A 4-Parameter Logistic standard
curve was used to calculate the neopterin concentra-
tion of each sample.
To account for differences in urine volume and con-

centration, SG-corrected neopterin concentrations were
calculated using the following formula (as per [54]):

SG corrected concentration ¼ raw value� SGmean−1:0ð Þ
SGsample−1:0
� �

The final SG value was used to control for variation in
urine volume, density, and concentration. A decrease in
SG is expected, corresponding to the degree of degrad-
ation of creatinine in the urine sample [37]. The final
neopterin concentrations were transformed from nmol/L
to ng/mL corr.SG following the manufacturer’s protocol.
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Statistical analyses
Parametric tests were used for data analyses following a
Gaussian distribution, verified by the Anderson-Darling
test. Statistical tests were not possible when analyzing the
results from the captive species due to their small sample
size and the low power of null hypothesis tests [48].
Therefore, we used descriptive statistics to evaluate mean
SG and UNC for each species population. Non-parametric
Wilcoxon signed-rank tests were performed to investigate
whether the SG of urine samples at the time of sample
collection significantly differed from the SG of samples at
the time of analysis. T-tests were used to compare UNC
in samples collected from S. imperator and L. weddelli.
Analyses were considered significant when p < 0.05. All
statistics were performed in R Studio 1.1.456.
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