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ABSTRACT

Investigating how individuals adjust their investment into distinct components of the immune system under
natural conditions necessitates to develop immune phenotyping tools that reflect the activation of specific im-
mune components that can be measured directly in the field. Here, we examined individual variation of plasma
neopterin, a biomarker of Thl immunity in wild mandrills (Mandrillus sphinx), who are naturally exposed to a
suite of parasites, including simian retroviruses and malaria agents. We analyzed a total of 201 plasma samples
from 99 individuals and examined the effect of sex, age, social rank, reproductive state and disease status on
neopterin levels. We found higher neopterin concentrations in males than females, but were unable to disen-
tangle this effect from possible confounding effects of retroviral infections, which affect nearly all adult males,
but hardly any females. We further detected a non-linear age effect with heightened neopterin levels in early and
late life. In addition, adult males that harbored very high parasitaemia for Plasmodium gonderi also showed high
neopterin levels. There was no effect of social rank in either male or female mandrills, and no effect of female
reproductive state. Taken together, these results indicate that plasma neopterin may prove useful to investigate
individual variation in investment into specific immune components, as well as to monitor the dynamics of
immune responses to naturally occurring diseases that elicit a Thl immune response.

1. Introduction

In addition, evolutionary models may often fail to integrate the
plurality of immune responses. For example, adaptive immunity has

Understanding the selective pressures shaping the immune system
requires an integrative approach acknowledging the complexity of
immune responses in their natural environment. However, immunity
has been primarily studied in the laboratory on a limited number of
model species and in highly controlled environments with limited ex-
posure to infection (Gardner and Luciw, 2008; Maizels and Nussey,
2013; Pedersen and Babayan, 2011). In contrast, natural environments
are characterized by a great diversity of pathogenic communities, by
intense competition between individuals due to resource limitation, as
well as by variation in abiotic conditions such as humidity and/or
temperature (Lazzaro and Little, 2009; Martin et al., 2008).
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two main components: the Thl and the Th2 immune responses
(Janeway et al., 2005). The Thl component is triggered in response to
intracellular viruses and bacteria and is relayed by cell effectors such as
CD8* cytotoxic T cells, macrophages, monocytes and dendritic cells
(Pamer, 2009; Welsh et al., 2010). In contrast, the Th2 component is
effective against extracellular pathogens, including most bacteria and
macroparasites, and is mediated by antibodies produced by activated
CD4" T cells, IgE, and eosinophils (Anthony et al., 2007). The
activation of one component generally down-regulates the other
(Janeway et al., 2005), and increasing empirical evidence indicates a
negative correlation across individuals in the ability to mount a Thl
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versus a Th2 response (Ezenwa et al., 2010; Lienhardt et al., 2002),
which may be, at least party, genetically determined (Else et al., 1990,
1993; Ezenwa et al., 2010). In rodents, helminthic parasitism is gen-
erally characterized by an up-regulation of the Th2 response and a
down-regulation of the Thl pathway (Bleay et al., 2007), in buffaloes,
parasite clearance increased Thl-activity in treated individuals
(Ezenwa and Jolles, 2015; Ezenwa et al., 2010). In addition, sexual
differences in the Th1/Th2 balance have been demonstrated in several
vertebrates (Alexander and Stimson, 1988): females generally show a
predominant Th2 response compared to males (Schuurs and Verheul,
1990), and are therefore generally more resistant to a diversity of
macroparasites (Klein, 2000; Zuk and McKean, 1996). It is therefore
possible that trade-offs between immune function and reproduction or
other functions may have operated differentially on distinct compo-
nents of the immune response (Long and Nanthakumar, 2004) and it
becomes important to investigate individual variation in specific
markers of the Thl versus Th2 immunity.

Here we investigate variation in plasma neopterin concentrations in
a natural population of mandrills (Mandrillus sphinx) from Southern
Gabon, for which detailed information on life-history, behaviour,
physiology and health is available. Indeed, neopterin may represent a
useful candidate marker of the activation of the Th1 response which can
be relatively easily quantified from wild individuals. Neopterin is a
pteridine released by specific immune cells, primarily macrophages and
monocytes, during the activation of a Thl specific immune response
(Mosser and Edwards, 2008; Widner et al., 2000) upon their stimulation
by IFNy, and to a much lesser extent [IFNa and other cytokines such as
IL-2 (Murr et al., 2002). Neopterin production is thus typically asso-
ciated to the synthesis of IFNy, which can be released by innate or
adaptive immune cells; in particular natural killer (NK) cells are an
important early and transient innate source of IFNy. The production of
IFNYy is subsequently relayed by Th1 cells during the specific adaptive
immune response, resulting in the continuous synthesis of neopterin
(Mosser and Edwards, 2008). Neopterin is thus considered as a marker
of the activation of innate or specific Th1l immunity (Murr et al., 2002).

Neopterin levels from blood and urine are highly correlated
(Heistermann and Higham, 2015), due to renal clearance and relatively
long half-life of circulating neopterin (90min in humans: Fuchs et al.,
1994), and neopterin is highly stable in samples obtained and stored
under field conditions (Heistermann and Higham, 2015). Nevertheless,
neopterin levels are also highly variable within individuals, since they
reflect the dynamics of immune response that vary with the nature and
the course of an infection. Increases in neopterin levels are typically
observed in human patients suffering from diseases involving Th1l im-
munity such as viral infections, for example HIV-1 infection (Denz
et al., 1990; Fuchs et al., 1990; Murr et al., 2002; Mildvan et al., 2005;
De Rosa et al., 2011; Arshadi et al., 2013) but also acute viral hepatitis,
influenza, mumps, or measles (Murr et al., 2002). In addition, auto-
immune diseases (Balazs et al., 2012; Nasonov et al., 2000; Sucher
et al., 2010) including Crohn's disease (Husain et al., 2013; Prior et al.,
1986), some parasitic diseases such as malaria (Reibnegger et al., 1984,
1987), and some bacterial diseases involving intracellular bacteria such
as Mycobacterium tuberculosis may also result in elevated neopterin
production (Murr et al., 2002). In nonhuman primates, heightened
plasma neopterin is associated with increased activation of T-cells in
mandrills that are co-infected by SIV (simian immunodeficiency virus)
and STLV (simian T-cell leukemia virus) (Greenwood et al., 2014;
Souquieére et al., 2014). In captive macaques, SIV infection is associated
to elevated neopterin concentrations (Higham et al., 2015), and urinary
neopterin levels increase during a period of respiratory infection in
bonobos and chimpanzees (Behringer et al., 2017; Lohrich et al., 2018;
Wu et al., 2018). Finally, in Barbary macaques, urinary neopterin levels
increase with age, which has been interpreted as a marker of im-
munosenescence (Miiller et al., 2017).

Wild non-human primates represent interesting models in eco-im-
munology because they are phylogenetically close to humans, and

199

IJP: Parasites and Wildlife 11 (2020) 198-206

therefore represent a potential source of zoonoses (Burgos-Rodriguez,
2011). Such proximity also facilitates the application of methods devel-
oped for humans to non-human primates. In addition, detailed field stu-
dies on wild non-human primates have gathered valuable datasets on the
ecology, life-history and health of many individuals, and thus provide key
opportunities to understand individual variation in immune phenotypes,
as is the case of our field study of mandrills. Mandrills live in large mul-
timale-multifemale social groups, and are characterized by intense male-
male competition and pronounced sexual size dimorphism (Setchell et al.,
2001). Dominant male mandrills generally produce higher testosterone
levels than subordinates, in response to high levels of reproductive com-
petition (Wickings and Dixson, 1992) and face high risks of injuries during
the mating season (Abernethy et al., 2002; Bercovitch, 1993; Brockmeyer
et al., 2015). Consequently, we may expect variation across sexes and
individuals in physiological and immune performances. Finally, wild
mandrills are natural carriers of simian retroviruses, such as SIV and STLV
(Onanga et al., 2006; Souquiére et al., 2012, 2001). They also carry two
species of Plasmodium: Plasmodium gonderi and P. mandrilli (Charpentier
et al., 2019). An earlier study in this population investigated variations in
fecal neopterin levels and failed to detect any effects of injuries, gut
parasitism or any other individual traits, suggesting that fecal neopterin
levels may not represent a relevant phenotyping tool to monitor immune
activity in wild non-human primates (Dibakou et al., 2019).

In this follow-up study, we first investigate individual differences in
plasma neopterin levels in relation to sex, age, and social rank to test
whether plasma neopterin may serve as a specific Thl immune phe-
notyping tool. Additionally, we investigate the links between plasma
neopterin and individual disease status. We focus here on the retrovirus
SIV, which is known to elicit a Thl immune response in mandrills
(Souquiere et al., 2014), and two species of Plasmodium which might be
expected to trigger an activation of Thl immunity (Reibnegger et al.,
1987, 1984).

2. Materiel and methods
2.1. Study population

The study was conducted from April 2012 to April 2016 on a free-
ranging non-provisioned population of ca. 160 habituated mandrills (in
April 2016) living in a private park (Lékédi Park) and its vicinity, in
Southern Gabon (see for details on the study population: Poirotte et al.,
2016). This population is monitored daily within the framework of a
long-term field project (“Mandrillus Project”). Every day, we collect
detailed data on life-history, behaviour, physiology and health of in-
dividually-recognized individuals (Brockmeyer et al., 2015; Poirotte
et al., 2017).

2.2. Individual characteristics

In the statistical models detailed below, we considered the effect of
different individual traits such as sex, age, dominance rank and female
reproductive status on plasma neopterin concentrations.

2.2.1. Age

Age in years was determined for all studied individuals. Individual's
date of birth was exactly known or approximated to a few days for 42
animals and estimated based on body size and condition and patterns of
tooth eruption and wear for the 57 other individuals (Galbany et al.,
2014). The error made for these latter animals was, however, estimated
to be less than a year for 40 of them. Other individuals were fully adult.

2.2.2. Dominance rank

Hierarchies were determined from patterns of approach-avoidance
interactions obtained from ad libitum and focal data pooled together
and using the corrected David's score to rank individuals (David, 1987;
as per: Charpentier et al., 2018). Ranks are not comparable in males and
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females, we therefore studied their impact on neopterin concentrations
separately. Females were classified in three categories of rank with a
balanced sample size across these categories (high-ranking, medium-
ranking, low-ranking females). Males were classified as either alpha (5
males representing 9 samples) or subordinates (12 males representing
20 samples). Indeed, the alpha male shows clear behavioral char-
acteristics, distinct from all other males: he is generally frequently as-
sociated with females and monopolizes a large proportion of matings
(Charpentier et al., 2005).

2.2.3. Female reproductive status

We determined the menstrual cycle of sexually mature females by
visual inspection of their perineal skin. Females were considered cy-
cling when they presented a visible sexual swelling of any size around
the ano-genital area (Dixson, 1983). Gestation period was further de-
duced from patterns of birth and by the presence of a particular pink
swelling (Setchell et al., 2002). Finally, the lactation period en-
compassed the six first months of an infant's life (Charpentier et al.,
2018).

2.2.4. Ecological and reproductive season

In Gabon, there are four climatic seasons characterized by a marked
long rainy season (Feb-May) and a long dry season (Jun-Sept), in ad-
dition to a short rainy season (Oct-Nov), and a short dry season
(Dec—Jan). The ecological seasonality was described by the cumulated
rainfall (mm) within 30 days preceding sample collection. Daily rainfall
records were downloaded from the NASA website (https://disc.gsfc.
nasa.gov/) for the geographic region of interest (GPS coordinates:
1°4527”S 12°57’22”E for the top left corner, and 1°50’35”S 13°01’19”E
for the bottom right corner) during the study period.

In addition, in the studied mandrills, most females are sexually re-
ceptive from April to September, leading to an overall increase in male-
male aggression (See Fig. 1 in: Dibakou et al., 2019). We further con-
sidered the reproductive season (Apr-Sept) vs. the non-reproductive
season (Oct-Mar) as a discrete proxy to describe reproductive season-
ality.

2.3. Trapping and blood collection

Across the study period, five main trapping sessions occurred (Apr,
2012; Sep 2012, Apr, 2013; Jul 2014, Dec 2015). Individuals were
darted and anesthetized with an intramuscular injection of a mixture of
ketamine and xylazine (see for details: Charpentier et al., 2018). During
these sessions, we gathered a variety of biological samples which have
been used to document various aspects of individual health and im-
munity. In particular, we collected a total of 201 blood samples from
the 99 trapped individuals (mean number of samples per in-
dividual + SD: 2.03 = 1.21; range: 1-7) of both sexes and all ages,
from which we obtained neopterin concentrations. Plasma samples
obtained after centrifugation (3000 rpm for 15 min) were immediately
stored frozen at —20 °C before analyses that occurred in June 2017.

2.4. Plasma neopterin concentrations

We assessed plasma neopterin concentrations using commercial
neopterin ELISA kits (#RE59321; IBL International GmbH, Germany)
and following the manufacturer's protocol. We deposited, in duplicates,
20 pL of standards, controls (with known concentrations) and plasma
samples into wells of the microtiter plate coated with a goat anti-rabbit
antibody. We added 100 pL of enzyme conjugate and 50 pL of neopterin
antiserum into each well. We covered the microtiter plate with a black
adhesive foil and incubated it by gently vortexing the plate in the dark
for 90 min. After incubation, we removed the adhesive foil and washed
the plate four times with 300 pL of diluted wash buffer. We then added
150 pL of substrate solution into each well and incubated the plate for
10 min. We stopped the reaction by adding 150 pL of stop solution into
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each well. Finally, optical densities (OD) of the assayed samples were
read using a microplate photometer with a 450 nm filter (Multiskan
FC). Neopterin concentrations (in nmol/L) were deduced by fitting
averaged OD on standard curves and were reliably obtained for 201
plasma samples for which duplicates showed a coefficient of varia-
tion < 10% (mean * SD: 4.0% =+ 2.8%). These samples were col-
lected on a total of 53 males and 46 females aged 0.1-21.3 yrs.

2.5. Analytical validation

For each plate, we verified that the two internal quality controls
yielded concentrations in acceptable ranges (control 1: 3.3-7.6 nmol/L;
control 2: 13.1-27.1 nmol/L). We calculated inter-assay coefficients of
variation using repeated concentrations of each of these two internal
quality controls of low and high concentrations, run in each assay. CV
were 29.9% and 23.3%, respectively. We then calculated parallelism
using four serial dilutions of five mandrill blood samples
(Supplementary Table S1). The slope of the standard curve was com-
pared to the five slopes of the antibody binding using an ANCOVA (SAS
Studio). Slopes were found parallel for all five samples (Supplementary
Table S1). Finally, we measured spike recovery accuracy by adding
standards of known concentration to each of the five blood samples
(Supplementary Table S2). When comparing the expected concentra-
tions of mixes with the observed concentrations, we found a correlation
of 95.1% and a mean accuracy of 105.5 * 9.4 (Supplementary Table
S2).

2.6. Plasmodium determination

We evaluated the impact of Plasmodium parasitaemia on neopterin
concentrations and performed qPCRs designed to amplify two different
fragments located in the cytochrome b gene, one specific of P. mandrilli
(106bp) and the other of P. gonderi (188bp), as previously described
(Charpentier et al., 2019). In the studied mandrills, average prevalences
were 33.0-41.1% (female-male, resp.) for P. mandrilli and 37.6-43.9%
(female-male, resp.) for P. gonderi (and see: Charpentier et al., 2019). In
our sample, parasitaemia ranged from 1 to 1,267,280 copies in females
per pl of blood (median: 0; mean * SD: 61 = 216 after excluding one
outlier - i.e. > 130,000 copies) and 1-273,424 copies in males (median:
0; mean * SD: 540 + 3182 after excluding two outliers) for P.
mandrilli and from 1 to 2,551,395 copies in females (median: O;
mean * SD: 1296 + 8247 after excluding one outlier) and from 1 to
100,182 copies in males (median: 0; mean = SD: 1614 # 10,154) for
P. gonderi. Both parasitaemia were uncorrelated in the three data sets
(Pearson correlations: all individuals r = —0.007, P = 0.92; adult fe-
males: r = —0.015, P = 0.90; adult males: r = —0.068, P = 0.73).

2.7. SIV status

Like in HIV-infected human populations, the diagnosis of the SIV
status is a combination of serological and molecular assays in the initial
phase of the infection. We first screened sera samples for specific an-
tibodies to SIVmnd-1 and SIVmnd-2 as previously reported (Souquiéere
et al., 2001). Briefly, we determined the antibody reactivity against the
SIV V3 loop Env protein by a specific SIVmnd peptide-based im-
munoassay. This initial screening is highly sensitive and primary in-
fection can therefore be detected as early as 2-3 days following infec-
tion. Positive samples were then tested by PCR to quantify viral load
and pol sequenced for phylogenetic analyses to differentiate between
the two SIV types (Souquiere et al., 2001). The combination between
immunoassays and quantitative PCR allowed to identify the early stages
of a primary infection characterized by the presence of viruses in large
quantities and the absence (or very low quantities) of antibodies. The
late stages of a primary infection (1-6 months following infection) were
then inferred from Western Blot profiles. They are characterized by the
absence (or low quantity) of viruses with the persistence of a particular
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pattern of reactivity against viral proteins (no reactivity against viral
enzymes) in Western Blot. Primo-infection is followed by a chronic
phase, also determined by Western Blot, associated to a slight decrease
in CD4™" T cells count, and a lower proportion of naive CD8* T cells
(Pandrea et al., 2003; Souquiére et al., 2014).

In the study population, 13 males (aged 8.9-20.4) and 2 females
(aged 10.6-19.5) were positive to SIV infection. We considered two
stages of SIV infection because each of them represents an important
phase of the virus cycle: primo-infection (high viremia) and chronic
infection (Onanga et al., 2006, 2002).

2.8. Statistical analyses

We performed three sets of Linear Mixed Models (LMM) using the
GLIMMIX procedure (SAS Studio) to study the relationship between
plasma neopterin concentration (response variable) and different sets of
predictors in three groups of individuals who may elicit different stra-
tegies of immune investment: (1) individuals of all sexes and ages, (2)
sexually mature females, and (3) adult males. In all models, plasma
neopterin concentrations were log-transformed to obtain normally
distributed residuals and we standardized all continuous explanatory
variables. Model fit was evaluated by checking the Gaussian distribu-
tion of the residuals and by performing a Shapiro-Wilk test (p > 0.10
in all instances). All three sets of LMMs included individual identity as a
random effect. In all three models, we checked for possible multi-
collinearities between continuous predictors by calculating variances of
inflation (VIF; REG procedure, SAS Studio). All VIF were < 4 (not
shown) suggesting the absence of hazardous multicollinearities.

In a first model, we considered all samples for which all information
below was available (N = 200 samples collected from 98 individuals of
all sexes and ages; mean number of samples per individual + SD:
2.04 + 1.21; range: 1-7), in order to compare neopterin concentra-
tions across ages and sexes. Fixed effects included (1) individual sex and
(2) age along with its quadratic term agez; (3) cumulated rainfall and
(4) the reproductive season (reproductive vs. non-reproductive); (5)
two measures of parasitaemia (number of copies of each parasite spe-
cies/pl of blood) of the two blood parasites P. gonderi and P. mandrilli at
the time of sampling (one data-point was missing for this effect); and
(6) storage time (i.e. time elapsed between collection and extraction of
plasma samples, in days) and its quadratic term to control for poten-
tially confounding effects of storage conditions on neopterin con-
centrations. SIV status was not fitted in this first model because it was
confounded both with individual age and sex (SIV infected mostly adult
males). Following this first model, we restricted the analysis to juve-
niles only (< 4 yrs, N = 63 collected from 43 juveniles; mean number
of samples per juvenile + SD: 1.5 *+ 0.7; range: 1-3) to investigate
whether the sex effect found when considering all individuals (see
Results) might already be detectable before the seroconversion to SIV of
most males, which occurs in early adulthood.

The second model included adult females only (> 4 years, N = 70
samples collected from 32 females; mean number of samples per
female + SD: 2.2 * 1.1; range: 1-4) to test whether neopterin levels
vary with female social rank and reproductive state. We included as
fixed effects: (1) female age, (2) dominance rank (class variable with
three modalities: high, middle or low rank) and (3) reproductive state
(swollen, non-swollen, pregnant, lactating); (4) cumulated rainfall; and
(5) two measures of Plasmodium parasitaemia. We omitted storage time
terms given that they were found to be non-significant in the first model
based on all individuals. We also checked that cumulated rainfall did
not confound any possible effect of female's reproductive state by re-
moving the former. Indeed, swollen females are more numerous during
the long dry season characterized by low rainfall. Removing cumulated
rainfall from the model did not change our results (Supplementary
Table S3). Finally, only two females were SIV positive, the corre-
sponding effect was therefore impossible to test. We, however, kept
these females into the final dataset because omitting them did not
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change the results as well (Supplementary Table S3).

In a last set of models, we restricted our analysis to adult males only
(> 9 years old, N = 29 samples collected from 13 males; mean number
of samples per males + SD: 2.2 * 1.2; range: 1-5) to test whether
neopterin concentrations vary with male social rank and SIV status.
Because of the limited sample size, we performed six univariate models.
We studied the following fixed effects: (1) male age, (2) dominance
rank (alpha vs. subordinate); (3) cumulated rainfall, (4) reproductive
season; (5) two measures of Plasmodium parasitaemia, and (6) SIV in-
fection status as a class variable with three modalities: negative (n = 2
samples from 2 males), primo-infection (n = 7 samples from 6 males),
and chronic infection (n = 20 samples from 11 males). For SIV, the
variance was not equal across SIV classes (heteroscedasticity) because
of a bimodal distribution of neopterin concentrations in males in primo-
infection. We therefore studied this particular predictor using a non-
parametric analysis of variance (the NPARIWAY procedure; SAS
Studio). Finally, we checked that the only significant effect found in
these males (see Results) remained significant when considering a full
model including all predictors mentioned above (Supplementary Table
S4). As above, we did not study storage time terms.

3. Results
3.1. Variation in plasma neopterin concentrations and individual traits

Neopterin concentrations in plasma varied between 2.0 and
98.8 nmol/L across all individuals (n 201; mean =+ SD:
16.7 = 13.0). Neopterin was significantly different between sexes with
males (n = 107; 19.5 * 14.2) producing more neopterin than females
(n = 93; one female was excluded because of the absence of data for P.
gonderi; 13.4 = 10.6; Table 1; Fig. 1). Age showed also a non-linear, U-
shaped effect on neopterin, with heightened concentrations in early and
late life (Table 1, Fig. 2). However, the effects of sex and age were
potentially partially confounded with the positive retroviral status of
adult males, as almost all of them were SIV-positive. In juveniles, we
found no sex effect (Table 1), suggesting either that this effect was
detectable only in adults, or that it reflected a retroviral effect.

In adult males and females, we did not detect any effect of in-
dividual traits such as age, rank or reproductive state (in females) on
neopterin concentrations. Neither monthly cumulated rainfalls nor
storage time ever impacted neopterin concentrations in any of our
models (Tables 1 and 2).

3.2. Variation in plasma neopterin concentrations and natural infections

In adult males only, we found a positive association between
neopterin concentrations and parasitaemia for one species of
Plasmodium (Table 2; Fig. 3), although this association disappears when
excluding the three males with high levels of parasitaemia
(Supplementary Table S4). We did not find an effect of SIV status in
these adult males (non-parametric analysis of variance: x> 0.10,
P = 0.95; Supplementary Fig. S1).

4. Discussion

In this study, we examined the links between individual, re-
productive and ecological characteristics and plasma neopterin con-
centrations in a natural population of free-ranging mandrills. We also
investigated relationships between naturally-occurring pathogens (si-
mian retrovirus, malaria agents) and plasma neopterin concentrations.

First, we showed heightened neopterin concentrations in early and
late life — though the latter effect may be weak as it failed to reach
significance in adult males and females, likely because few individuals
were older than 16 years old. This non-linear, moderate effect of age on
plasma neopterin mirrors age-related variation of plasma or urinary
neopterin reported by studies in humans (Berdowska and Zwirska-
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Table 1
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Statistical results of multivariate models on the fixed effects predicting variation in plasma neopterin concentrations across male and female mandrills of all ages as
well as across adult females only and juveniles only. Significant predictors (P < 0.05) are shown in bold.

All animals (N = 200)

Adult females (N = 70)

Juveniles (N = 63)

Fixed effects Estimate Standard F p-value Estimate Standard error F p-value Estimate Standard F p-value
error error
Sex” F: 0.3152 0.1103 8.17 0.0052 - - - - F: —0.04339 0.1911 0.05 0.8242
Age —0.457 0.1893 5.83 0.0177 0.0289 0.09658 0.09 0.7668 —1.7245 2.0732 0.69 0.4218
Age x Age 0.4101 0.1895 4.68 0.033 - - - - 5.1559 9.2284 0.31 0.5866
Rank” - - - - HR: 0.1915, MR: HR: 0.2274, MR: 0.44 0.6481 - - - -
0.1964 —0.2541
Reproductive status® - - - - P: —0.3438, L: P: 0.2423,L: 0.3454 0.68 0.5688 - - - -
—0.2054 NC: 0.2594
NC: —0.2683
Cumulated rainfall 0.01626 0.1391 0.01 0.9072 0.09471 0.0874 1.17 0.2869 -—1.1676 0.6916 2.85 0.1172
Reproductive season’ NR: 0.172 0.2657 0.42 0.519 - - - - NR: 2.0165 1.0431 3.74 0.0771
P. gonderi —0.02922 0.0467 0.39 0.5331 —0.00421 0.08348 0 0.9601 —0.01037 0.2737 0.02 0.8801
P. mandrilli 0.009779  0.04742 0.04 0.8371 0.03278 0.08448 0.15 0.7006 4.3206 28.0363 0 0.9704
Storage time 0.2297 0.2668 0.74 0.3913 - - - - —1.5944 1.3134 1.47 0.2481
Storage time x storage = —0.4154  0.26 2,55 0.1135 - - - - 1.2149 1.2362 0.97 0.3451

time

Reference: males (F: females).
Reference: low rank (HR: high rank; MR: mid rank).

6 o ®

a

Reference: reproductive season (NR: non-reproductive season).

40 60 80 100

Plasma neopterin (nmol/L)
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|
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Sex

Fig. 1. Plasma neopterin concentrations (raw values) in relation to individual
sex. The bottom and top of the box respectively represent the 25th and 75th
quartiles, and the bold horizontal line the median. Whiskers show the inter-
quartile range. Open squares indicate the mean of the distribution. Comparisons
are denoted by “*” if significant.

Korczala, 2002; Werner et al., 1987) especially for the age-related
neopterin increase in older individuals (Capuron et al., 2014;
Diamondstone et al., 1994; Frick et al., 2004; Reibnegger et al., 1988;
Schennach et al., 2002; Spencer et al., 2010). Although the immune
mechanisms leading to age-related increases in adult neopterin levels
are less well documented in non-human primates than in humans, they
seem relatively consistent across species and involve an associated in-
crease with age in levels of IFNy (Messaoudi et al., 2011; Meyer et al.,
2012; Miiller et al., 2017). The size of the age effect we observe in our
study involves an increase of ca. 10% between the lowest levels (around
10 years old) and the highest levels (at 15-20 years old) of log-
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Reference: cycling females (P: pregnant females, L: lactating females, NC: non-cycling females).

Log plasma neopterin (nmol/L)

0 5 10 15 20
Age (years)

Fig. 2. Plasma neopterin concentrations (log-transformed) in relation to age in
all individuals. The grey dots represent the raw values and the solid line re-
presents the predicted values of the corresponding model. The dashed lines
represent the 95% confidence intervals of the predicted values.

transformed neopterin levels, following patterns reported by Miiller
et al. (2017) in macaques, and of the same order of magnitude in hu-
mans (Diamondstone et al., 1994). Despite the fact that neopterin levels
are considered as one of the best markers of immune senescence, which
is further predictive of disease-specific mortality (Capuron et al., 2014),
the causes underlying such age-related increase remain debated
(Capuron et al., 2014; Schennach et al., 2002). It is unclear whether
higher reference values for neopterin levels in the elderly reflects the
normal course of immune ageing in a healthy organism, or may be due
to the higher incidence of patients suffering from undiagnosed affec-
tions associated with the production of neopterin in such population. A
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Table 2

Statistical results of six univariate models on the fixed effects predicting var-
iation in plasma neopterin concentrations across adult male only (except for
SIV). The significant predictor (P < 0.05) is shown in bold.

Adult males (N = 29)

Fixed effects Estimate Standard error F p-value
Age —0.1676 0.1556 1.16 0.2983
Rank® 0.2796 0.2462 1.29 0.27
Cumulated rainfall 0.07613 0.1013 0.56 0.464
Reproductive season” NR: 0.1358 0.213 0.41 0.53
P. gonderi 0.225 0.09288 5.87 0.0285
P. mandrilli 0.01939 0.1026 0.04 0.8527
@ Reference: subordinates (HR: high rank).
b Reference: reproductive season (NR: non-reproductive season).
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Fig. 3. Plasma neopterin concentrations (raw values) in relation to P. Gonderi
parasitaemia in adult males.

longitudinal study focusing on a large cohort of healthy adults aged
18-87 years using strict exclusion criteria that may represent con-
founding effects (i.e., smoking, hypertension, pulmonary disease, and
other chronic inflammatory disease) detected a weak and linear in-
crease in neopterin levels with age, modulated by ethnic origin and
body mass index, which started between the third and fourth decade,
suggesting that it may be part of the physiological process of ageing —
although the alternative explanation of late age-onset diseases cannot
be excluded (Spencer et al., 2010). Although our sample of ageing in-
dividuals is fairly small given our focus on wild non-human primates,
our results add to the growing body of evidence identifying urinary or
plasma neopterin as a promising marker of immunosenescence in hu-
mans and non-human primates.

Elevated levels of neopterin in young individuals have been de-
scribed in human populations (Berdowska and Zwirska-Korczala, 2002;
Werner et al., 1987), though in fewer details than in adults, and the
reasons behind elevated levels of neopterin in healthy children are
rarely discussed in the clinical literature. Such increase starts as early as
birth, as human newborns exhibit neopterin levels that are three times
higher than maternal levels (and uncorrelated to maternal levels;
Radunovic et al., 1999). This study documents a similar increase in the
neopterin levels of juveniles for the first time in non-human primates,
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and therefore suggests that similar physiological processes may un-
derlie the age-related dynamics of neopterin levels across human and
non-human primates.

In addition, we found a sexual dimorphism in overall neopterin
levels, with males producing on average 44% higher neopterin levels
than females. This sexual effect disappears, however, when considering
juveniles only. This pattern may be due to two different interpretative
scenarios. First, the dimorphic response may only emerge in adults as a
consequence of physiological changes associated with sexual matura-
tion (Bouman et al., 2005; Klein, 2004). Testosterone has been found to
polarize immune components: it generally plays an inhibiting role on
Th2 response (Hepworth et al., 2010; Kissick et al., 2014; Muehlenbein
and Watts, 2010; Yao et al., 2003) and possibly favors a Thl response
(Daynes et al., 1991; Giltay et al., 2000), which may explain the higher
levels of neopterin in adult males compared to adult females or juve-
niles. However, studies on human and non-human primates usually
report no sex difference in neopterin levels of healthy adults, meaning
that such an explanation is not the most parsimonious interpretation
(humans: Werner et al., 1987; Diamondstone et al., 1994 but see:
Spencer et al., 2010 for a sex by ethnic group interaction; non-human
primates: Higham et al., 2015; Miiller et al., 2017; Behringer et al.,
2017). Second, and alternatively, this sexually dimorphic response in
adults may reflect a sex difference in retroviral infection status as al-
most all adult males were SIV positive. SIV is essentially thought to be
transmitted via bites involving blood-salivary contacts (Apetrei et al.,
2004; Phillips-Conroy et al., 1994), so males presumably acquire SIV
infection during fights, which are common during the mating season
and may explain the biased age- and sex-distribution of SIV infections
observed in our study population. Results obtained on captive mandrills
(Greenwood et al., 2014; Souquiere et al., 2014), on captive macaques
(Higham et al., 2015) as well as on humans (Fuchs et al., 1988; Mildvan
et al., 2005; Murr et al., 2002) report increases in neopterin levels in
individuals affected by SIV/HIV infections. The neopterin increase as-
sociated with primo-infection in experimentally infected macaques
appears pronounced but transient, and peaks in days 10-20 following
infection, before going back to much lower, near-baseline levels
(Higham et al., 2015). In this study, we did not find any significant
difference across males with different SIV status. However, among the 7
individuals in primo-infection, three of them showed values among the
highest neopterin concentrations (> 43 nmol/L), and four others
showed values among the lowest concentrations (< 13 nmol/L). It is
therefore very possible that only three individuals were still in the
critical post-infection time window of elevated neopterin values,
whereas others were beyond that stage. The origins of the sex effect
observed in plasma neopterin levels in this mandrill population will
thus have to be addressed by future longitudinal studies, investigating
the levels of neopterin before and after SIV infection, as well as in
healthy, SIV-negative adults of both sexes, in order to understand if
increases in neopterin levels reported in adult males in this sample
represent a genuine sex difference in healthy adults, or a consequence
of the sex difference in the prevalence of SIV infection.

In these adult males, we further found an association between
plasma neopterin concentrations and Plasmodium gonderi infection. This
relationship was essentially due to three heavily infected individuals
showing elevated neopterin and the exclusion of these three individuals
resulted in the disappearance of any relationship. Elevated levels of
blood neopterin have also been reported in humans infected by P. fal-
ciparum (Reibnegger et al., 1987, 1984). This effect may be related to
the immune activation in response to pathophysiological changes in-
duced by Plasmodium, including a stimulation of both CD4* and CD8*
T cells and an increased production of cytokines by the sporozoites that
infect the hepatocytes and the asexual merozoites that reside in the red
cells (Wikel, 1996). In these mandrills, we have previously shown that
adult males were more susceptible to P. gonderi than females and were
also more likely to be infected by this parasite at the beginning of a
primo-infection by SIV (Charpentier et al., 2019). In line with this
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observation, the three individuals that exhibited high levels of P. gon-
deri were in a SIV-primo-infection. In addition, P. gonderi was found to
influence several aspects of mandrill physiology, including skin tem-
peratures and neutrophil/lymphocyte (N/L) ratio generally depending
on individual age and sex (Charpentier et al., 2019). In particular, in-
fected males showed decreased N/L ratio. Consequently, co-infection
patterns, here observed between Plasmodium and SIV infections, seem
to generate a suite of physiological and immunological modifications in
male mandrills. A fruitful next step would now be to study the beha-
vioral and fitness effects of infections by these two diseases, as well as
related patterns of neopterin variations, and whether neopterin levels at
a given stage of infection may prove predictive of disease outcomes in
this population.

In line with previous studies on urinary or plasma neopterin in non-
human primates (Lohrich et al., 2018; Miiller et al., 2017; Wu et al., 2018),
our study confirms the relevance of plasma neopterin as a promising marker
capable of monitoring the dynamics of immune responses to naturally oc-
curring diseases that elicit an inflammatory stage or a Thl immune re-
sponse, and can prove a useful tool to follow wildlife health.
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