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Abstract 34 

Despite their close genetic relatedness, apes and African and Asian monkeys (AAMs), strongly 35 

differ in their susceptibility to severe bacterial and viral infections that are important causes of 36 

human disease. Such differences between humans and other primates are thought to be a result, 37 

at least in part, of inter-species differences in immune response to infection.  However, due to 38 

the lack of comparative functional data across species, it remains unclear in what ways the 39 

immune systems of humans and other primates differ. Here, we report the whole genome 40 

transcriptomic responses of ape species (human, common chimpanzee) and AAMs (rhesus 41 

macaque and olive baboon) to bacterial and viral stimulation. We find stark differences in the 42 

responsiveness of these groups, with apes mounting a markedly stronger early transcriptional 43 

response to both viral and bacterial stimulation, altering the transcription of ~40% more genes 44 

than AAMs. Additionally, we find that genes involved in the regulation of inflammatory and 45 

interferon responses show the most divergent early transcriptional responses across primates 46 

and that this divergence is attenuated over time. Finally, we find that relative to AAMs, apes 47 

engage a much less specific immune response to different classes of pathogens during the early 48 

hours of infection, upregulating genes typical of anti-viral and anti-bacterial responses 49 

regardless of the nature of the stimulus. Overall, these findings suggest apes exhibit increased 50 

sensitivity to bacterial and viral immune stimulation, activating a broader array of defense 51 

molecules that may be beneficial for early pathogen killing at the potential cost of increased 52 

energy expenditure and tissue damage.  53 

 54 

  55 
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INTRODUCTION  56 

Despite being close evolutionary relatives, humans, chimpanzees and African and Asian 57 

monkeys exhibit inter-species differences in sensitivity to and manifestation of certain bacterial 58 

and viral pathogens that are major causes of mortality in humans (e.g. HIV/AIDS, Hepatitis C 59 

Virus, broad range of commensal Gram-negative bacteria commonly implicated in sepsis).1-5 60 

Humans, for example, are highly sensitive to stimulation by the Gram-negative bacterial cell 61 

wall component hexa-acylated lipopolysaccharide (LPS), miniscule amounts of which (2-62 

4ng/kg) can provoke inflammation, malaise and fever, and a slightly higher dose, septic shock 63 

(15 ug/kg).1,6,7 In contrast, baboons and macaques require doses nearly 10 fold higher in 64 

concentration to trigger similar symptoms.5,8,9 Pattern  recognition receptors (PRRs) such as 65 

Toll-like receptors (TLRs) play a central role in the mediation of innate immune responses to 66 

pathogens10. The limited number of studies comparing leukocyte function after stimulation 67 

with TLR-detected pathogen-associated molecules (PAMPs) suggest that the differences in 68 

infectious diseases susceptibility noted between apes and AAMs is, in part, the outcome of 69 

lineage-specific evolution of early innate immune system regulation and signaling.11-13  Indeed, 70 

innate immune components responsible for detecting pathogens, including TLRs that sense 71 

Gram-negative bacteria and single-stranded RNA viruses, have been found to be under positive 72 

selection in primates.14,15   73 

 74 

Despite stark differences in the manifestation of severe infections between apes and African 75 

and Asian monkeys (AAMs), there are few reports directly comparing the gene expression 76 

response across species to bacterial and viral pathogens.11,12 Further, previous studies relied 77 

mainly on isolated cell types to characterize immune responses across primates11,16, which does 78 

not faithfully reflect the nature of the innate immune response that is a product of the interaction 79 

between several cell populations17. To better understand the evolution of the primate immune 80 

system, this study compares the early responses of apes (humans and common chimpanzees) 81 

and AAMs (rhesus macaques and olive baboons) to bacterial and viral stimulants. Here, we 82 

report on the whole genome expression of total blood leukocytes from these four primate 83 

species responding to bacterial and viral stimulation during the first 24 hours of challenge. Our 84 

results show that apes and AAMs have diverged in sensitivity to specific microbial assaults, 85 

such that ape leukocyte responses favor robust antimicrobial power over pathogen specificity 86 

at the potential cost of increased energetic expenditure and bystander tissue damage.  87 

 88 

 89 
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Results 90 

 91 

Evolutionary relationships explain most of the transcriptional response variation in primates 92 

to bacteria or viral stimulation 93 

 94 

To assess differences in innate immune function between higher order primates in as close an 95 

approximation to in vivo as possible, we challenged whole blood from humans (Homo sapiens; 96 

N=6), common chimpanzees (Pan troglodytes; N=6), rhesus macaques (Macaca mulattta; 97 

N=6) and olive baboons (Papio anubis; N=8) with bacterial or viral stimuli via venous draw 98 

directly into a media culture tube containing either lipopolysaccharide (LPS) from Escherichia 99 

coli O111:B4, gardiquimod (GARD), a single-stranded RNA viral mimetic, or endotoxin-free 100 

water, as a negative control (Control). Blood was stimulated for 4 and 24 hours before the total 101 

leukocytes were isolated, and RNA extracted for RNA-sequencing (Figure 1A). We chose 102 

these two molecules because in mammals they are broad signals of infection by pathogen types 103 

for which there are well established differences in disease manifestation between apes and 104 

AAMs (e.g., immunodeficiency viruses, Hepatitis C, common commensal bacteria that cause 105 

Gram-negative bacterial sepsis).1,3,4  Following quality control filtering, we analyzed 151 high-106 

quality RNA-sequencing profiles across species and treatment combinations (see Methods, 107 

Table S1). We focus our comparative analyses on the expression levels of 14,140 one-to-one 108 

(1:1) orthologous genes, taking into account potential biases in expression estimates due to 109 

differences in mappability between species (Methods). 110 

   111 

As whole blood contains a variety of leukocyte cell subtypes, we first characterized differences 112 

in total blood leukocyte composition between species using fluorescence-activated cell sorting 113 

(FACS). Leukocyte composition differs between species for all major subtypes measured, with 114 

the most notable differences an increase in the proportion of monocytes in humans (CD14+, P 115 

< 0.003) and helper T cells in chimpanzees (CD3+, CD4+; P = 0.0006 to 0.065), relative to 116 

other primates (Figure 1B, Table S2).  Using linear models that account for variation in cell 117 

composition, we next identified genes that respond to LPS and GARD in each of the species, 118 

at each of the time points (see Methods).  In all species, both treatments led to the up- or down-119 

regulation of hundreds to thousands of genes (FDR<0.05, Figure 1C, Table S3). As expected, 120 

the transcriptional response to either stimulus was highly concordant across primates 121 

(Spearman’s r range 0.5 to 0.87 across all pairwise comparisons; Figure S1), with stronger 122 

correlations between closely related primates than between more distantly-related pairs of 123 
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species (e.g., at LPS 4 hours Spearman’s r human vs chimpanzee = 0.84, human vs baboon = 124 

0.50).  Consistently, the first principal component (PC) of the log2 fold-change responses to 125 

both LPS and GARD accounted for ~20% of the total variance in our dataset and separated 126 

apes (human and chimpanzee) from AAM (macaque and baboon) (t-test; P < 1x10-10 for both 127 

4h and 24h, Figure 1D). The second PC captured differences in immune response to bacterial 128 

or viral stimulation (t-test; P < 1x10-8 for 4 and 24h; Figure 1D). We identified a set of 648 129 

and 257 genes that early after stimulation (4 hours) showed a consistently strong response 130 

across all species to LPS or GARD, respectively (defined as genes with |log2 FC| > 1 and FDR 131 

< 0.05 in all species, Table S4). These genes include most of the key transcription factors 132 

involved in the regulation of innate immune responses to bacterial (e.g., NFKB1/2) and viral 133 

pathogens (e.g., IRF7/9), as well as several effector molecules involved in the regulation of 134 

inflammatory responses to infection (e.g., IL6, TNF� and IL1b).  135 

 136 

137 
Figure 1. Characterizing innate immune response upon viral and bacterial stimulation of 138 

primate’s white blood cells. (A) Schematic representation of the study design. Whole blood 139 

samples from humans, common chimpanzees, rhesus macaques and olive baboons were 140 

stimulated with bacterial or viral stimuli via venous draw directly into a media culture tube 141 

containing either lipopolysaccharide (LPS), single stranded RNA viral mimetic gardiquimod 142 

(GARD), or endotoxin-free water, as a negative control (Control).  At 4- and 24-hours post-143 

stimulation white blood cells were isolated, and RNA extracted for RNA-sequencing. (B) Cell 144 

proportion of 6 populations of innate immune cells for all species. Species are indicated on x 145 

axis and proportions this population from total leukocytes is on y axis. Abbreviations are PMNs 146 
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for polymorphonuclear cells and Natural killer for NK cells (C)  Number of differentially 147 

expressed genes (DEGs; FDR<0.05) in response to LPS (top panels) and GARD (bottom 148 

panels) in each of the species at 4- and 24-hours post-stimulation The exact number of up- and 149 

down-regulated genes in each condition in each species are indicated on the bar charts. (D) 150 

Principal component analyses (PCA) performed on the log2 fold-change responses observed 151 

at 4 hours post LPS and GARD stimulation. PC1 primarily separates apes (human and 152 

chimpanzee) from AAM (macaque and baboon), and PC2 captures differences in immune 153 

response to bacterial or viral stimulation.  154 

 155 

 156 

Stronger early innate immune response in apes than in AAM 157 

 158 

Next, we sought to characterize differences in immune responses across species. To do so, we 159 

first looked at overall differences in the magnitude of the transcriptional responses to LPS and 160 

GARD across species (see Methods). We found that, at early time points, both ape species 161 

(human and chimpanzee) engage a much stronger transcriptional response to both stimuli as 162 

compared to rhesus and baboons (in average ~2-fold higher, Wilcoxon test P < 10210, Figure 163 

2A). Next, we identified genes for which the magnitude of the transcriptional response to LPS 164 

or GARD was significantly different between apes and AAM (FDR<0.10 for all pair-wise 165 

contrasts between an ape and an AAM species and an average |log2 FC| > 0.5). Hereafter, we 166 

refer to these genes as Clade Differentially Responsive Genes, or c-DRGs. We identified a total 167 

831 and 443 c-DRGs, in the early response (4 hours) to LPS and GARD, respectively (Figure 168 

2B, Table S5). Among c-DRGs, 83-92% showed a stronger response in apes as compared to 169 

AAM, consistent with the genome-wide pattern of an overall more robust transcriptional 170 

response to immune stimulation in apes. Importantly, the stronger response observed in apes is 171 

not explained by higher baseline expression levels of the receptors involved in the recognition 172 

of LPS (TLR4, CD14, LY96 and CASP4) and GARD (TLR8) (Figure S2).  Next we focused 173 

our analyses on a manually curated list of 1079 genes belonging to different modules of the 174 

innate immune system18 and that were found to change gene expression in at least one of our 175 

experimental conditions, in at least one of the species from our dataset. These genes include 176 

sensors (n=188), adaptors (n=36), signal transducers (n=209), transcription (factors) (n=74), 177 

effector (molecules) (n=115), accessory molecule (n=54) and secondary receptors (n=50). All 178 

modules show similar divergence between clades, with ~15% of the genes within each module 179 

classified as c-DRGs with a stronger response in apes, as compared less than 5% showing a 180 

significantly stronger response in AAM (Figure 2C).   181 

 182 
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To further characterize functional differences in immune regulation between apes and AAM 183 

we devised a new score of transcriptional divergence at the pathway level. We focused on the 184 

set of 50 “hallmark pathways”, which capture well-defined and curated biological states or 185 

processes.19 Briefly, for each gene in these pathways, a divergence score between apes and 186 

AAM was computed by calculating the average difference between the fold-change estimates 187 

between all pairs of species of the two clades, while taking into account variance in 188 

transcriptional response within each species. The pathway divergence score reflects the average 189 

divergence scores across all genes of a given pathway (see Methods for details). In the early 190 

response to LPS, the most divergent pathways between apes and AAM were “Interferon alpha 191 

response” and “Interferon gamma response” (P £ 0.01, Table S6), indicating that the regulation 192 

of interferon responses has significantly diverged since the separation between apes and AAM. 193 

In the early response to GARD, pathways directly related to the regulation of inflammatory 194 

responses, notably TNF-a signaling, were the most divergent (P £ 0.01) (Figure 2D).  195 

 196 

 197 

Figure 2. Stronger early innate immune response in apes than monkeys. (A) For each 198 

combination of stimulus and time-point we show the distribution of the log2 fold changes (x-199 

axis) among genes that response to that treatment in at least one of the species.  The median 200 

log2 fold change responses in each species is represented by a dashed line. (B) Number of 201 

differentially responsive genes that are clade- or species-specific differently regulated genes at 202 

4 hours post LPS (left) and GARD (right) stimulation. For clade differently regulated genes (c-203 

DRG) we report number of genes that show a stronger response in specific clade at the 204 

beginning of ancestral branch of the tree. For example, in response to LPS we identified 831 205 

c-DRGs from which 728 show a stronger response in apes and 103 in AAMs. For species-206 

specific responsive genes numbers are given in front of each species. The color codes for each 207 

species are red for human, cyan for chimp, orange for baboon and violet for macaque. (C) Bar 208 
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plots represent the proportions of different classes of innate immunity genes that are classified 209 

as c-DRGs with a higher response in apes (dark violet) or in AAMs (dark blue). (D) Scatter 210 

plot displaying total divergence scores of hallmark pathways for LPS (green) and GARD (pink) 211 

at 4h stimulations. For a given pathway, the total divergence is given by divergence score (DS) 212 

on the x-axis and -log10 p values for each DS is on the y-axis. The pathways names, DS values, 213 

and corresponding p values are shown in Table S6. We highlight the pathways showing the 214 

most significant divergence scores for both the response to LPS and GARD.  215 

 216 

 217 

Species-specific immune responses reflect unique immune regulation mechanisms and 218 

lineage-specific divergence 219 

 220 

Next, we sought to identify genes that respond to immune stimulation in a species-specific 221 

fashion. These were characterized as genes for which the magnitude of the response to LPS or 222 

GARD in one species was significantly different to that observed in all other species (see 223 

Methods). Across time-points and immune stimulations we identified a total of 980, 726, 425 224 

and 655 species-specific responsive genes in human, chimpanzees, macaques and baboons, 225 

respectively (Table S7). Among baboon-specific responsive genes the vast majority (69%) 226 

showed a weaker magnitude of the response to 4-hours of LPS stimulation in baboons as 227 

compared to all other primates (Table S7). Gene ontology (GO) enrichment analyses (Table 228 

S8) revealed that these genes were enriched among defense response genes (FDR= 4.8x10-14) 229 

and a variety of other GO-associated immune terms (Figure 3B), including several key 230 

transcription factors (e.g., STAT1, IRF7/9), major inflammatory cytokines (e.g., IL1B and 231 

CXCL8), and a number of genes directly involved in LPS sensing and recognition (adaptor 232 

molecules IRAK2, 3 and 4, and the primary LPS receptor, TLR4) (Figure 3A; Table S7). The 233 

weaker response observed in baboons appears to be, at least in part, due to a higher baseline 234 

expression level of many of these innate immunity genes (Figure S3).  Baboons have been 235 

suggested to bear higher pathogen loads than apes due to their mating promiscuity, and so it is 236 

tempting to speculate that increased baseline might represent a mechanism of protection against 237 

frequent microbial infections. 
20,21. In rhesus macaques, the other AAM species, genes showing 238 

a stronger response to LPS at both 4 and 24 hours than that observed in all other species 239 

(N=157, Table S7) were mostly enriched among genes involved in the regulation of 240 

inflammatory responses (FDR = 0.002, Table S8), including TREM2 a known suppressor of 241 

PI3K and NF-kappa-B signaling in response to LPS. 242 

 243 
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Among chimpanzees-specific genes the most notable GO enrichments were observed among 244 

genes showing a weaker response to LPS at 24 hours relative that observed in all other primates. 245 

These genes were significantly enriched for GO terms associated with viral defense 246 

mechanisms, including “response to virus”, or “type I interferon signaling pathway” 247 

(FDR<1x10-9, Figure 3C). Further inspection of these genes revealed that the vast majority are 248 

strongly up-regulated at 4 hours post-LPS stimulation – at similar levels to those observed in 249 

other species - but that chimpanzees have a unique ability to shutdown these genes at later time 250 

points. For example, the prototypic interferon responsive gene MX1 is up-regulated by over 5-251 

fold in all primates at 4 hours but by 24 hours MX1 levels have revert to baseline uniquely in 252 

chimpanzees (Figure 3E), suggesting that chimpanzees are particularly divergent in the 253 

regulatory circuits associated with the control of viral responsive genes.  254 

 255 

 256 

In contrast to the pattern observed for baboons, human-specific responses were associated with 257 

genes showing a stronger response to immune stimulation as compared to that observed in 258 

other primates. Gene ontology analyses revealed that these genes are over-represented among 259 

terms related to the regulation of cytokine production involved in immune response (FDR = 260 

0.045), and T cell activation involved in immune response (FDR = 0.06) (Table S8). Notable 261 

examples of human-specific responding genes include the canonical T cell co-stimulatory 262 

molecule CD80 (average 5-fold increase in response to both stimuli relative to other species) 263 

and IFNg, a cytokine central for protective immunity against a large number of infectious 264 

agents and the key determinant of the polarization of T cells towards a pro-inflammatory Th1 265 

phenotype22 (Figure 3D). The higher production of IFN³ and CD80 in humans may mediate 266 

more effective killing of viral and bacterial pathogens. Further, as these molecules are 267 

important regulators of cytokine production and T cell activation, it also suggests significantly 268 

different regulation of T cell responses.23,24 269 
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270 
Figure 3. Species specific immune response reflect unique immune regulation 271 

mechanisms and lineage specific divergence. (A) Circos plots showing different classes of 272 

innate immune genes (clustered using different color codes) classified as species-specific 273 

responsive at 4 hours post-LPS stimulation in humans (left) and baboons (right). The log2FC 274 

key represent the average difference between species response versus all other species where 275 

the positive (red color) and negative (blue) values indicate the magnitude of the stronger and 276 

weaker absolute response in this species vs. all others, respectively. (B)  Gene ontology (GO) 277 

enrichment analysis for genes showing an weaker response to LPS at 4 hours in baboons as 278 

compared to all other species. (C) Gene ontology (GO) enrichment analysis for genes showing 279 

an weaker response to LPS at 24 hours in chimpanzees as compared to all other species. For B 280 

and C only top GO terms are presented. The full list of significant GO terms can be found in 281 

Table S8. (D) Boxplot represent the log2FC of IFNg and CD80 genes which, at 4 hours post-282 

LPS stimulation, were found to have a significantly stronger response in human than in other 283 

primates. (E) Estimates of the mean fold changes response for MX1 (+/- SE) at the two time 284 

points across the four primate species studied.  285 

 286 

 287 

Regulatory divergence decreases as infection proceeds 288 

 289 

Next, we compared the transcriptional divergence between early (4 hour) and late (24 hours) 290 

immune responses. We observed a marked reduction in divergence scores at 24 hours post-291 

stimulation of most hallmark pathways in the response to both LPS (P=8x10-6) and GARD 292 

(P=6x10-9) (Figure 4A). In LPS-stimulated cells, the most striking differences were observed 293 
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for interferon-related pathways, which show a reduction in divergence score of ~6-fold 294 

between the two time points. In GARD-simulated cells, the largest reduction in divergence 295 

scores was observed among pathways related to the regulation of inflammatory responses 296 

(Figure 4A). These findings indicate that most transcriptional divergence in immune responses 297 

among primates occurs during the initial response to pathogens followed by an overall 298 

convergence to similar response levels at later time point, specifically among genes involved 299 

in the regulation of inflammation and viral-associated interferon responses (Figure 4B). In 300 

apes (but not in AAMs), genes involved in the regulation of inflammation are strongly enriched 301 

among those for which the response to GARD significantly decreases at the later time point, 302 

whereas those decreasing in response to LPS are enriched for viral response genes (Figure 4C; 303 

Table S9). 304 

305 
Figure 4. Divergence of immune response is reduced at later time point. (A) Scatter plots 306 

of divergence scores of hallmark pathways at early (x-axis) and later time points (y-axis) for 307 

LPS (green) and GARD (maroon) stimulations. The inset boxplots contrast the distribution of 308 

divergence scores among all pathways between the two time points. P values were obtained 309 
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using Mann Whitney test. (B) Estimates of the mean response at the two time points for each 310 

species (+/- SE) across genes bellowing to the interferon alpha and inflammatory response 311 

hallmark pathways. (C) GO enrichment analysis for genes that showed significant decrease in 312 

response in apes only (FDR < 0.05 in apes and FDR > 0.05 in monkeys) for LPS and GARD. 313 

Top significant GO terms are given as indicated by –log10 p value on the x axis.  314 

 315 

 316 

Apes engage a less specific innate immune response than AAM    317 

An aspect of innate immunity central to its success during microbial assault is its ability to 318 

recognize pathogens and initiate the most appropriate defense against them by type.  The 319 

specificity of the innate immune response to infection is mediated by pattern recognition 320 

receptors that detect the presence of danger signals via conserved molecular patterns associated 321 

with subtypes of pathogens and host damage (e.g. penta- and hexa-acylated LPS from Gram-322 

negative bacteria detected by TLR4-LY96 receptors).25,26 Signals of viral danger such as GARD 323 

are expected to activate a response mainly controlled by transcription factors prominent in 324 

antiviral defense such as interferon regulatory factors (IRFs), which limit viral replication and 325 

dissemination through the upregulation of interferons and interferon-regulated genes.27,28 By 326 

contrast, recognition of Gram-negative bacteria via cell-wall component LPS  stimulates a 327 

broader array of cytokine responses that tends towards expression of  pro-inflammatory 328 

cytokines regulated by transcription factors NFkB and AP1, but can also include interferon 329 

expression regulated by transcription factors such as IRF3 and JAK-STAT.27 29-31   330 

Two major lines of evidence indicate that early transcriptional immune responses are less 331 

specific in apes than in AAM. First, we found the transcriptional responses to LPS and GARD 332 

were more similar to each other in apes (humans r = 0.87, chimpanzees r=0.83) than they were 333 

in baboons (r = 0.44) or macaques (r = 0.65) (Figure 5A). Accordingly, we found about three 334 

times more genes that respond uniquely to either LPS or GARD (i.e., “ligand specific” genes) 335 

in AAM as compared to apes (chi2 test; P=2.2x10-16 )(Figure 5B, Methods for details on the 336 

statistical model used to characterize ligand specific and shared genes). The second piece of 337 

evidence comes from the nature of the genes that are differentially activated in response to LPS 338 

and GARD. The fact that apes show a higher correlation in GARD and LPS responses 339 

compared to AAMs predicts that they will tend to activate both antibacterial and antiviral 340 

defenses mechanisms regardless of the nature of the stimuli. Supporting this notion, the genes 341 

that exhibited a stronger response in apes than in AAMs after stimulation with the viral mimic 342 

GARD for four hours were most significantly enriched genes involved in the regulation of 343 
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inflammatory responses (P= 7.1x10-6; FDR = 0.008, Table S8), whereas genes involved in the 344 

response to viruses (GO term “response to virus”) were enriched upon bacterial LPS 345 

stimulation (P= 0.0023; FDR = 0.15, Table S8).  346 

 347 

To explore these differences in more detail, we focused on genes involved in the interferon 348 

alpha pathway (viral-associated response) or inflammatory response (bacterial-associated 349 

response). In AAMs, inflammatory response genes tended to be more strongly up-regulated in 350 

response to LPS compared to GARD (Pf 0.0027 ), suggesting that their transcription is 351 

particularly sensitive to receipt of a bacterial danger signal compared to a viral one.  No 352 

significant differences in upregulation of these same genes were noted between LPS and 353 

GARD cells in apes () (Figure 5C). For example the canonical pro-inflammatory cytokine 354 

TNF, which in macaques and baboons is strongly up-regulated only in response to LPS, is 355 

potently up-regulated in response to both stimuli in humans and chimpanzees  (by over ~4-356 

fold, Figure 5D).  Other examples of this pattern include the classical pro-inflammatory 357 

cytokines IL1A and IL1B (Figure S4). Likewise, interferon-associated genes were more 358 

strongly up-regulated in response to GARD compared to LPS in AAM (P<=7.7x10-6 ), while 359 

in apes these genes showed more concordant levels of up-regulation between stimuli (Figure 360 

5C). Interferon-induced and potent antiviral genes, including MX1 and OAS1, were much more 361 

strongly upregulated in response to GARD than to LPS in AAMs compared to apes (Figure 362 

S4). 363 

 364 
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 365 
Figure 5. Apes engage a less specific innate immune response than AAMs. (A) Correlation 366 

plots of the magnitude of the fold change responses between LPS (x-axis) and GARD-367 

stimulated cells (y-axis).  For each of the species, we only include genes that were differentially 368 

expressed (FDR < 0.05) in response to at least one of the stimuli (N= 7862, 7874, 6585 and 369 

5430 genes for human, chimp, baboon and macaque, respectively). High correlation was found 370 

in apes (~ 0.85) while modest correlation was found in baboon (0.44) and moderate in macaque 371 

(0.65). (B) Proportion of ligand-specific (i.e., genes that respond uniquely to either bacterial or 372 

viral stimuli) and shared genes (i.e., genes equally activated by both immune stimuli) across 373 

species. (C) Violin plots comparing (scaled) log2 fold-change responses to 4 hours of LPS and 374 

GARD stimulation between genes belonging the hallmark pathways “Interferon (IFN) alpha” 375 

and “inflammatory response”. The p-values shown have been Bonferroni corrected for the 376 

number of tests performed. “NS” stands for non-significant (i.e., p value > 0.05) (D) Boxplots 377 

of the log2 fold change response (y-axis) of TNF in response to LPS and GARD stimulations 378 

across primates.  379 

 380 

 381 

 382 

 383 
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Discussion 384 

Our study provides a genome-wide functional comparison of variation in innate immune 385 

responses between species belonging to two closely related clades of primates. Ape (human 386 

and chimpanzee) total blood leukocytes were significantly more responsive to bacterial and 387 

viral stimulation compared to total blood leukocytes obtained from AAM (rhesus macaques 388 

and baboons) during the early hours of challenge, mounting generally stronger and less specific 389 

transcriptional responses. This increased response suggests apes maintain increased sensitivity 390 

to particular types of microbial assaults compared to AAM, a phenomenon likely to come with 391 

considerable energetic cost.1,5 From an evolutionary standpoint investment in increased 392 

sensitivity to pathogens can limit the negative effects of pathogen exposure on reproductive 393 

fitness.  Humans and chimpanzees participate in a comparatively slower life history than rhesus 394 

macaque and olive baboon monkeys – they live decades longer, take longer to reach sexual 395 

maturity, nurture their young longer and maintain a larger body size32-34. A long life at a large 396 

size increases risk of pathogen exposure both in terms of number of exposures and absolute 397 

load, over the course of a life that will have long periods of time between the birth of offspring. 398 

A slow life history strategy can be concomitant with and increase risk in pathogen-mediated 399 

limitations in reproductive success, making a more substantial investment in robust early 400 

pathogen detection and elimination evolutionarily beneficial, compared to the ordinary 401 

metabolic costs of launching those responses.35,36  402 

 403 

However, serious bystander tissue damage is a cost for immune protection during severe 404 

infections. Pathogen virulence may play a significant role in the evolution of high energy low 405 

specificity early immune responses. The primate genera in this study substantially differ in 406 

their evolutionary exposure to particular pathogens (e.g. dengue virus, immunodeficiency 407 

viruses, Zika virus)37-40. Exposure to pathogens of high virulence may lead to a low cost-benefit 408 

ratio for primate hosts, since the reproductive and evolutionary benefit of a transiently 409 

demanding immune response outweighs its energetic and tissue costs. 41,42. Under this rubric, 410 

a robust but less specific early response to pathogens is effective and beneficial most of the 411 

time. Any contribution that response might make to immunopathology in apes through 412 

potentially increased risk of sepsis or chronic inflammatory disease is evolutionarily negligible 413 

compared to the persistent risk of infection. Interestingly, among the most divergently 414 

responding pathways between apes and AAMs, several were associated with the regulation of 415 

interferon responses and responses to viruses. These findings are consistent with growing body 416 
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of literature that pathogens and, specifically, viruses have been important drivers of adaptive 417 

evolution in humans and other mammals.15,43-45  418 

 419 

Regardless of initial strength and divergence of transcriptional response to LPS and GARD, 420 

we show that the transcriptional activity of antiviral (interferon) and inflammatory pathways 421 

became attenuated over time and more similar between species. While acute-phase and early 422 

proinflammatory responses are typically later countered by a later anti-inflammatory response 423 

to lessen host damage and maintain homeostasis, the dampening of this initial powerful 424 

antimicrobial response over time, is profound46. Remarkably, in apes the pathways that 425 

underwent the most pronounced attenuation after 24h tended to be ones not expected to be 426 

strongly engaged in the response to the pathogen type in the experiment. For instance, the 427 

typically antiviral type I IFN pathway response was found to be markedly reduced in apes after 428 

24 hours of bacterial but not viral stimulation. While the initial response of apes to immune 429 

stimulus is very strong, temporal regulation of responding pathways may reduce the energetic 430 

costs of such an immune strategy. What gene regulatory and immunological mechanisms are 431 

involved in such temporal regulation will require further investigation.  432 

 433 

In conclusion, we show initial antibacterial and antiviral responses of apes to be highly 434 

correlated, and strongly responsive when compared to close relatives African and Asian 435 

monkeys. Apes appear to have adopted an immune strategy that emphasizes sterilization over 436 

specificity, strongly transcribing a greater number of genes in response to immune stimulation 437 

and releasing very similar immune transcriptomic “arsenals” regardless of pathogen-type. This 438 

powerful response dramatically shifts during the opening hours of infection, to involve 439 

significantly fewer genes after 24 hours, which may help limit bystander tissue damage. The 440 

energetically costly approach apes initiate in response to immune stimulation may be favored 441 

by this primate family’s adoption of slower life history with increased risk of pathogen 442 

exposure over reproductive life span, or past pathogen exposure. The addition of more primate 443 

species, combined with the use of single-cell RNA sequencing methods are important next 444 

steps to study the evolution of the immune system and more precisely map the immune cell 445 

types that contribute the most to divergence in immune response across primates.  446 

 447 

 448 

 449 

Materials and methods 450 
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Sample collection and blood stimulation 451 

We measured innate immune responses on a panel of 6 humans, 6 chimpanzees, 6 rhesus 452 

macaques, and 8 olive baboons (three females and 3 males for each species, 4 females, 4 males 453 

for baboon). Human samples were obtained via informed consent, with the approval of the 454 

Research Ethics Board at the Centre Hospitalier Universitaire Sainte-Justine (Research Ethics 455 

Board approved protocol #3557). Non-human primate blood samples were humanely collected 456 

in accordance with the animal subject regulatory standards of the Texas Biomedical Research 457 

Institute and Emory University Institutional Animal Care and Use Committees. Chimpanzee 458 

samples were collected prior to the NIH ban on chimpanzee research.  459 

 460 

We drew 1 mL of whole blood from each animal directly into a TruCulture tube (Myriad RBM) 461 

that contained: (i) cell culture media only (“control”), (ii) cell culture media plus 1 µg/mL ultra-462 

pure LPS from the E. coli 0111:B4 strain (“LPS”),or (iii) cell culture media plus 1 µg/mL of 463 

Gardiquimod (“GARD”). Samples were incubated for 4 and 24 hours at 37°C. Following 464 

incubation, we separated the plasma and cellular fractions centrifugation, and lysed and 465 

discarded the red cells from the remaining cell pellet by applying red blood cell lysis buffer 466 

(RBC lysis solution, 5 Prime Inc.) for 10 minutes followed by centrifugation and washing with 467 

1x PBS. The remaining white blood cells were lysed in Qiazol and frozen at -80C until library 468 

construction (Qiagen, San Diego, CA, USA).  To control for variation in cellular composition 469 

in downstream analyses, we used flow cytometry to quantify the proportions of leukocyte 470 

subtypes, accounting for polymorphonuclear (CD14dim/SSC-A>100K/FSC-471 

A>100K/CD66+), classical monocytes (CD14+/CD16-), CD14+ intermediate monocytes 472 

(CD14+/CD16+), CD14- non- classical monocytes (CD14-/CD16+), helper T cells 473 

(CD3+/CD4+), cytotoxic T cells (CD3+/CD8+), double positive T cells (CD3+/CD4+/CD8+), 474 

CD8- B cells (CD3-/CD20+/CD8-), CD8+ B cells (CD3-/CD20+/CD8+), natural killer T 475 

lymphocytes (CD3+/CD16+), and natural killer cells (for monkeys: CD3-/CD16+ in the 476 

lymphocyte scatter, for apes: CD3-/CD16+/CD56+ in the lymphocyte scatter) Samples for 477 

FACS were simultaneously cleared of red blood cells vis lysis and fixed by application of BD 478 

FACS-lyse for 2 minutes, prior to washing with 1x PBS,  staining with fluorochrome 479 

conjugated monoclonal antibodies (Table S10), before washing with 1x PBS and suspending 480 

in a 1x PBS and paraformadelhyde solution for analysis on the BD LSRFortessa platforms. 481 

Proportional analysis was completed in FlowJo X, using BD FACSBeads individually stained 482 

with the antibodies to calculate compensation.  483 

 484 
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RNA-seq data generation  485 

Library construction. Total RNA was isolated from cell lysate by phenol::chloroform 486 

extraction and spin-column (miRNAeasy kit, Qiagen, San Diego, CA, USA), quantified by 487 

spectrophotometry and assessed for quality using the Agilent 2100 bioanalyzer (Agilent 488 

Technologies, Palo Alta, CA). Samples with no evidence of RNA degradation (Integrity 489 

number >8) were then used for RNA library development. Messenger RNA (mRNA) was 490 

isolated by magnetic bead and converted into RNA libraries using the Illumina TruSeq RNA 491 

Library preparation kit v2 according to the manufacturer’s instructions (Illumina, San Diego, 492 

CA, USA). Libraries were sequenced on a HiSeq 2100, producing 151 transcriptomes, at 25-493 

30 million reads per sample 494 

Reads mapping on 1:1 orthologs 495 

Following sequencing, we trimmed Illumina adapter sequence from the ends of the reads and 496 

remove bases with quality scores < 20 using Trim Galore (v0.2.7). We used STAR to align the 497 

reads to an orthologous reference genome for all four species47. We developed this genome 498 

using the XSAnno pipeline which combines whole genome alignment, local alignment and 499 

multiple filters to remove regions with difference in mappability between species48. XSAnno 500 

pipeline identifies orthologous genes across two species using three major filters namely 501 

LiftOver to carry annotation of one species over the other, BLAT aligner to compare 502 

orthologous exons identity between the two species and simNGS to identify exons that have 503 

different lengths between the species. We used the genome assemblies of hg19 for human, 504 

CHIMP2.1.4 for chimpanzee, MMUL 1.0 for macaque and PapAnu2.0 for olive baboon 505 

species. We used human annotation as a reference. The pairwise alignment chains between 506 

human and each species were obtained from UCSC genome browser.49 We used different 507 

thresholds to define orthologous regions between the two genomes to carry annotation from 508 

one species to another using AnnoConvert program that utilize LiftOver according to 509 

simulations using liftOverBlockSim PERL script from XSAnno pipeline50. The values were 510 

0.98, 0.92 and 0.91 for chimp, baboon and macaque respectively that were used to assign -511 

minMatch argument in AnnoConvert. Second step is using reciprocal whole genome alignment 512 

using BLAT through BlatFilter software of the pipeline using annotations files generated 513 

previously51. This step will filter exons that are highly divergent between the two species. The 514 

last filter is using simNGS to simulate reads for exons assuming they are not differentially 515 

expressed. Then, differential expression analysis is performed and if exons were found to be 516 
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differentially expressed, these will be filtered out as it reflects differential length of the exons 517 

between species.   518 

 519 

Gene expression estimates were obtained by summing the number of reads that mapped 520 

uniquely to each species annotated genome using HTSeq-count (v0.6.1)52. After excluding 521 

samples that did not produce sequenceable libraries and post-sequencing quality control, we 522 

analyzed read counts for 151 samples (Humans: 12 controls, 12 LPS, 12 GARD; Chimpanzee: 523 

12 controls, 12 LPS, 12 GARD; Rhesus: 11 controls, 12 LPS, 11 GARD; Baboons: 16 controls, 524 

14 LPS, 15 GARD; Table S1). We confirmed the identity of all samples based on genotype 525 

information derived from SNP calls made from the RNA-seq reads.  526 

Read normalization and filtering lowly expressed genes  527 

Prior to RNA-seq data analysis, we first filtered out genes that were very lowly or not 528 

detectably expressed in our samples. Specifically, we only kept genes whose expression was 529 

higher or equal to one count per million (CPM) in all the individuals from at least one species, 530 

and one of the experimental conditions. This procedure yielded a total of 12,441 genes used 531 

for further analysis. Normalization for sequencing depth and library sizes was done using 532 

Trimmed Mean of M-values (TMM) method.53  We normalized the resulting read count matrix 533 

using the function voom from the R package limma to allow using linear models by limma 534 

package.54 The voom algorithm models mean-variance trend of logCPM for each gene and uses 535 

it to compute the variance as a weight of logCPM values. We then modeled the normalized 536 

expression values as a function of the different experimental factors in the study design such 537 

as species, ligand and time points.  538 

Statistical analysis 539 

All statistical analysis was done on R version 3.6.2. Differential expression analysis was done 540 

using limma package v.3.34.9.55 We employed linear regression to identify DEGs according to 541 

different questions asked by designing different models. We designated a model to test for 542 

differences of gene expression across species and treatments, ~ covariates + species + 543 

species:Time.point.stimulant. The arm Time.point.stimulant is the samples for each 544 

experimental condition i.e. LPS.4h, LPS.24h, GARD.4h and GARD.24h. From this design, one 545 

can retrieve ligand responses in each species right away, while responses to ligands at 24h are 546 

built from linear combinations, such us (LPS.24h -NC.24h) and (GARD.24h -NC.24h). To take 547 

into account the paired structure of the data, with different samples coming from the same 548 
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individuals, we used the duplicateCorrelation function. The used covariates are the different 549 

cell proportions collected by the FACS data. The cell proportions covariates are aimed to 550 

correct for the different proportion of white blood cells in different primate species since we 551 

conducted the transcriptomic characterization on all immune white blood cells. Genes with 552 

different magnitude of response between clades, referred to as clade differentially responsive 553 

(c-DR) genes were characterized. We established two filters to characterize significant c-DR 554 

genes in each treatment. Firstly, we required the genes not to be differentially responsive to the 555 

treatment, even marginally, between within clade species pairs (chimp vs human and baboon 556 

vs macaque showing FDR>0.25). Second, we required that any pairwise comparison involving 557 

species from different clades to be significant at FDR<0.1. Third, we also computed the average 558 

differences in reponses between apes and AAMs, as follows:   the absolute difference between 559 

the average response in apes vs AAMs, as follows:  560 

 561 

�����. /���� + �����. �/���
2 2 �����.������� + �����. ������

2  562 

And required that contrast to be significant at FDR<0.1, with genes featuring 563 

 564 

|�����. /���� + �����. �/���|
2 2 |�����.������� + �����. ������|

2 > 0.5 565 

 566 

being labeled ape-specific; and AAM-specific for those for which: 567 

 568 

|�����. /���� + �����. �/���|
2 2 |�����.������� + �����. ������|

2 < (20.5) 569 

 570 

Species-specific differentially responsive (s-DR) genes were identified using pairwise 571 

comparisons at FDR < 0.01; consistent direction of expression in all contrasts, and systematic 572 

differences corresponding to stronger, or weaker responses in the species of interest with 573 

respect to the any of the other three. Finally, we also required genes to show a logFC in response 574 

to the stimulus whose absolute differs in more than 1 log2FC with respect to the average of the 575 

other three animals. For humans, as an example, this means that: 576 

 577 

>�����. /���� 2 �����.������� + �����. ������ + �����. �/���
3 > > 0.5 578 

 579 
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 580 

Ligand specific genes in each species are genes that are respond to one ligand (FDR<0.05), but 581 

not to the other (FDR>0.25); and whose responses to both ligands are in turn significantly 582 

different (FDR<0.05). Shared genes are those whose responses to ligands are both significant 583 

(FDR<0.05 in both), and, at the same time, not significantly different between them 584 

(FDR>0.25)  585 

Correction of multiple testing was done using false discovery rate, FDR, as described by 586 

Benjamini-Hochberg.56  587 

 588 

Divergence scores 589 

For each time-point and stimulus, species were compared pairwise to retrieve the absolute 590 

differences between species´ responses to the stimulus under analysis. For the pair chimp vs 591 

human, for example, we can define: 592 

�ABCDE.FAGCH = |�����. /���� 2 �����. �/���| 593 

Comparing these differences for pairs of animals within versus across clades, we obtained 594 

divergence scores as follows:  595 

 596 

�� = �ABCDE.CDFDLBM + �ABCDE.NDNOOE + �FAGCH.CDFDLBM + �FAGCH.NDNOOE
4597 

2 �ABCDE.FAGCH + �CDFDLBM.NDNOOE
2  598 

The analysis was conducted for all 50 hallmark pathways. We restrict the analysis in a given 599 

pathway to responsive genes (FDR < 0.05 in any species), whose average DS is reported. A p 600 

value for each DS of a given pathway was calculated by contrasting the DSs of genes of this 601 

specific pathway against the DSs of all responsive genes using Wilcoxon test.   602 

 603 

Functional characterization  604 

We conducted the functional characterization using gene ontology (GO) enrichment 605 

implemented in CluGO application (2.5.5) of Cytoscape (v.3.7.2) 57 Benjamini-Hochberg 606 

method for multiple correction was used and all orthologous genes, 12441 genes, were used as 607 

a background. Default values were used for the rest of the parameters. FDR cut off use was 608 

below 0.15. 609 

 610 

Data Availabilty 611 
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The RNA-seq data generated in this study have been deposited in Gene Expression Omnibus 612 

(accession number XXX).  613 
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