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ABSTRACT: Theory predicts that body mass should affect the way or-
ganisms evolve and use immune defenses. We investigated the rela-
tionship between body mass and blood neutrophil and lymphocyte
concentrations among more than 250 terrestrial mammalian species.
We tested whether existing theories (e.g., protecton theory, immune
system complexity, and rate of metabolism) accurately predicted the
scaling of immune cell concentrations. We also evaluated the predic-
tive power of body mass for these leukocyte concentrations compared
to sociality, diet, life history, and phylogenetic relatedness. Phylogeny
explained >70% of variation in both lymphocytes and neutrophils,
and body mass appeared more informative than other interspecific
trait variation. In the best-fit mass-only model, neutrophils scaled
hypermetrically (b = 0.11) with body mass, whereas lymphocytes
scaled just shallow of isometrically. Extrapolating to total cell numbers,
this exponent means that an African elephant circulates 13.3 million
times the neutrophils of a house mouse, whereas their masses differ by
only 250,000-fold. We hypothesize that such high neutrophil numbers
might offset the (i) higher overall parasite exposure that large animals
face and/or (ii) the higher relative replication capacities of pathogens
to host cells.

Keywords: allometry, comparative, diet, immunology, life history, so-
cial system.

Background

Ecological and life-history traits affect variation in immune
system architecture among and within species (Nunn 2002;
Lee et al. 2008; Brock et al. 2014; Downs et al. 2014). Al-
though rarely considered, these patterns may be manifes-
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tations of constraints imposed by body mass because many
other host traits important to interactions with parasites also
scale with body mass (Downs et al. 2019b). Indeed, body
mass relates to parasite exposure risk (Dobson and Hudson
1986; Han et al. 2015a) as well as some aspects of immunity,
such as T cell reactivity (Blount et al. 2003). However, com-
paratively little research has probed how immune variation
scales to body size (Lee 2006; Schoenle et al. 2018; Downs
et al. 2019b). Body mass has profound effects on many or-
ganismal traits (Peters 1983; Calder 1984; Schmidt-Nielsen
1984; Brown et al. 2004). These scaling relationships are typ-
ically expressed with the equation Y = aM", where b rep-
resents the scaling exponent between body mass (M) and
a focal trait (Y) and a is a constant (Calder 1984; Schmidt-
Nielsen 1984). Typically, scaling relationships are investi-
gated from log-log transformations of data, as linear forms
of equations (log(Y) = log(a) + b x log(M)) are easier to
interpret. For instance, isometric relationships occur when
large organisms are found geometrically equivalent to small
organisms, that is, b = 0 for concentrations. By contrast,
allometric relationships occur when the trait of interest is
proportionally larger (i.e., hypermetric) or proportionally
smaller (i.e., hypometric) in large organisms than in small
organisms (Calder 1984; Schmidt-Nielsen 1984).
Although the immune system is multifaceted and we
thus might expect different scaling relationships for differ-
ent types of immune defenses (Lee 2006; Demas et al. 2011;
Downs et al. 2019b), three theoretical frameworks are useful
for making predictions. Two frameworks predict that lym-
phocyte concentrations, our focal trait in this study, scale
isometrically (b = 0). First, the protecton theory assumes
that organisms require comparable levels of protection, pre-
dicting that lymphocyte concentrations should be directly
proportional to body mass (Langman and Cohn 1987). Sec-
ond, scaling based on the complexity of the immune system
(henceforth, complexity framework) is derived from the
metabolic theory of ecology (Brown et al. 2004; Wiegel and
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Perelson 2004; Perelson et al. 2006). It posits that protection
by lymphocytes is dependent on delivery to the site of infec-
tion, and, based on assumptions about vasculature and sur-
veillance rates, it too predicts isometric scaling (Wiegel and
Perelson 2004; Perelson et al. 2006). This framework was
recently extended to predict scaling of innate and adaptive
responses to West Nile virus (Banerjee and Moses 2009,
2010; Banerjee et al. 2017). Alternatively, the rate of metab-
olism theory is derived from the observation that metabolic
rates often regulate individual performance (Brown et al.
2004; Careau and Garland 2012). This framework thus
predicts a hypometric relationship (b = —0.25), largely
because basal metabolic rate (BMR) likely drives cellular
turnover, differentiation, and trafficking rates, which deter-
mine concentrations of cells, including leukocytes (Dingli
and Pacheco 2006). For example, the hematopoietic stem
cell pool scales similarly with BMR across mammals (Dingli
and Pacheco 2006).

Of course, body size is not the only factor apt to affect in-
terspecific variation in leukocyte concentrations or other
immune traits. Theory predicts—and many studies reveal—
that life-history and ecological traits also explain interspe-
cific variation in immunity (Lee 2006; Schoenle et al. 2018).
For example, species that live fast and die young should in-
vest minimally in immunity because of trade-offs with re-
production (Lee 2006). Similarly, trophic level and social
system complexity should affect exposure to parasites (Blount
et al. 2003; Lee et al. 2008), and as species are not evolution-
arily independent units, phylogeny too likely affects immune
variation (Harvey and Pagel 1991).

Here, we first asked how body mass scales with lympho-
cyte and neutrophil concentrations across >250 mammal
species spanning a more than 250,000-fold range in body
mass. Neutrophils are part of the innate immune system
and are important early responders to infections, and lym-
phocytes include diverse cell types that are functionally
involved in adaptive and innate responses, including im-
munoglobulin production, cytotoxicity, and immune regu-
lation (Murphy et al. 2008; Lanier 2013). Neutrophils and
lymphocytes comprise the majority of circulating leuko-
cytes, often >70% (Jain 1993). We then asked how body
mass predicted leukocyte concentration variation relative
to phylogeny and a combination of life history, diet, and
other differences among species.

Methods
Trait Data

We extracted species means of leukocyte concentrations
(cells L") for 259 mammalian species from the Interna-
tional Species Information System, now called Species360
(Teare 2013; Gillooly et al. 2017). Species360 data came

from healthy captive organisms held at facilities accredited
by the Association of Zoos and Aquariums. Although cap-
tive animals generally have lower cell counts and can ex-
press less variation in immune traits than wild ones (Bueh-
ler et al. 2008; Viney et al. 2015; Abolins et al. 2017), using
captive animals reduces some confounding effects arising
from infections and environmental influences that could
occur for wild animals. We extracted mean species data
on body mass, trophic level, age at maturation, gestation
length, interbirth interval, litter size, maximal life span,
and sociality (solitary, pair living, or group living) from
PanTHERIA (Jones et al. 2009), AnAge (Tacutu et al. 2012),
and other published sources. (Summary data and sources
are available in the Dryad Digital Repository; https://doi
.0rg/10.5061/dryad.q4n4884; Downs et al. 20194.) From
these data, we calculated maximal reproductive potential
for each species as follows:

maximal reproductive potential =

maximal life span — age of maturation (1)

(gestation length + interbirth interval) x litter size

Data Analysis

We used an information-theoretic framework to compare
hypotheses for scaling relationships between leukocytes
and body mass. We fitted three a priori models to
log,o(lymphocyte) and log,,(neutrophil) concentrations: model i,
log,,(leukocyte concentration) = log,,(a) +0 x log,,(mass);
model i, logy, (leukocyte concentration) = log,,(a) — (1/4) x
log,,(mass); and model iii, log,(leukocyte concentration) =
logi,(a) + B x logy,(mass).

Model i is an intercept-only model that also corresponds
to both the protecton theory and the complexity frame-
work, whereas model ii corresponds to the rate of metabo-
lism framework. Model iii does not correspond to a specific
hypothesis but rather estimates the scaling exponent from
the data (b is a fixed parameter in models i and ii). All
models were fitted as phylogenetic mixed effects models us-
ing the MCMCglmm package (Hadfield 2010; Hadfield and
Nakagawa 2010). The phylogenetic covariance matrix for
this analysis was estimated using a phylogenetic tree con-
structed with National Center for Biotechnology Informa-
tion molecular data and phyloT (fig. Al, available online;
Letunic 2015). Polytomies were excluded using the ran-
domization process in phyloT. All mixed models were fitted
using a weak inverse-gamma prior with shape and scale
parameters set to 0.01 for the random effect of phylogenetic
variance (app. B; apps. A-C are available online). To fit
model ii, a prior was used for the fixed effects portion of
the model with regression coefficients set to the a priori
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Scaling of Leukocytes in Mammals 109

hypothesized values (i.e., —1/4) and heavy prior support
placed on that value (app. B). Model outputs confirmed that
this approach properly fixed coefficients to the a priori
values. Default priors for all other fixed effects were used.
Model chains were run for 2.6 x 10° iterations, a 60,000-
iteration burn-in, and a 200-iteration thinning interval. Re-
sults were robust across alternative priors, and chain length
was sufficient to yield negligible autocorrelation. We also
estimated unadjusted phylogenetic heritability as a measure
of how much of the total observed variation was explained
by phylogeny (Housworth et al. 2004) and calculated mar-
ginal R*> as a measure of how much of the total variation
was explained by the fixed effects (Nakagawa and Schielzeth
2013). Relative support for each model was determined
based on deviance information criterion values and differ-
ences among models.

To compare the ability of body mass to explain leuko-
cyte concentrations relative to other biological character-
istics, we fitted an additional model (model iv) that included
log,,(mass), maximum longevity, trophic level, sociality,
maximal reproductive potential, and all pairwise interac-
tions between these additional characteristics and log,,(mass)
as fixed effects. In model iv, we used the scaling exponent
from the best supported among models i-iii. Model iv was
then compared to models i-iii to determine how much intra-
specific immune variation was explained by the biological
traits in the model including body mass.

Results
Leukocyte Allometry

Lymphocytes (log,, transformed) and neutrophils (log,, trans-
formed) were positively correlated with each other (Pearson’s
r = 0.177,t,5s = 2.88,P = 0.004; fig. 1A). The top models
for both leukocytes included body mass with the scaling
exponents determined by the data (table 1). The top models
accounted for 71% of variation in lymphocytes and 86% in
neutrophils, indicating that these models have high explan-
atory power. Body mass explained 3% of lymphocyte vari-
ation and 9% of neutrophil variation. The scaling exponent
for lymphocytes was slightly below zero (b = —0.04, 95%
credible interval [CI] = —0.08 to —0.02), whereas it was
above zero (b = 0.11, 95% CI = 0.09 to 0.14) for neutro-
phils (fig. 1B, 1C). Traditionally, allometric studies focused

Figure 1: Relationship between lymphocyte and neutrophil concen-
trations (A; r = 0.177). Relationship between host body mass and
lymphocyte (B) and neutrophil (C) concentration from simple allomet-
ric models (model iii). Equations: log,,(lymphocyte concentration) =
0.76 (0.51 to 0.92) — 0.04 (—0.08 to —0.02) x log,,(body mass) + &;
log,o(neutrophil concentration) = 0.15 (—0.09 to 0.42) + 0.11 (0.09
to 0.14) x log,o(body mass) + ¢. The shaded area depicts 95% credi-
ble intervals of the slope estimate (3) from the top model.
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Table 1: Comparison of models testing the effects of body mass and other factors on lymphocyte and neutrophil

concentrations among mammal species

Model DIC ADIC A (95% CI) Marginal R* (95% CI) Model R?
Lymphocytes:

i By —269.82 —11.25

ii. By + B x log,(mass) —274.16 —6.92 .68 (.45-.82) .03 (0-.08) 71

iii. By — 1/4 x log,,(mass) —166.65 —114.43

iv. Full model* —281.21 0 .67 (.46-.84) 066 (.03-.14) 74
Neutrophils:

i Bo —298.80 —40.34

ii. B, + B, x log,,(mass) —332.15 —6.99 77 (.56-.87) .09 (.05-.22) 86

iii. By — 1/4 x log,o(mass) —85.74 —253.40

iv. Full model* —339.14 0 .71 (.51-.81) .17 (.09-.28) .85

Note: For all models, the phylogenetic covariance matrix was estimated using a phylogenetic tree constructed with National Center for Biotechnology In-
formation molecular data and phyloT. Phylogenetic heritabilities (A) indicate how much of the observed variation in either lymphocytes or neutrophils is
explained by phylogeny after controlling for fixed effects. Marginal R* is a measure of how much of the total variation was explained by the fixed effects. Model

R? is an estimate of the overall model fit. CI = credible interval; DIC = deviance information criterion; ADIC = differences in deviance information criterion
among models. Bold indicates the top model overall, and italics indicate the top mass-only model.

* By + B, x log,o(mass) + B, x max reproduction + (8, x max longevity + (8, x trophic level + 5 x sociality + 8¢ x log,,(mass) x max reproduction + 3, x

log,o(mass) x max longevity + B x log,(mass) x trophic level + 3, x log,,(mass) x sociality.

on equations examine only the relationship between body
mass and the trait of interest (i.e., no other fixed effects are
included). Thus, the scaling exponents from these models
are most comparable to the vast literature reporting scaling
exponents, and the best test of the predictions in the litera-
ture include body mass as the main/only predictor of leu-
cocyte concentrations. Phylogeny accounted for 68% of var-
iation in lymphocytes and 77% in neutrophils.

Best-Fit Models for Leukocyte Variation

The scaling exponent for body mass in model iv was fitted
to the data rather than being set a priori. For both leu-
kocytes, the full models (model iv) had more support than
the mass-only models (model iii), indicating that ecological
and life-history characteristics explained some interspecific
variation. The full model accounted for 74% of variation in
lymphocytes and 85% in neutrophils, indicating that these
models have high explanatory power (table 1). However,
life-history and ecological traits increased the explanatory
power of fixed effects to only 6.6% for lymphocytes and
17% for neutrophils. Phylogeny accounted for 71% of varia-
tion in lymphocytes and 67% in neutrophils (fig. 2). The
scaling exponent for lymphocytes was slightly below zero
(b = —0.09,95% CI = —0.19 to 0.00), whereas it was above
zero (b = 0.16, 95% CI = —0.07 to 0.38) for neutrophils.

Discussion

Among the more than 250 mammal species spanning five
orders of magnitude in body mass, we found little support

for available theoretical frameworks for the scaling of im-
mune defenses. The mass-only models for lymphocytes did
not support any of the a priori predictions, and body mass
explained only ~3% of variation in this cell type. No theory
predicted the hypermetric scaling exponent (b = 0.11) sup-
ported for neutrophils, and as with lymphocytes, body mass
explained only a small portion (~9%) of the variation in
neutrophils. This outcome changed, however, when control-
ling for phylogeny (~23%). Adding ecological and life-history
traits increased the explanatory power of the nonphylogenetic
effects to 17% of total variation in neutrophils and 6.6% in
lymphocytes. Altogether, phylogeny explained the most var-
iation in neutrophil and lymphocyte concentrations, and our
full models accounted for 74% of variation in lymphocytes
and 85% in neutrophils.

Allometric Scaling of Leukocyte Concentrations

Our a priori hypotheses for scaling exponents were not sup-
ported (for the mass-only models). In the mass-only and full
models, lymphocyte concentrations had a shallow hypometric
slope with body mass, which is consistent with prior obser-
vations in primates and carnivores (Nunn et al. 2000, 2003b)
but not Neotropical bats, which showed hypermetric scaling,
or rodents, which exhibited isometric scaling (Schneeber-
ger et al. 2013; Tian et al. 2015). These inconsistencies could
arise, in part, because circulating lymphocytes are a heteroge-
neous class of cells with different functions and states of ac-
tivation (Westermann and Pabst 1990). Alternatively or ad-
ditionally, the proportion of lymphocyte types might differ
among species. For example, 15.4% of lymphocytes in human
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Figure 2: Estimated proportion of variance of lymphocyte and neutrophil concentrations explained by allometric models including addi-
tional ecological and life-history parameters (model iv). V, = variance explained by the random effects (i.e., phylogeny); V..., = variance
explained by body mass; Vi omer = variance explained by all other fixed effects; Vi = residual variance.

females are T helper cells and 6% are B cells, whereas in fe-
male Wistar rats 59.0% are T helper cells and 24.5% are B cells
(Franch et al. 1993; Evans et al. 1999).

Our most intriguing result was the hypermetric relation-
ship detected for neutrophil concentrations in the mass-only
models, particularly as all a priori hypotheses predicted
isometry or hypometry. Our finding is consistent with ob-
servations in bats (Schneeberger et al. 2013) and rodents
(Tian et al. 2015). When life-history and ecological vari-
ables were included (model iv), the mean estimate for the
scaling exponent was also hypermetric, but the 95% Cls
overlapped zero. The addition of maximal reproductive ef-
fort seemed to mitigate some of the relationship between
body mass and neutrophil concentrations.

Although we found that body mass explained a very
small proportion of the interspecific variation in neutrophil
concentrations, the biological effect could be profound. Be-
cause blood volume scales isometrically (Prothero 2015),
hypermetric scaling for neutrophil concentrations trans-
lates to hypermetric scaling of whole-animal neutrophil
counts. To illustrate, we extrapolated from our equation

for the best mass-only model (model iii, b = 0.11) to total
neutrophils by using published body masses, blood vol-
umes, and blood densities (Riches et al. 1973; Prothero
1980; Teare 2013). We used the mass-only model to be con-
sistent with published allometric studies, which have tradi-
tionally used models that account for only body mass. We
found that a 15-g mouse is expected to circulate 2.74 x
10" neutrophils, whereas a 3,800-kg African elephant would
circulate 3.65 x 10* neutrophils (Riches et al. 1973; Prothero
1980). This represents a difference of seven orders of magni-
tude in neutrophil number over a difference of five orders of
magnitude in body mass.

Why large animals require so many more neutrophils is
currently unclear, but the performance-safety trade-oft hy-
pothesis predicts that large animals should overinvest in
safety (e.g., immunity; Harrison 2017). The mechanism
whereby neutrophils protect hosts may also provide some
insight. Neutrophils are a major component of mobile, con-
stitutive innate immunity, and they respond to diverse par-
asites by moving quickly to infected areas, consuming mi-
crobes, and/or dying (Nathan 2006; Hidalgo et al. 2019).
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Hosts must produce or mobilize new neutrophils rapidly or
maintain high enough constitutive numbers to preempt
proliferating parasites (Nathan 2006; Hidalgo et al. 2019).
If host cell turnover rates scale hypometrically, as predicted
(Brown et al. 2004; Dingli and Pacheco 2006), hosts would
have a comparatively weaker capacity to produce new
defensive cells, providing a reproductive (and evolutionary)
advantage to microbes. Relatedly, large animals are dispro-
portionately more likely to be exposed to new parasites than
are small ones, putting them at a further disadvantage (Dob-
son and Hudson 1986). Although a given gram of tissue in a
large host is less exposed to parasites because of a low ratio
of surface area to volume, absolute exposure to parasites is
probably much higher (Dobson and Hudson 1986; Downs
et al. 2019b). Given the broad protective effects of neutro-
phils, disproportionately high concentrations in large mam-
mals might act as a generic first line of defense against di-
verse and often novel threats.

Influence of Ecological Traits and Life-History
Traits on Leukocyte Concentrations

Our modeling approach allowed us to assess whether soci-
ality, trophic level, maximal longevity, and maximal repro-
ductive potential was more informative about interspecific
variation in leukocyte concentrations than body mass. The
addition of other variables improved model fit for both leu-
kocyte types, and one pattern we detected is consistent with
the literature. Specifically, both leucocyte concentrations
decreased with reproductive potential (table C1, available
online); species with reproductively conservative life histo-
ries had comparatively higher concentrations than did pro-
ductive species. We caution overinterpreting these results,
however, because the joint explanatory value of life-history
variables was small and because our analytical approach
was not designed to determine which ecological and life-
history traits were most important in explaining interspe-
cific variation.

Nevertheless, it is somewhat surprising that ecological
and life-history variables explained so little variation in
our study because they have been important for explaining
variation in immune defenses in other interspecific eco-
immunology studies (e.g., Tieleman et al. 2005; Lee 2006;
Martin et al. 2006, 2007). This apparent discrepancy might
arise because different taxonomic groups exhibit different
scaling relationships. Also, immune defenses, including leu-
kocyte concentrations, are highly dynamic (Buehler et al.
2012; Hegemann et al. 2012, 2013), and oftentimes invest-
ment in immune defenses depends on current or past infec-
tion, host stress, age, season, and nutritional condition
(Downs et al. 2014; Wilcoxen et al. 2015; MacColl et al.
2017). Intraspecific variation likely accounts for some of
the unexplained variation in our data, and not accounting

for it prevented us from investigating scaling relationships
within species (Downs and Dochtermann 2014). In the end,
as immune defenses relate differently to life-history varia-
tion, depending on their relative costs and benefits (Schmid-
Hempel and Ebert 2003; Martin et al. 2007; Schoenle et al.
2018), immune defenses are apt to scale differently among
and within species, depending on the types of protection they
provide.

Phylogeny

Phylogenetic relatedness explained the majority of varia-
tion in leukocyte concentrations in our models. Given our
analysis, the most we can conclude is that leukocyte con-
centrations have evolved slowly enough that the signature
of phylogeny is observable. Similar phylogenetic conserva-
tion has been observed for heterophil-lymphocyte ratios in
birds (Minias 2019), bactericidal capacity among some Car-
nivora (Heinrich et al. 2016), and body mass-parasite di-
versity relationships in primates (Nunn et al. 2003a). In
contrast, genus did not predict reservoir status among ro-
dent species (Han et al. 2015b), and phylogeny was not pre-
dictive of outcomes of epidemiological dynamics (Han et al.
2015a). We therefore encourage additional large studies in-
volving broad taxonomic coverage to provide insight into
how phylogeny shapes various aspects of host competence
(Downs et al. 2019b).

Conclusion

The coarse nature of leukocyte concentrations and our re-
liance on zoo-housed animals might obscure some of the
eco-evolutionary relevance of our results. Still, our study
found an unexpected pattern in the scaling of neutrophils
that was not predicted by previously developed theoretical
frameworks. Although we do not yet know the mechanism
driving these patterns, body size does appear to impose a
modest but detectable constraint on mammalian immunity
(Bennett 1987; Brown et al. 2004). The cross-species pat-
terns we found for the scaling of immune cells by using a
comparative approach indicate a need for the development
of theory about how the architecture of the immune system
changes across species and suggest that such an approach
can be fruitful. Further, broad comparative patterns can
be integrated into models to improve our understanding
and management of disease dynamics (De Leo and Dobson
1996; Banerjee et al. 2017; Downs et al. 2019b).
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