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Host–pathogen interactions are an important factor shaping species’
evolutionary trajectories and distribution in space. Because high
elevations generally have fewer and less virulent pathogens, movement
from low to high elevations may result in changes to immunological
selection pressures. However, the extent to which changes in immune
exposure have interacted with organismal adaptation to high elevations is
not well characterized. We used North American deer mice (Peromyscus
maniculatus) to investigate whether adaptation to high elevations
has modified immunity using a conventional immune challenge
(lipopolysaccharide (LPS) injection). Highland-ancestry mice displayed a
reduced and more variable fever as well as elevated circulating levels
of corticosterone, a context-dependent fever suppressor. In addition,
nearly 400 genes were differentially expressed in the spleen by both
ancestry and LPS injection. These differences are indicative of broader
ancestry-dependent differentiation in the physiological immune response.
Our results demonstrate that adaptation to high-elevation environments
can be coincident with changes to immune system function. As climate
change allows pathogens to expand into high-elevation environments,
differential immunity in locally adapted populations may have important
consequences for disease impact and movement.

1. Introduction
The capacity to mount an appropriate and effective immune response to
infection is a major determinant of individual fitness [1,2]. The impact
of differential immune function on fitness is particularly striking when
organisms move into new environments that present novel host–parasite
or host–pathogen interactions [3,4]. For example, moving from high to low
pathogen environments has been associated with the wholesale reduction
of diversity in immune genes among Afro-Palaearctic songbirds [5]. Host–
pathogen interactions and disease ecology are also now recognized as major
factors that have shaped species evolution on shorter timescales, including
local adaptation processes in the three-spined stickleback [6] and invasive
species biology related to cane toads [7] and fire ants [8].

Nonetheless, the role of immunity and changes in host–pathogen
interactions has been largely ignored across many other large-scale ecological
gradients. For example, high elevations are model systems for studying how
organism–environment interactions and physiology shape the process of local
adaptation [9,10], and we know that high and low elevations appear to differ
in pathogen prevalence, diversity and virulence (high-elevation environments
tend to have a lower pathogen density and virulence than low-elevation
environments) [11–13]. However, almost no prior work has investigated
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potential changes to immune function associated with colonization of high elevations.
Determining whether and how immune function is differentiated along elevational gradients is increasingly important,

because climate change is allowing for the upward altitudinal expansions of key vectors of disease, including ticks and
mosquitoes [14–16]. We already know that interactions between pathogens and hosts with naive or modified immune systems
can lead to negative consequences for the host species; for example, mosquito expansion into higher altitudes in the Hawaiian
Islands led to the novel exposure of several endemic bird species to Hawaiian avian malaria, which has resulted in population
declines and significant decreases in range for these species [17]. Developing a broader understanding of how immune function
and infection resiliency vary across elevational gradients is thus likely to be important for predicting how altitudinal range
expansion of pathogens is likely to impact high-elevation natives and specialists on a broader scale [18,19].

In this study, we use North American deer mice (Peromyscus maniculatus; hereafter, deer mice) as a model system to ask
how local adaptation to high elevations has modified immune function. Deer mice are an appropriate model for this question
because they are both an established model species for studying high-elevation adaptation and an important host species for
several zoonotic diseases of concern. First, deer mice serve as natural reservoirs for many important infectious pathogens that
are expanding with climate change, including Hantavirus, Babesia, Yersinia pestis and Borrelia burgdorferi [20]. Second, deer mice
can be found across a wide elevational range in North America, from below sea level in Death Valley to above 4300 m [21,22].
Furthermore, the high-altitude-resident deer mice possess well-characterized genetic and physiological adaptations to these
high altitudes [23,24]. Finally, there is already some evidence that adaptation to high-elevation environments may have led to
changes in key parts of the deer mouse’s immune system: alternative alleles for Ifn-γ and multiple interleukins, all of which
play critical roles in the acute immune response to bacterial infection [25,26], have experienced positive selection in the primary
high-elevation population studied to date [24,27].

We hypothesized that differential selection on immunity associated with colonization of high-altitude environments resulted
in genetically encoded, functional changes to the immune response of deer mice. To test this hypothesis, we challenged
laboratory-bred deer mice descended from high- or low-elevation populations with a non-infectious immune agent to elicit a
standardized immune response. We then tested for ancestry-dependent differences in the febrile response, metabolic recovery
(i.e. duration and extent of anorexia and weight loss), serum corticosterone and transcriptomic plasticity in the spleen, a
primary immune organ.

We generated predictions for these experiments using the tolerance and resistance framework for immunity [28,29], which
describes two different strategies for dealing with pathogens that are mediated by the immune system. First, high-altitude
environments could select for a more ‘tolerant’ immune strategy if the major selective pressures are aimed at reducing energy
costs to immune responses (especially if encountering pathogens or parasitism is less likely in these environments). In this
scenario, we predicted that we would observe shorter and lower amplitude fevers along with reduced anorexia and weight
loss in highland-ancestry mice. We also predicted that more ‘tolerant’ immune systems in highland mice would reduce the
immunity-driven increase in circulating corticosterone and sensitivity in the splenic transcriptome. On the other hand, energetic
constraints at high elevations could lead to a more ‘resistant’ immune strategy if it is more beneficial to completely clear
infections or pathogens. If highland deer mice have evolved to be more ‘resistant’, we predicted that we would observe higher
amplitude and more extended fevers and greater anorexia and weight loss, along with increased corticosterone release in
response to immune challenge and a more responsive splenic transcriptome.

2. Material and methods
(a) Study population and animal care
All animal work was carried out after IACUC approval of the experimental protocol (no. 4262) at Colorado State University.

All experimental animals were adult males (three to seven months old at the start of experiments) derived from two wild
populations of deer mice (Peromyscus maniculatus). The lowland population (P. maniculatus nebracensis) was trapped in and
around Kearney, Nebraska (elevation: 655.9 m; 40.7864° N, –99.0836° W). The highland population (P. maniculatus rufinus) was
trapped on Mt. Blue Sky (formerly Mt. Evans) in Clear Creek County, Colorado (elevation: 4348 m; 39.5883° N, −105.6438° W).
Mice trapped from each population were subsequently used to establish laboratory-based lines under normoxic conditions. All
mice used for experimental work were at least four generations removed from wild-caught individuals.

Mice were singly housed throughout the experiments and were given access to food and water ad libitum. We supplied each
cage with sani-chip bedding, nestlets and a hut for shelter. Mice were housed on a fixed light–dark cycle of 12 : 12, with lights
off from 18.00 to 06.00.

(b) Experimental procedures

(i) Generalized approach

To induce a controlled immune response, we injected deer mice (n = 36 total) intraperitoneally with a 10 mg kg−1 dose of
lipopolysaccharide (LPS; from Escherichia coli, strain O111:B4; catalogue no.: SIAL-L2630-10MG, Neta Scientific) in 0.9% NaCl
sterile saline. All injections were performed at the start of the dark (active) phase (18.00). LPS is derived from the cell wall
of Gram-negative bacteria and can evoke an immune response without infecting the host. LPS injection has been used across
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mammalian and avian systems to study the immune response [30]. For additional details on the determination of the injection
dosage and control procedures, see electronic supplementary material, Methods S2.

We examined the immune response in two different ways: first, through the longitudinal febrile and recovery response,
which could be monitored non-invasively for 10 days following injection; and second, through the acute physiological response,
which we measured at a single time point 4 h after injection (electronic supplementary material, figure S1). We first quantified
the febrile and recovery response following injection with LPS in 20 mice (n = 12 lowland ancestry, n = 8 highland ancestry).
Twelve days later, these same individuals were also subjected to an acute physiological response assay following a secondary
injection. During these experiments, two highland-ancestry animals died within 24 h of their initial injection associated with
the febrile and recovery response (see electronic supplementary material, Methods S1). Thus, in order to complete the desired
sample size for our acute physiological response experiments, the final cohort of mice (n = 8 lowland ancestry, n = 6 highland
ancestry) only received the acute physiological responses injections and were euthanized 4 h later for sample collection. The
final sample sizes are shown in table 1.

(ii) Febrile and recovery response

To quantify the febrile and recovery responses to LPS Injection, we used a temperature-sensitive passive integrated transponder
(PIT-tag; UID Identification Solutions). PIT tags were inserted subcutaneously between the shoulder blades. We collected
near-continuous body temperature data using a custom-built monitoring system (UID Identification Solutions) for 20 total days
for each individual: 10 days before the injection of LPS (to establish baseline body temperature rhythms), and 10 days following
injection (to quantify the febrile and recovery response) (electronic supplementary material, figure S1).

We weighed each mouse and the food in their hopper 48 h before experimental injections and on the evening of injections
to establish individual baselines for body mass and food consumption. Following the injection, we weighed the mice and their
food every 48 h for 12 days to track metabolic response and recovery.

(iii) Acute physiological response

To study the acute physiological response to LPS, we collected blood and tissues from animals 4 h after injection with either
LPS or saline. In total, we collected tissue panels from 34 mice: 20 lowland ancestry and 14 highland ancestry. Of these, 20 mice
(evenly split between populations and secondary injection type, see table 1) had previously received LPS during the febrile and
recovery responses study (see §2b(ii)).

All individuals were randomly assigned to either LPS (10 mg kg−1 in 0.9% saline, as above) or saline injection groups. We
performed injections at 18.00 and immediately removed food pellets from all cages. Four hours after injection (22.00; following
Balderrama-Gutierrez et al.’s procedure and dosing [31]), we euthanized mice using an isoflurane overdose followed by rapid
decapitation, and we collected whole blood, liver and spleen from each individual. Liver tissue was not used for further analysis
and is thus not discussed further. To limit the potential impact of handling stress on outcome measures [32], each mouse was
euthanized within 3 min of lifting their cage. Whole blood was centrifuged at 5000g for 10 min to collect serum. We also
immediately dissected out the spleen and snap-froze it on dry ice. All samples were stored at –80°C until further processing.
Both final injections and tissue collection were completed blind to the injection type.

(c) Serum extraction and corticosterone ELISA
Steroid hormones were purified from plasma using a column-based extraction (see electronic supplementary material, Methods
S3). Following extractions, we measured corticosterone levels for each individual using the Arbor Assays DetectX Corticoster-
one ELISA kit (item no. K014-H5, Ann Arbor, MI). The kit was validated using deer mouse plasma by tests of parallelism
(using a serial dilution; difference in slopes: p = 0.82) and accuracy (through using standard addition to extracted serum;
measured values averaged 5.2% relative to expected) (electronic supplementary material, figure S2). Serum was available for
33 animals in the experiment: 10 lowland- and 7 highland-ancestry mice that received saline injections and 9 lowland- and
7 highland-ancestry mice that received LPS injections. Before the assay, samples were resuspended in 50% ethanol and then
diluted with assay buffer to 1 : 100. Samples were randomized across plates and assayed in triplicate following manufacturer
instructions. A non-experimental sample of deer mouse serum extracted identically was run across all plates as an inter-plate
control. Corticosterone concentrations were calculated using a four-parameter logistic curve. The mean intra-assay CV was 6.4%
and the inter-assay CV was 13.8%.

(d) Sample processing for RNAseq
Total RNA was extracted from spleen tissue using a hybrid TRIzol-RNeasy spin column method. The tissue was homogenized
with TRIzol in a bead beater, following which chloroform was added to promote phase separation. After the TRIzol phase
separation, the aqueous phase was transferred to a column for further purification using the Qiagen RNeasy mini-kit (74104,
Qiagen). We measured RNA concentration using a Qubit fluorometer (RNA Broad Range Kit catalogue no.: Q10210, Thermo
Fisher) and we assessed quality on a Tapestation. All RIN scores were greater than 7.0 (average: 9.2), excluding one low-quality
RNA sample (RIN: 6.6), which was not sequenced. Isolated RNA samples were then shipped to Novogene for library prepara-
tion and sequencing. In total, we generated 336 GB of paired-end raw RNAseq reads (2.6 billion total reads) from our spleen
samples, with each spleen sample having at least 61.7 million reads before trimming and filtering (sample mean reads = 77.6M).

3

royalsocietypublishing.org/journal/rspb 
Proc. R. Soc. B 293: 20253292

Downloaded from http://royalsocietypublishing.org/rspb/article-pdf/doi/10.1098/rspb.2025.3292/6134926/rspb.2025.3292.pdf
by Colorado State University user
on 11 May 2026



(e) Data processing and analysis

(i) Febrile response

Our PIT-tag readers collected a data point every 1–3 min per mouse. All temperature data processing and analyses were
conducted in R (2023.12.1+402). We used a rolling window approach to clean data of erroneous temperature reads, following
Wilsterman et al. [33], which resulted in the exclusion of 9.3% of data for mice included in the febrile and recovery respon-
ses study. We had two unexpected fatalities post-injection (see electronic supplementary material, Methods S1), which were
excluded from all subsequent analysis; however, we did process their data for binning and plotting (electronic supplementary
material, figure S3). The cleaned body temperature data and corresponding R scripts are available through the Dryad repository
[34].

To account for baseline differences in body temperature between populations (see electronic supplementary material,
Methods S4 and figure S4) and individual variation in daily temperature rhythms, we generated individual-specific residuals
of body temperature by comparing post-injection body temperature data to individual predictions of body temperatures.
We generated predicted body temperatures by fitting generalized additive models (GAMs) that included a cyclic spline and
autocorrelative structure to each individual’s baseline temperature data (collected from the 10 days before injection, see §2b(ii)).
After calculating the temperature residuals for each individual, we compared residuals between populations using a linear
mixed model (LMM; lme4 [35]) that included a random effect of individual ID. Significant main effects were evaluated using p <
0.05 in a Type III ANOVA() with lmerTest and emmeans packages [36,37].

(ii) Metabolic recovery and the acute physiological response

To test for population differences in anorexia and change in body mass following LPS injection, we used an LMM that included
fixed effects of body mass, ancestry (lowland or highland) and day, as well as a random effect of individual ID. Significant
main effects were evaluated using p < 0.05 in a Type III ANOVA(), as above. We identified two of the lowland-ancestry mice as
statistical outliers using a generalized extreme studentized deviate (ESD) test. Both individuals had body masses greater than
36 g. We excluded these individuals from the mass change analyses and figure. The full dataset that included these points is
plotted in electronic supplementary material, figure S5. These mice were not excluded for any other analyses. We also used a
linear model (lm(); LM) to test for ancestry differences in serum corticosterone with injection and ancestry as fixed effects. We
included a random effect of ELISA plate ID in our corticosterone analysis. Significant main effects for LMs were evaluated using
p < 0.05 in a Type III ANOVA() from the cars package [38].

(iii) Differential expression analysis

Adapters were trimmed and data were quality checked using fastp version 0.23.4. Reads were then mapped to the P.
maniculatus bairdii genome (HU_Pman_2.1.3), using HISAT2 version 2.2.1. We utilized featureCounts (within the Subread
package version 2.0.6) to calculate read counts mapped to genes, using the corresponding NCBI gene annotation file
(GCF_003704035.1_HU_Pman_2.1.3_genomic.gtf). Within featureCounts, we performed fractional multimapping, which returned
2.3 billion reads total (average of 68.8 million reads per sample; minimum of 51.7 million reads). After filtering for lowly
expressed genes (a minimum of one transcript count per million in each of the 33 samples), we examined differential expression
across 13 700 genes. Raw reads from RNAseq datasets are available at https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1250593.

Libraries were normalized using edgeR:calcNormFactors() with default settings, and differential expression testing was
run using ‘dream’ [39]. We tested for differential expression of genes using the model form ~Population × InjectionType +
ExperimentalCohort. Genes were considered significantly differentially expressed at a false discovery rate (FDR) < 0.05.

Table 1. Experimental sample sizes broken down by experimental cohorts (febrile and recovery response and acute physiological response). NA: Not applicable. FDIC:
Found dead in cage. See main text for additional info (3.b.i and Electronic Supplemental Materials S1).

experimental cohort population febrile and recovery response acute physiological response

injection type N injection type N

febrile + acute lowland LPS 12 saline 6

LPS 6

highland LPS 8 (+2 FDIC) saline 4

LPS 4

acute only lowland NA saline 4

LPS 4

highland NA saline 3

LPS 3
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The experimental cohort was included to control for potential effects of prior exposure to LPS associated with prior inclusion
in the febrile and recovery response portion of the experiment (n = 12 lowland-ancestry mice, n = 8 highland-ancestry mice; see
table 1). In contrast, animals that were only used in the acute physiological response were naive to LPS at the time of injection
(n = 8 lowland-ancestry mice, n = 6 highland-ancestry mice; see table 1). Including the experimental cohort in the model thus
allowed us to account for any potential effects of the initial LPS injection (associated with the febrile and recovery response
injections) on splenic gene expression separate from examining the acute effects of LPS (coded by the InjectionType variable as
saline or LPS).

We were interested both in genes that showed ancestry-specific responses to injection (i.e. genes that were significant for
the Population × InjectionType interaction) and those that differed in expression by both population and LPS injection (i.e.
additive). To identify genes with expression patterns matching either of these two categories, we first examined an a priori list
of genes identified in past research as involved in the rodent immune response to LPS. Genes included in this list were found
to be LPS-responsive in the spleen in either the white-footed mouse (Peromyscus leucopus) or in the house mouse (Mus musculus)
spleen using identical dosing of LPS and experimental times to sample collection [31]. We converted all gene names provided
by Balderrama-Gutierrez et al. [31] and those found in our spleen transcriptome to Ensembl IDs for Mus using g:Profiler
g:Orth to allow for one-to-one comparisons across sets of orthologous genes (see electronic supplementary material, table S1
for orthologue conversion list). Genes with many-to-one conversions (i.e. where multiple deer mouse genes were matched to
a single Mus orthologue; n = 127 genes in the deer mouse splenic transcriptome) and genes without orthologues (n = 2976 in
the deer mouse splenic transcriptome) were removed from further analyses and thus are not included in functional enrichment
testing.

The full a priori list comprised 1007 unique genes with identifiable Ensembl IDs (see electronic supplementary material,
tables S2 and S3); of these, we identified 314 one-to-one orthologues that were also expressed in our spleen transcriptome from
deer mice. A total of 227 of these genes showed LPS-sensitive expression in the house mouse set, and 183 showed LPS-sensitive
expression in the white-footed mouse. To examine this a priori set, we performed a Bonferroni–Holm p-value adjustment for
multiple testing using p.adjust() only on genes included in this smaller set (Ntest = 314).

We next examined the full dataset to understand how LPS injection differentially affected the whole transcriptome. We
conducted a traditional differential expression analysis using adjusted p-values across the full transcriptome (FDR < 0.05).
To determine whether LPS injection or ancestry was associated with broader up- or down-regulation of certain gene sets or
pathways, we performed gene set enrichment analysis (GSEA) analyses using clusterProfiler. All GSEA analyses were carried out
using Mus musculus orthologues, as identified using gProfiler’s g:Orth. Genes were ranked for GSEA analysis using log2Fold-
Change × −log10(raw p.value) and functional enrichment testing was performed using gseGO() with ont = ‘ALL’. Enrichment
terms were considered significant at p < 0.05 after correction for multiple testing.

All data and scripts used for data processing and analyses are available through Dryad [34] and BioProject (PRJNA1250593).

3. Results
(a) High-elevation-ancestry deer mice display a dampened febrile response following lipopolysaccharide exposure
Injection with LPS disrupted the diel rhythms of body temperature in both populations (figure 1). Prior to injection, mice
exhibited robust and stable changes in body temperature across the active/rest phase cycle; however, these daily rhythms in
body temperature disappeared for at least 36 h following injection (figure 1).

In addition, the febrile response to LPS injection differed between lowland- and highland-ancestry deer mice (F1,18= 4.65, p =
0.045; figure 2). Both populations exhibited relative fever during their rest phases (figure 2A,B), and the degree of the rest-phase
fever declined at similar rates across the first 72 h following injection (figure 2C). Highland-ancestry deer mice appeared to
display more variation among individuals in their body temperatures for the first two days following LPS injection when
compared with lowland mice (figure 2A,B, lighter blue and yellow lines). In the active phase, lowland-ancestry mice maintained
similar body temperatures as was observed prior to LPS injection (figure 2A), whereas highland-ancestry mice exhibited relative
hypothermia during the active phase (figure 2B). In formal analysis, we found a significant difference between populations in
how active-phase body temperatures were affected by LPS injection for the first 48 h following injection (figure 2C). We did not
detect a difference between populations in the rest-phase temperatures, though both exhibited relative fever (figure 2C). The
effects of LPS on body temperature rhythms and values were mostly resolved by day 7 following injection in both populations
(figure 1; F1,18 = 0.483, p = 0.496).

(b) Lipopolysaccharide injection resulted in anorexia and weight loss to a similar degree in lowland- and highland-
ancestry deer mice

Both body mass and food consumption were similar at baseline for the lowland and highland populations (figure 3A,C). The
immune challenge resulted in anorexia (suppression of food consumption) for 48 h in both lowland and highland deer mice
(figure 3B), and both populations thereafter began to increase their food intake. There were no differences in the extent of
anorexia or recovery food consumption between populations (population × day: F1,91.19= 1.31, p = 0.256, figure 3B). In line with
the patterns of food consumption, body mass declined for both populations in the first 48 h following the immune challenge,
and there were no ancestry-dependent differences in the pattern of mass loss or recovery across the study period (population ×
day: F1,81.4= 2.00, p = 0.161; figure 3D).
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(c) Lipopolysaccharide increased circulating corticosterone
Both populations experienced elevated corticosterone levels following LPS injection (injection: F1,29.0= 8.36, p = 0.007; figure 4).
Highland-ancestry mice also displayed significantly higher concentrations of basal circulating corticosterone across treatments
such that their LPS-induced values were nearly three times higher than those of the lowland-ancestry mice (figure 4); however,
there was no interaction between ancestry and injection (population × injection: F1,28.3 = 0.157, p = 0.695).

Figure 1. Effects of LPS on raw body temperature in 20 deer mice (n = 12 for lowlanders; n = 8 for highlanders). Plotted temperatures show the average of 6 h bins
per population (±s.e.). The first five days depict natural temperature rhythms per population. The red dotted line marks the time of primary LPS injection.

Figure 2. Pre- and post-LPS exposure body temperature comparison for both populations (n = 12 for lowlanders; n = 8 for highlanders). Raw body temperature traces
show population-dependent diel patterns in lowland (A) and highland (B) deer mice across the 72 h following LPS injection. Light blue or yellow lines show individual
body temperature patterns for lowland- or highland-ancestry mice, respectively. The darker blue or yellow line shows the population-level average. The black line
shows the population-level average predicted temperature values using pre-injection data from all individuals in that population. (C) Residual plots (population
observed average – population predicted average) for 72 h following injection. Residual values above 0 represent post-injection temperatures that are greater than
normal body temperature for that time of day (i.e. relative fever), whereas a value below 0 indicates that the post-injection temperatures were lower than would
be expected for that time of day (i.e. relative hypothermia). Significant population differences are indicated with a red asterisk, and the F statistics and p-values are
shown below each phase. Predicted temperatures for each mouse ID were generated using a generalized additive mixed model (GAMM) with a cyclic spline and an
autocorrelative function using 10 days of pre-injection temperature (per individual). Both predicted and actual temperatures were separately averaged by population
and plotted. The shaded portions of each plot indicate the active phase (i.e. the dark phase).
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(d) High-elevation-ancestry deer mice show differential transcriptional sensitivity to lipopolysaccharide in a priori gene
candidates from the splenic transcriptome

We first focused our transcriptomic analyses on the set of 314 expressed genes that were previously shown to be LPS-responsive
in spleens from white-footed mice (Peromyscus leucopus) and/or house mice (Mus musculus) using identical dosing and sample
collection time points [31] (see §2e(iii)). Among our a priori genes of interest, we found a robust and extensive signal of LPS
injection: 266 of the 314 genes (85%) were differentially expressed in response to injection in deer mice. These results highlight
a core transcriptional response to LPS in the spleen that is conserved among white-footed mice, house mice and deer mice.
There was marginally greater overlap between the set of genes that were LPS-sensitive in both white-footed mice and our deer
mice (90% overlap; 164 of 183 genes) relative to house mice (83%, 188 of 227 genes), as might be expected based on phylogeny.
Of these LPS-responsive genes, 87 were shared amongst all three species (electronic supplementary material, table S4). This

Figure 3. Anorexia and body mass loss induced by LPS. Both measures were taken every 48 h across the experimental time course at the beginning of the active phase
(18.00). (A) Food consumption (adjusted for body mass) starting the day of primary injection of LPS and (B) continuing until termination of the experiment on day 12
did not differ by population (n = 12 for lowlanders; n = 8 for highlanders). Food consumption was similarly reduced following LPS injection and increased across the
recovery period (through day 12) with no difference between populations. Body mass also did not differ between populations at the beginning of the experimental
course (C), nor did body mass loss or recovery across the experimental time course (D) differ between populations (n = 10 for lowlanders; n = 8 for highlanders; two
lowlanders were excluded from mass analyses for extremely high body masses, see §2e(ii) and figure S5 for more). Significant differences in the populations’ responses
to LPS injection were determined through a type 3 ANOVA with a threshold of p < 0.05. Mouse ID was accounted for as a random effect for analyses in (B) and
(D). Main effects are shown in the top left of each panel.

Figure 4. (a) Serum corticosterone collected from lowland (blue) and highland-ancestry (yellow) deer mice 4 h following injection with saline (solid) or LPS (dotted)
4 h prior to tissue harvest. Effects of ancestry and injection on serum corticosterone were considered significant at p < 0.05 when evaluated using a type 3 ANOVA in
the car package. (b) Splenic gene expression of a priori specific genes that display ancestry-specific transcriptional responses to LPS injection. (A) Tnfsf10 (B) Slc201a6
(C) Klf15 and (D) Dgat2. LPS-injected mice are shown using striped boxes, while saline controls are solid colours. Expression levels are displayed as a log2 of the counts
per million (CPM) measure of reads per gene. Significance was determined using voomWithDreamWeights in R package dream and linear mixed models with form =
population * injection type + injection number (test statistic in top right corner; p-value adjustment made specific for the a priori list of genes).
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cross-species list includes core immune genes, such as Tnf (and a few subtypes of this family), Il-15ra, Il-1a, Il-1b and Tlr2. All of
these shared genes were up-regulated in response to LPS (logFC range: 0.78–5.65; median logFC = 2.2).

We next looked for population-specific responses to LPS within this a priori dataset. We found four LPS-responsive genes
that displayed ancestry-specific differences in their transcription following LPS injection (i.e. a significant interaction effect
between LPS injection and ancestry on expression). These four genes (Tnfsf10, Dgat2, Slc10a6 and Klf15; figure 4b; table 2)
are strong candidates for understanding how the immune response functionally differs between populations associated with
high-elevation adaptation. Moreover, Tnfsf10 is a known target of selection in the highland-adapted deer mice [27], in addition
to being the only gene to show novel sensitivity in expression in response to LPS injection (see table 2 for further functional
information about these genes).

An additional 12 genes exhibited differential expression by both population and injection (Adora2a, Arl5c, Cxcl5, Dgkh, Hck,
Mfsd2a, Ppfia3, Slc39a6, Tmem100, Tmem184b, Vdr and Zbtb16). Cxcl5 is interesting because it is a gene for which the LPS response
was highly conserved across populations and that is well-established to play a role in neutrophil activation [44]. Another of
these, Zbtb16, is known to be involved in NK T-cell differentiation [45]. Two of the genes that showed differential expression
by population and LPS injection, Slc39a6 and Zbtb16, are also known to have experienced a history of positive selection in
high-altitude-adapted deer mice (see [27]). These results are suggestive of a more generalized ancestry-specific regulation of
immune pathways in the spleen that may underlie broader differences in the two populations’ febrile responses to LPS and may
lead to differing capacities or strategies for fighting pathogens.

(e) Discovery-based analyses show that ancestry and lipopolysaccharide additively shape the splenic transcriptome
more broadly

Finally, we also examined the whole transcriptome using a discovery-based approach to identify potential novel candidates
and general patterns of population-specific responses to LPS injection. As expected, we found robust evidence of LPS injection
across the whole splenic transcriptome: of the 13 700 filtered genes, 45.2% (6202 genes) were differentially expressed in response
to the immune challenge (electronic supplementary material, table S5). Of those differentially expressed genes with a |logFC| >
0.5 (3721 genes), 1848 were up-regulated in response to LPS injection, while 1873 were down-regulated.

We did not find any genes that displayed significant population-specific responses to LPS injection that survived correction
for multiple testing. However, we did find 1052 genes that were differentially expressed between populations (674 with
|logFC| > 0.5), and about one third of these (386 genes) were also responsive to LPS injection (198 with |logFC| > 0.5)
(electronic supplementary material, table S5 and figure S6). Interestingly, the majority of these genes (142 of 198) that were
differentially expressed by both ancestry and injection with |logFC| > 0.5 differed in the same direction such that genes that
were up-regulated in response to LPS injection also tended to be up-regulated in highland-ancestry individuals, and vice
versa (electronic supplementary material, Table S5 and Figure S6). One such gene was Fkbp5, a molecular chaperone for the
glucocorticoid receptor [46], which was up-regulated in response to LPS injection and is over-expressed in highland-ancestry
deer mice (consistent with the pattern observed in circulating corticosterone, see §3c).

Independent of LPS sensitivity in gene expression within the experimental time course, the large-scale ancestry-specific
differences in expression could lead to functional differences in the spleen and its response to apparent infection. To determine
whether these ancestry differences in gene expression patterns related to potential functional differences in splenic immune
function, we applied a GSEA (see electronic supplementary material, table S6). The GSEA showed that highland deer mice
tended to have greater expression of genes related to the adaptive immune response as well as T-cell and lymphocyte activation
(figure 5, right). Highland-ancestry deer mice also tended to have lower expression of genes involved in cell replication (figure
5, left).

4. Discussion
High-elevation environments have been characterized as having lower pathogen prevalence and virulence relative to lower
elevations [47,48]; whether this potential change in immunological selection pressure interacts with organismal adaptation to
high elevations is not known. Here, we used a model species for both high-elevation adaptation and disease ecology, the North
American deer mouse, in a common-garden experimental design to determine whether local adaptation was associated with
changes to the immune response. While we found some evidence for an enhanced ‘tolerance’ phenotype, where highland deer
mice display reduced fever relative to lowlanders, we did not find any differences in the metabolic components of the febrile
and recovery response. Furthermore, although the two populations showed some differentiation in their splenic transcriptional
responses to LPS, highland deer mice had greater baseline expression of many immune-responsive genes in the spleen. Thus,
while our experiments have identified intriguing differentiation in the febrile response and spleen transcriptome between these
two populations, inferring how these differences integrate to determine organism-level outcomes (i.e. fitness) in the context of
real infections or parasitism will require further work.

Although we found that low- and high-elevation-ancestry deer mice differed in their active-phase body temperature
following LPS injection (figure 2), it is important to note that neither population exhibited traditional ‘fever’ that exceeded
normal active-phase body temperatures. For small mammals with strong active-rest phase changes in body temperature (2–
3°C), fever may be masked by activity-related increases in temperature during the active phase, such that relative fever is only
apparent during the rest phase in small mammals (e.g. [49]). However, we do not believe that activity differences contributed
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to the body temperature patterns we observed here. As part of regular welfare checks across the experimental time course, we
qualitatively observed that all animals remained at rest for the majority of the 48 h following injection. As such, we believe that
activity is unlikely to explain differences in temperature during the first 48 h. Instead, differences in temperature are more likely
to reflect population-specific regulation of relative fever in the active phase versus the rest phase. A combination of quantitative
activity monitoring and metabolic rate measurements would be valuable for confirming that the active-phase differences in
temperature are indeed due to differential fever.

The fact that the lowland- and highland-ancestry populations appear to differ in their relative fever is suggestive of differing
cost-benefit balances in their ancestral environments that have modified febrile responses to a common stimulus. The benefits
of mounting a strong fever are known to be context-dependent. For example, the benefits of fever can depend on how
temperature-sensitive and thermally adapted a given pathogen is (e.g. [50]). We also know that these potential benefits weigh
out against costs such that the energetic status and seasonal context the individual is in can affect febrile responses to a fixed
challenge in the same population (e.g. [51–53]). The proximate cost of a fever can be measured in part through metabolic
rate (i.e. energetic cost); however, because we did not collect metabolic data, we do not know if the relatively lower fever in
highland deer mice corresponded to energetic savings. However, it is notable that both populations of mice displayed similar
anorexia and changes in body mass following LPS injection. The reductions in food consumption (anorexia) and subsequent
recovery are classic components of the physiological response to apparent infection wherein immune signals suppress an
animal’s drive to eat by acting on appetite-suppression pathways [54–56]. In small endotherms, like deer mice, even relatively
short periods of anorexia often lead to acute weight loss due to their high metabolic rates [57,58]. The absence of strong
differences in feeding behaviour and associated mass loss could suggest that any energetic savings associated with the lower
fever in highland-ancestry deer mice is probably relatively small. Alternatively, there are almost certainly ultimate ‘costs’ that
have shaped the evolution of these traits in each population (i.e. trade-offs with capacity to forage or avoid predators) that we
cannot assess from the data presented here. Nonetheless, data on activity and metabolism would again be valuable for further
parametrizing the proximate cost of each population’s responses to the immune challenge relative to one another.

The other major physiological difference that we found between lowland- and highland-ancestry mice was in their serum
corticosterone: in addition to the expected LPS-related increase in serum corticosterone (which did not differ between popu-
lations), highland-ancestry mice exhibited elevated baseline serum corticosterone relative to lowland-ancestry mice (figure
4). The difference in baseline corticosterone that we found between highland- and lowland-ancestry deer mice is confirma-
tory of data recently published from same-ancestry mice at another institution [59]. These ancestry-associated differences

Figure 5. GSEA looking at the effects of ancestry on splenic gene expression. GSEA was performed using ranked gene lists based on log twofold change multiplied by
the negative log₁₀ of the raw p‐value. Each figure box shows the top 10 significantly enriched terms among relatively down-regulated (left) and up-regulated (right)
genes.

Table 2. Function of a priori genes with significant population-specific effects of injection on expression (population × injection).

gene function

Tnfsf10 regulator of apoptosis; activation of local and global inflammation [40]

Slc10a6 increased digestive inflammation [41]

Klf15 anti-inflammation; anti-apoptosis [42]

Dgat2 regulates the activation and differentiation of macrophages, dendritic cells and T cells [43]
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in serum corticosterone are thus likely to be reflective of genetically determined differences in glucocorticoid production
between populations. Others have speculated that elevated corticosterone in highland-ancestry deer mice may be important
for adaptations in whole animal metabolism and respiratory function under high-elevation-associated hypoxia [59]. However,
ancestry-dependent differences in corticosterone could also be involved in differentiation in the immune response, as we
observed. Specifically, glucocorticoids have been implicated in context-dependent fever suppression (e.g. [60,61]). Our results
are thus consistent with there being an interaction between physiological adaptations that improve metabolic physiology at
high elevations (i.e. elevated glucocorticoids) and a decreased capacity to mount robust febrile responses to infection. Follow-up
experiments that manipulate corticosterone and examine the functional immune response directly are necessary to establish a
causal link and to advance arguments about the potential adaptive value or functional impact of the patterns we observed here.

In addition to these physiological differences, we found notable divergence in the splenic transcriptome between highland-
and lowland-ancestry deer mice. We identified four genes that exhibited ancestry-dependent transcriptional responses to LPS
injection (one of which is a known target of positive selection in high-altitude deer mice); these genes are particularly robust
candidates for further functional investigation into the specific mechanisms or processes that are likely to be important for
determining differential responses to infection at the level of the whole organism. We also identified a number of ancestry-
dependent differences in splenic gene expression that were independent of LPS sensitivity but still are likely to impact immune
function. Specifically, we found that highland-ancestry mice have greater expression of genes involved in the adaptive immune
response and immune cell differentiation or production. Highland mice also have a higher baseline level of expression for many
LPS-sensitive genes relative to lowlanders. These general ancestry-associated differences confirm that the physiological ‘stage’
on which immune responses act is set up differently between highland- and lowland-ancestry mice, and thus we would expect
to find additional signatures of ancestry-dependent differential immunity with more detailed experimental work.

Of final note, in addition to uncovering points of divergence between deer mouse populations, our comparative transcrip-
tomic analysis identified a large number (87) of genes that exhibited conserved LPS-dependent differential expression in the
spleen across house mice, white-footed mice and both high- and low-elevation populations of deer mice. As might be expected,
many of these 87 genes have well-documented functions that contribute to our understanding of immune regulation; for
example, Il-15ra (receptor of Il-15), Il-12 and Il-1b are cytokines that influence the maturation and expansion of immune cells
like dendritic cells, natural killer (NK) cells, macrophages and CD4+T cells [62,63]. Interestingly, all of these genes were induced
(i.e. expression increased) in response to LPS injection. These results could suggest that gene expression in the spleen that is
induced (rather than suppressed) by an immune challenge is more likely to be conserved among myomorphs. Identifying the
conservation versus divergence of splenic immune responses across species may be valuable for improving our understanding
of how and why some species (like deer mice and white-footed mice) act as reservoirs for zoonotic diseases (e.g. Hantavirus
[64,65]) while others (like house mice and humans) remain susceptible.

There are some important limitations to our study that are worth acknowledging. While our results provide good evidence
of differentiation in immune system function between the focal low- and high-elevation populations of deer mice, these
experiments are not sufficient to support strong inference about the adaptive value or fitness impacts that these differences
might have in wild mice. Linking the physiological differences that we observed in the laboratory to selection and fitness will
require substantial follow-up experiments, including assays of immune function, pathogen loads and pathogen diversity in
wild populations. Replicating studies in other high and low-elevation populations of deer mice is necessary to substantiate
whether the patterns we observed are unique to these two populations or representative of generalizable patterns associated
with elevational gradients. Finally, even though we found that splenic gene expression that differed by ancestry was specifically
enriched for genes involved in adaptive immunity, we were not able to evaluate whether these ancestry-dependent differences
impacted the adaptive immune response specifically. As such, particular attention should be paid to the role of adaptive
immunity and gene × environment interactions that shape immunity development and function in future work.

Nonetheless, our experiments provide compelling rationale that more targeted experiments comparing immune function
across populations are likely to reveal variation in immunity. By using animals that were several generations removed from
their wild-caught counterparts, we were able to robustly demonstrate that genetic differentiation associated with high eleva-
tions impacts the innate immune response at the level of the whole organism and that splenic gene expression differs by
ancestry. The results reported here thus represent a starting point for improving our understanding of how local adaptation and
environmental gradients might shape variation in immune function within an important vector for disease, the North American
deer mouse.

5. Conclusion
High elevations present new residents with a complex array of environmental changes, including both abiotic variables like
hypoxia and low temperatures, and biotic variables like modified pressure from predation or immune threats. Historically, most
research on organismal adaptation to high elevations has focused on these abiotic challenges. However, our study demonstrates
that high-elevation-derived North American deer mice also exhibit differentiation in their immune responses, suggesting that
these changing biotic stressors shape the whole-organism process of local adaptation. The results of this study thus contribute a
new perspective to thinking about how whole organisms adapt to high elevations, beyond the cardiopulmonary system.

Ethics. All work in this award was reviewed and approved by the Institutional Animal Care and Use Committee at Colorado State University
(Protocol no. 4262).
Data accessibility. All data and scripts associated with this manuscript have been made publicly available. Phenotypic data and intermediate files
can be found in a Dryad repository [34]. Sequence data from RNAseq experiments are available as part of BioProject PRJNA1250593.
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