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Animal models are an integral part of the drug development and evaluation process.
However, they are unsurprisingly imperfect reflections of humans, and the extent and
nature of many immunological differences are unknown. With the rise of targeted and
biological therapeutics, it is increasingly important that we understand the molecular
differences in the immunological behavior of humans and model organisms. However,
very few antibodies are raised against non-human primate antigens, and databases of
cross-reactivity between species are incomplete. Thus, we screened 332 antibodies in
five immune cell populations in blood from humans and four non-human primate species
generating a comprehensive cross-reactivity catalog that includes cell type-specificity. We
used this catalog to create large mass cytometry universal cross-species phenotyping
and signaling panels for humans, along with three of the model organisms most similar to
humans: rhesus and cynomolgus macaques and African green monkeys; and one of the
mammalian models most widely used in drug development: C57BL/6 mice. As a proof-of-
principle, we measured immune cell signaling responses across all five species to an array
of 15 stimuli using mass cytometry. We found numerous instances of different cellular
phenotypes and immune signaling events occurring within and between species, and
detailed three examples (double-positive T cell frequency and signaling; granulocyte
response to Bacillus anthracis antigen; and B cell subsets). We also explore the
correlation of herpes simian B virus serostatus on the immune profile. Antibody panels
and the full dataset generated are available online as a resource to enable future studies
comparing immune responses across species during the evaluation of therapeutics.

Keywords: CyTOFmass cytometry, rhesus macaque (Macaca mulatta), cynomolgus monkey (Macaca fascicularis),
African green monkey (AGM) (Chlorocebus aethiops), mouse, immune cell signaling
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INTRODUCTION

Animal models are core to drug development and evaluation: all
candidate therapeutics are evaluated for toxicity, pharmacokinetics/
pharmacodynamics (PK/PD), and efficacy using animals.
Furthermore, in circumstances when human trials of efficacy
cannot be conducted for ethical reasons or when an insufficient
number of natural cases exists, such as for therapeutics for biothreat
agents, the U.S. Food and Drug Administration may allow licensure
after efficacy is evaluated only in animal models under 21 CFR 314
(“The Animal Rule”). This rule has been applied in a limited
number of cases since its issuance in 2002, including
Raxibacumab for inhalational anthrax, B12 for cyanide poisoning,
pyridostigmine for nerve gas, and levofloxacin and moxifloxacin for
bubonic plague (1), but therapeutics for an increasing number of
conditions are being evaluated via this mode.

Unsurprisingly, animal models are not perfect surrogates for
humans (see (2), among other reviews). From a wide view, most
diseases affect only a limited number of species. Modeling these
diseases is inherently challenging, and researchers use a variety of
techniques to compensate for these imperfections, such as the use
of mouse-adapted viruses (3) and immunocompromised or gene
mutated mice (4) for viral and cancer models, respectively, that do
not accurately recapitulate disease progression in humans.

Furthermore, even when a model appears reflective of a
disease at a wide view, e.g. by physical examination, differences
in finer details such as functions of cellular receptors or kinases
between species may adversely affect the evaluation of
therapeutics. For example, while human CD16 (type III FCg
receptor) interacts with IgG1 and IgG3, macaque CD16 instead
interacts with IgG1 and IgG2 (5); additionally, CD16 is absent
from macaque granulocytes (5, 6). These differences would likely
confound the evaluation of therapeutics antibodies that act
through this FCg receptor (7). On a systems level, there is
almost no correlation of transcriptomic responses to burn,
trauma, and endotoxemia between humans and mice (8),
underscoring that these species have evolved unique
mechanisms to heal and combat disease. While expression
patterns of some orthologous genes may be generally similar
between species, many genes have divergent expression patterns;
regulatory elements especially have a lower level of conservation
across species, as do lineage-specific responses (9, 10). The
increasing prevalence of biotherapeutics designed to target
these receptors and pathways has emphasized the importance
of understanding the molecular and cellular differences in
immune signaling between animal models and humans.

Differences in protein expressions between species can also
have profound effects on safety determination. For example,
Fialuridine (TGN1412, CD28 superagonist antibody) was
initially evaluated in four animal models (mice, rats, dogs, and
monkeys), but when administered to humans at just 1/500th of the
dose found to be safe in animals, it caused catastrophic organic
failure due to differences in CD28 expression between species (11).
It is also important to consider differences between human
demographic groups used in clinical trials in terms of ages, sex,
ethnicities, immunological histories, genetics, etc. These
differences are perhaps better recognized than those between
Frontiers in Immunology | www.frontiersin.org 2
animal models and humans: the US Food and Drug
Administration since 1998 has required that new drug
applications describe safety and effectiveness by sex, age, and
race, and the labels for 38% of drugs approved from 2004 to
2007 include PK/PD data by ethnicity (12).Warfarin, rosuvastatin,
tacrolimus, carbamazepine, and others are known to have
ethnicity-dependent PK/PD (12). A variety of factors, including
hormones, body fat, and blood flow, contribute to sex differences
in bioavailability, distribution, metabolism, and excretion of drugs
(13). These issues highlight the necessity of understanding
immunological variability both within and between species.

Non-human primates (NHPs) are critical components of drug
development because of their similarity to humans. Many key
immunology assays make use of antibodies to demarcate specific
cell types and quantify signaling moieties. Very few antibodies are
raised against non-human primate antigens; instead, researchers
typically use anti-human antibodies that are cross-reactive with
the non-human primate species that they are studying. To help
researchers find antibodies for NHP research, the National
Institutes of Health supports a highly valuable database of the
cross-reactivity of commercially available antibodies with 13 NHP
species (http://www.nhpreagents.org). The database is derived
from manufacturer and investigator reports, and typically
provides a simple yes/no statement about whether a clone stains
a species, with occasional comments about staining intensity or
specificity. While an invaluable resource, the database is limited in
its coverage. For example, prior to this study, only 28 CD markers
had been evaluated in African green monkeys.

Additionally, with few exceptions, the database lacks
information about the cell types bound by cross-reactive
antibodies, and there are many known instances of antibody
clones binding different cell types in different species. For
example, granulocyte and monocyte marker expression is
known to be substantially different in humans than in non-
human primates. Anti-human CD33 clone AC104.3E3 was
reported in the NIH database and manufacturer’s datasheet as
cross-reactive with rhesus and cynomolgus macaques, but our
lab and others determined that in those species, it prominently
stains granulocytes (14, 15), while in humans it stains monocytes
and classical dendritic cells. As another example, the Fcg receptor
CD16 is found on granulocytes in humans and sooty mangabeys,
but not in macaques or baboons (5, 6), which will likely
confound animal studies evaluating therapeutic antibodies,
which may bind, transduce signals through and mediate
internalization via this Fcg receptor. Yet another example is
CD56, which is expressed on monocytes in macaques (16), but is
a canonical NK cell marker in humans. Thus, researchers must
confirm that each clone they use is staining the cell population of
interest through literature review or experimental verification.

To expand both the breadth and depth of primate cross-
reactivity data. We screened 332 monoclonal antibodies in blood
from humans and four NHP species: rhesus macaque (Macaca
mulatta), cynomolgus macaque (Macaca fascicularis), African
green monkey (Chlorocebus aethiops) and olive/yellow baboon
(Papio hamadryas anubis x Papio hamadryas cynocephalus
hybrid); and found more than 120 clones that stained one or
more populations in each species. Furthermore, we included
March 2022 | Volume 13 | Article 867015
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counter-stain antibodies that allowed us to determine staining
specificity in at least five major immune cell populations. This
dataset is available online at https://flowrepository.org (accession
FR-FCM-Z2Z7).

We used the results from this screen to create the first universal
cross-species mass cytometry phenotyping and signaling panels
for humans and a set of frequently used animal models. As proof-
of-principle for the ability of these panels to detect similarities and
differences between species during the evaluation of therapeutics,
we performed phospho-flow immune signaling profiling of whole
blood from 86 healthy humans, 32 rhesus macaques (Macaca
mulatta), 32 cynomolgus macaques (Macaca fascicularis), 24
African green monkeys (Chlorocebus aethiops) and 50 C57BL/6
mice (Mus musculus), measuring 16 signaling proteins and 24
surface markers per cell in 12 immune cell populations after
treatment with a panel of 15 stimuli, using mass cytometry. The
set of phenotyping panels was designed to demarcate orthologous
populations in all species, while the signaling panel and
complementary stimuli were targeted at innate immunity and
cytokine responses. We present an overview of this cross-species
analysis here, including several examples of specific differences
between species. The complementary manuscript by Fragiadakis
et al. (17) analyzes the human dataset in detail, including an
examination of demographic differences, presenting a reference
for human immune profiling studies. The entirety of the
immunophenotyping and signaling dataset is available online at
https://flowrepository.org (accession FR-FCM-Z2ZY).
RESULTS

Establishing an Antibody Reactivity Screen
Towards the goal of creating universal cross-species mass
cytometry panels, we first conducted a comprehensive flow
cytometry antibody cross-reactivity screen to identify suitable
clones (Figure 1A). To determine immune cell-type specific
Frontiers in Immunology | www.frontiersin.org 3
reactivity for a set of monoclonal antibodies across species, we
designed a flow cytometry panel of counterstain antibodies that
delineates major circulating immune cell types in human,
cynomolgus macaque, rhesus macaque, African green monkey,
and baboon blood (Figure S1A). We strategically selected the
fluorophores for the counterstain antibodies to keep the PE
channel, which was used for the screened antibody, free of
bleed/compensation to avoid technical artifacts. This panel
readily identified granulocytes, B cells, T cells, NK cells, and
monocytes/dendritic cells. In all species, except for African green
monkey, we could additionally separate the monocytes and
dendritic cells based on CD11b expression. In African green
monkeys, CD11b (ICRF44) was non-reactive, and we chose not
to include a substitute marker to maintain technical consistency
across all species. After testing many protocols aimed to preserve
antigen staining and effectively lysing non-human primate blood
(data not shown), fixation and red blood cell lysis conditions
were selected. Fixation with 0.26% paraformaldehyde (PFA) was
low enough to avoid obvious loss of staining and sufficient to
minimize morphological changes of cells as observed as forward
and side scatter signals changing over the course of acquisition
on the cytometer. Enzymatic lysis with VersaLyse was highly
effective for both human and NHP blood, whereas other
methods such as hypotonic lysis were inadequate or
inconsistent for NHP blood.

Using these processing conditions, we conducted a flow
cytometry screen on fresh whole blood samples from humans
and NHPs (total n=9, consisting of n=2 biological replicates per
NHP species and n=1 human control), separately testing 332
antibody clones. An antibody clone was initially classified as
reactive with a population if more than 10 percent of cells had a
PE signal intensity greater than the 95th percentile of the
intensity of the corresponding isotype control for the same
species and population (Table S1). This threshold was found
to accurately reflect the results of manual inspection: We verified
500 of the 14,940 clone x species x population results, taking into
A

B

FIGURE 1 | Study schematic. (A) 332 antibody clones were tested on five different species by flow cytometry to identify cross-reactive clones. (B) Whole blood
samples from five different species and subjected to 15 different stimuli were profiled with a universal mass cytometry antibody panel capable of identifying 12
different cell types.
March 2022 | Volume 13 | Article 867015
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consideration reported staining patterns [references included
(16, 18–24)] and the visual degree of separation from the
isotype control, and calculated a false-positive rate of 7.4% and
a false-negative rate of 1.6%, for an initial accuracy of 91% in our
data. Then, we manually verified and corrected as necessary
all discordant replicates and all clones that were classified as
reactive in a non-human primate species but not in a human;
thus, our final estimated accuracy exceeds 91%. In total, we
identified 259, 148, 125, 159, and 147 clones that are reactive
with one or more populations in human, cynomolgus
macaque, rhesus macaque, African green monkey, and baboon,
respectively (Table S1).

All data from this screen are publicly available for researchers
to independently validate the reactivity of clones across species
(https://flowrepository.org/id/FR-FCM-Z2Z7).

Notable Examples in Differences in
Expression Patterns Between
Species Revealed by Screen
In macaques CD33 is found on granulocytes and CD16 is
restricted to monocytes and dendritic cells, unlike in humans
(5, 6, 14, 15). In this study, we found that African green monkeys
share this same staining pattern to macaques, albeit with weaker
CD33 staining. Another notable difference (out of numerous
idiosyncratic expression patterns observed) is that CD172g
(signal regulatory protein (SIRP) g, also known as SIRPb2) is
expressed on CD11b+ monocytes and granulocytes, but not on T
cells, in all of the NHP species examined. In contrast, this marker
in humans is expressed on T cells, some B cells, and to some
degree in granulocytes (Figure S1B). Because it lacks a
cytoplasmic signaling domain, CD172g is postulated to signal
unidirectionally by activating the CD47-expressing cell and
inducing T cell migration and proliferation in humans, mice,
and rats (25–27). Thus, our finding suggests a major difference in
regulation of immune cell migration and adaptive response,
which warrants further study.

Another notable example of the differences found is the
presence of CD2 staining not only on T cells, but also on B
cells of rhesus macaques, cynomolgus macaques, African green
monkeys and to a slight extent baboons (Figure S1C). CD2 is
involved in adhesion, co-stimulation, antigen recognition, and
potentially differentiation (28, 29). In mice, virtually all
circulating and bone marrow B cells express CD2 (28). Kingma
et al. previously reported that a small subset (3.69 +/− 1.6%) of
normal human peripheral blood B cells express CD2 (30),
although we observed no CD2+ B cells in the human control,
likely due to donor- or clone-specific differences between studies.
B cell CD2 expression thus seems to have declined evolutionarily,
with the most abundant expression in the oldest species (mouse),
moderate expression in macaques and African greens, less
expression in baboons, and essentially no expression in the
youngest species (human). Interestingly, the ligand of CD2 is
not conserved between species: CD2 exclusively binds CD48 in
mice and rats, while in humans it strongly binds CD58 and only
weakly binds CD48, which is also co-expressed with CD58
(29, 31).
Frontiers in Immunology | www.frontiersin.org 4
CyTOF Panel Design
We used the results of the antibody screen, along with the results of
several targeted follow-up experiments, to craft a set of parallel CyTOF
mass cytometry cell phenotyping panels for rhesus and cynomolgus
macaque, African green monkey, and human (Table S2). Wherever
possible, we used the same antibody clones for all species. In the case of
erythrocytes, we used the common marker CD235a for humans and
CD233 for NHPs, instead of using the less common CD233 for all
species (no anti-CD235 clone reactive with NHPs could be found). In
the case of CD11c, the Bu15 clone used for humanswas non-reactive in
NHPs and therefore clone 3.9 was used in place. However, clone 3.9 is
reported to preferentially bind activated CD11c and requires the
addition of magnesium as a cofactor during staining (32, 33).
Therefore, we primarily use CD16 in lieu of CD11c during gating
analysis for consistency. In the case of naïve and memory T cells, we
observed a very broad distribution of CD45RA staining, as previously
reported (34, 35), with two clones (5H9 andHI100), whichwas difficult
to gate (see online dataset). Staining of this marker was superior with
the VersaLyse-basedmethod thanwith the Triton-X100-basedmethod
(see Materials and Methods) (data not shown).

It was generally possible to use the same clones for African green
monkeys as for macaques, with several exceptions (Table S2). No
reactive clones were found for CD11c; instead, we again rely on
CD16 for gating monocyte subpopulations and CD123, CD1c, and
BDCA3 for gating dendritic cell subpopulations. Additionally, using
clones well established in previous studies, we created a similar
panel formice that delineates the same populations as those targeted
in the primate panel, enabling parallel gating of all five species
(Table S2).

A signaling antibody panel was designed to deliver cell
signaling readouts for cell types identified by cross-species
phenotyping panels. Signaling epitopes are highly conserved
and, with only one exception, the same antibody clones were
usable in all five species (Table S2).

Many steps were taken to reduce error and technical
variability (see Materials and Methods). These CyTOF panels
were exhaustively titrated to determine optimal staining
concentrations for each antibody, then revalidated in at least
two donors from each species. Antibodies were conjugated in
bulk, and we subsequently contracted BioLyph LLC to lyophilize
and package several thousand single-use pellets (“LyoSpheres”)
of each of these panels for stability and to eliminate pipetting
errors from repeatedly assembling cocktails.

Phenotyping, Stimulation and
Signaling Assays
To map similarities and differences in immunophenotype and
signaling responses across species, we assayed fresh whole blood
from 86 healthy humans, 32 rhesus macaques, 32 cynomolgus
macaques, 24 African green monkeys, and 50 C57BL/6 mice after
ex vivo stimulation with 15 separate treatments (Figure 1B and
Table S5 for list of stimuli). The stimuli and readouts were
selected for their clinical relevance and their roles in disease and
innate immunity (see Materials and Methods). Many of the
stimuli are recombinant cytokines. These recombinant proteins
were preferably species-matched; i.e. recombinant rhesus
March 2022 | Volume 13 | Article 867015

https://flowrepository.org/id/FR-FCM-Z2Z7
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bjornson-Hooper et al. Cross-Species Immune Atlas
cytokines were used in rhesus macaque blood. Where no suitable
proteins were found, we used the closest species available (e.g.
macaque cytokines were frequently used in African green
monkey blood). Because of the lack of standard assays and
reference reagents for non-human primate cytokines that
would have enabled using the same number of functional units
between species, we instead used the same masses of reagents at
concentrations exceeding the EC50 values, thereby minimizing
the effect of variations in the cytokine potencies/activities on the
assays. Again, to minimize technical variability and error, stimuli
were pre-dispensed into single-use plates when possible. Fresh,
whole blood was used instead of PBMCs to avoid perturbations
and inconsistency from density gradient isolations and storage.
We used mass-tag barcoding to combine staining of all
stimulation conditions into one tube per donor, eliminating
differences in staining volume and processing. Complete
automation was used for stimulation, fixation, lysis, barcoding,
and staining. CyTOF quality control tests were run before every
sample, and internal normalization standards were included to
control for variability during runs. Finally, all analysis code has
been annotated in Wolfram Language Notebooks and is available
upon request, along with the detailed records from antibody
conjugations and sample processing.

Cell Type Frequencies Vary Between
Species and Recapitulate the
Evolutionary Tree
Using the hierarchy shown in Figure S2, we gated blood cells from
all species in parallel to determine the distributions of frequencies
of these cell types (Figure 2). Note that these hierarchies only
show the major populations and make use of a subset of our
phenotyping panel. It is possible to further subset most of these
populations—for example, NK cells can be further subset based on
CD20, CCR7 and CD56—and it is our hope that interested
researchers will explore the data on https://flowrepository.org
(accession FR-FCM-Z2ZY). The frequencies of many cell
populations were significantly different between species; notable
differences include (a) macaques have more CD4+/CD8+ double-
positive T cells than humans, mice or AGMs, (b) mice have
approximately 10 times fewer neutrophils than all primates, (c) all
non-human primates have approximately three times more B cells
than humans, and mice have approximately 10 times more than
humans, and (d) humans have a higher ratio of classical to non-
classical monocytes than any other species (Figure 2).

When we clustered the species by the correlation between
their average cell type frequencies, we recapitulated the
evolutionary tree (Figure 3, right panel): rhesus and
cynomolgus macaques diverged most recently, 1.5 to 3.5
million years ago (Ma); macaques and African green monkeys
diverged 11.5 to 14 Ma; Old World monkeys and humans
diverged 20-38 Ma and mice diverged more than 90 Ma (36–
38). This result raises an intriguing possibility for future analysis
of a large number of species to look for critical junctures in the
evolution of the immune system.

While maintaining this major clustering order, we then sub-
clustered individual donors within their species, again by their cell
Frontiers in Immunology | www.frontiersin.org 5
type frequencies (Figure 3) (Note that due to limited volume,
blood from 50 mice was pooled into six tubes, separated by sex).
The intra-species distances between clusters were the smallest for
mice, followed by the non-human primates, followed by humans.
This is unsurprising considering that the mice were a single inbred
strain, the non-human primates were either wild-caught from
isolated colonies or captive-bred, and the humans were specifically
recruited to include a variety of ethnicities. For the most part, all
individuals within a species had similar correlations to other
species; nonetheless, some non-human primates were more
similar to humans than others. Importantly, clustering did not
correlate with the batches in which individuals were processed;
that is, batch effects are not a driver of this clustering (data not
shown). Full tables of population frequencies for each donor are
provided in Tables S6, S7.

Orthologous Cell Types in Different
Species Have Unique Phenotypes
To assess potential differences in phenotypes of the orthologous
cell populations between species, we plotted the distributions of
staining intensities of every surface marker in every species by
population and provide this data as a reference for future studies
(Figures 4, S3). While these populations express many of the
same markers across species, a qualitative analysis found many
potential differences. For example, neutrophils in humans
express high levels of CD16 and moderate levels of CD11c, in
contrast to all three NHP species; meanwhile, neutrophils in the
three NHP species express higher levels of CCR7 and neutrophils
in mice express moderate levels of CD16/32 (Figure 4). B cells in
macaques express higher levels of CD1c than in humans or
African green monkeys, as discussed later. CD4+ and CD8+ T
cells in humans express higher levels of CD161 and CD7 than
NHPs, while mouse T cells do not express NK1.1 (CD161). NK
cells in NHPs express higher levels of CD8 than humans; this is
consistent with Autissier et al. (18), although one must not
ignore the fact that some human NK cells also express CD8
(39). Classical monocytes in African green monkeys stain
brightly for BDCA3—a canonical dendritic cell subset marker
in humans (Figure S3).

Differences in staining intensities should be interpreted with
caution because genomic variation of antigens may affect binding
affinity between species. One must also consider the possibility
for differences in cross-reactivity with different epitopes and
populations in NHPs than in humans, against which most of
the primate panel antibodies were raised. For this reason, we
primarily focus analysis on cases where a marker is present in
one or more species and essentially absent in another, or cases
that we can corroborate through further data mining and
literature review.

Species-Specific Signaling Profiles Have
Implications for Drug Development
To study functional differences of orthologous cell types, we
visualized signaling behaviors by species (Figures 5, S4). These
charts are meant to provide a compact, semi-quantitative
overview as a reference point for future studies; full tables of
March 2022 | Volume 13 | Article 867015
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marker medians by donor and population are provided in Tables
S8, S9. It is important to recognize that because of the large size
of this dataset, individual cell signaling observations require
validation in subsequent studies to fully rule out false
discovery. Nevertheless, we explore here and in the subsequent
sections many potential differences in signaling behavior and
how they relate to existing literature. In terms of innate immune
responses, we observed an apparent absence of TLR7/8 (R848)
and TLR4 (LPS) responses in mouse classical monocytes, as
Frontiers in Immunology | www.frontiersin.org 6
evidenced by a lack of pTBK1, pP38 and pMAPKAPK2
signaling. The TLR7/8 (R848) results are not unexpected since
prior literature indicates that mouse TLR8 is defective (40), and
TLR7 is primarily expressed in DCs (41) (and, consistent with
that, we saw a response to R848 in mouse pDCs). The lack of
TLR4 signaling in mouse monocytes is a potentially novel
observation; expression and functionality of TLR4 in mouse
blood monocytes under basal conditions is unclear from prior
literature but are known to have significant differences from
FIGURE 2 | Frequencies (percent of total) of gated cell types by species. Center line: median; Box: 25th to 75th quantile; Whiskers: 1.5x interquartile range.
Statistics: ANOVA with Bonferroni post-test was calculated for each population. Asterisks indicate species that are significantly different from humans *p < 5x10-2,
**p < 1x10-2, ***p < 1x10-3 after Bonferroni correction.
March 2022 | Volume 13 | Article 867015
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humans (42, 43). Considering these findings in addition to the
fact that mouse monocytes essentially lack MHC-II and are thus
not major antigen-presenting cells (44, 45), it is clear that
classical monocytes, which are crucial to innate immune
responses in humans, may serve a very different role in mice.

We also observed that all three NHP species appear to have an
almost-absent pSTAT6 response to IL-4 in non-classical
monocytes. This is in sharp contrast to humans and mice,
where pSTAT6 responses to IL-4 are a major, canonical
signaling response. Mice deficient in STAT6 are known to
exhibit defective immune behaviors in response to IL-4 across
the spectrum (46, 47). Despite the almost-absent response in
non-classical monocytes, all three NHP species appear to have
varying degrees of pSTAT6 responses to IL-4 in other cell types,
including T cells, classical monocytes, intermediate monocytes,
neutrophils, B cells, DCs and NK cells. These responses serve as
positive technical controls for STAT6 and IL-4 in NHPs in our
Frontiers in Immunology | www.frontiersin.org 7
assays, but may also point towards biological compensation for
the lack of response in non-classical monocytes in NHPs.

Finally, we observed that African green monkey pDCs appear
to have essentially no IkBa response to R848, although they have
a stronger pTBK1 response than any of the other species tested.
Meanwhile, cynomolgus pDCs may have a unique pSTAT5
response to IL-6. Others have reported that IL-6 causes low-
levels of phosphorylation of STAT5 in T cells and NK cells in
mice to detectable levels by 15 minutes (48) (the time point we
used); we too see a small response in mice and humans in those
cell types, but the magnitude of these responses are dwarfed by
that of cynomolgus pDCs.

These results highlight the importance of careful selection and
interpretation of animal models for drug development and
evaluation, as the substantial signaling differences between
species could provide misleading results in terms of drug
responsiveness at the cellular level. The remainder of this
FIGURE 3 | Clustering of species by their cell type frequencies recapitulates the evolutionary tree. The average frequencies of 10 cell types (Neutrophils, Basophils,
B Cells, CD8+ T Cells, CD4+ T Cells, CD4+/CD8+ T Cells, pDCs, NK Cells, Classical Monocytes and Nonclassical Monocytes) in each species was calculated and
then clustered according to their pairwise correlations between species (right). This major clustering order was preserved in the larger heatmap (left), in which each
individual donor is displayed and clustered by their individual cell type frequencies. Metric: PearsonCorrelation[freqs_species_1, freqs_species_2]2; distance function:
Euclidean; linkage: average.
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FIGURE 4 | Distribution of surface marker expression for each species in neutrophils. (See Figure S3 for other populations). Different markers are grouped together
if they were on the same channel and stain similar cell types between species (e.g. CD235a/CD233/Ter119 are all on In113 and stain erythrocytes), and are labeled
as “[all species]”, “[primates]/[mice]”, or “[humans]/[non-human-primates]/[mice]”.
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report details several specific examples of potential differences
between species in B cells, T cells, granulocytes and monocytes,
particularly focusing on several cell types and behaviors unique
to macaques.

Macaque Monocyte Abundance Correlates
With Herpes Simian B Virus Status
Many macaques are infected with herpes simian B virus
(formerly Cercopithecine herpes virus 1, or B virus) by natural
exposure. Like herpes simplex viruses in humans, the virus is
community or sexually acquired, persists for life and is essentially
harmless to macaques. Whether or not herpes serostatus has an
effect on general immunological health is unknown, and a vast
number of published macaque studies do not report the
serostatus of the animals or report using SPF animals.
Frontiers in Immunology | www.frontiersin.org 9
We detected a significant association between B virus status
and non-classical monocyte abundance in all macaques
(Figure 6A), and a stronger association with both intermediate
and non-classical monocyte frequency in rhesus macaques
(Figure 6B). This finding suggests that herpes simian B virus
serostatus can indeed affect immune function and may thus
factor into innate immune responses observed during
therapeutic evaluations performed in macaques.

CD4+CD8+ Double-Positive T Cells Are
More Abundant in Macaques
Macaques are known to have higher frequencies of peripheral
CD4+CD8+ double-positive (DP) T cells than humans, the
frequency of which furthermore increases with age (Figure S5).
We found a median frequency of 5.3% in rhesus, 1.4% in
FIGURE 5 | Signaling responses (difference of ArcSinh-transformed values; approximately equivalent to fold-change) in classical monocytes by stimulus, activation
marker and species (other cell types in Figure S4). Note that Bacillus anthracis (“anthrax”) and Ebola VLPs were not available for use as stimuli in mice or AGMs;
thus, values for these species are always displayed as zero. We could not gate intermediate monocytes or a “CD11b−/CD16−”-equivalent population in mice; these
values are also zero. The Y axis range of all charts is -0.5 to +1.5.
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cynomolgus and less than 0.2% in AGM, mouse and human
(Figure S5).

Macaque Granulocytes Are Rapidly
Responsive to Bacillus anthracis
We evaluated the signaling response to a 15-minute incubation
with 22 × 106 CFU of gamma-irradiated (inactivated), vegetative
Bacillus anthracis Ames. Despite the short incubation period, we
found a subtle, but significantly greater, level of neutrophil
activation (Ki67) in macaques than in humans (Figure 7A).
This indicates a very rapid response to infection in these
animals; humans could lack this response outright or have
delayed kinetics.

That this activation occurs in neutrophils is especially
interesting not only because neutrophils kill B. anthracis (49),
but also because macaque and several other NHP species’
neutrophils uniquely contain theta defensins (50), which are
Frontiers in Immunology | www.frontiersin.org 10
highly potent antibiotics against B. anthracis and its lethal factor
(LF) (51, 52). This finding is particularly important considering
that anthrax therapeutics are among those that are candidates for
evaluation under The Animal Rule, with efficacy studies
conducted in animal models.

For reasons beyond our control(Committee for Comprehensive
Review of DoD Laboratory Procedures, 2015), we discontinued use
of Bacillus antigen midway through the project; thus, none of the
mouse or AGM samples were treated with Bacillus antigen, nor
were 18 of the human samples. Accordingly, our analyses
considered only the samples that were treated.

Macaques Have Unique CD1c+ and CD8+
B Cell Subsets
We observed two unique subsets of B cells in macaques defined by
either CD1c or CD8a expression. These populations were either
rare or absent in humans, mice and African green monkeys.
A B

FIGURE 6 | Frequencies of cell types in (A) rhesus and cynomolgus macaques or (B) rhesus macaques only, by herpes B virus status. P values were calculated
between serostatus groups using a one-tailed Mann-Whitney U test.
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CD1 is a family of lipid and glycolipid-presenting molecules—a
counterpart to MHC class I and II found on a subset of B cells and
dendritic cells that plays an important role in humans in defense
against diseases such as tuberculosis. CD1c (BDCA-1) specifically
presents mannosyl mycoketide and phosphomycoketide (53). A
previous study reported that 21.4% of B cells in rhesus macaques
were CD1c+ B cells, in contrast to humans with only 3.3% (18).
We similarly found significantly more CD1c+ B cells in all three
NHP species that we examined when compared to humans, and
significantly higher amounts of CD1c therein (Figure 7B).
Interestingly, mice and rats lack group 1 CD1 altogether (53).
Mouse susceptibility to tuberculosis varies by strain, but at least
several, including the common C57BL/6 and BALB/c strains, are
resistant (54), and thus must have group 1 CD1-independent
mechanisms for controlling infection. With regard to the higher
intensity of CD1c staining, we initially considered that this could
be due to a difference in antibody affinity between species;
however, the levels of CD1c on DCs were similar between
macaques and humans (Figure 7B).

In humans, CD8a is found almost exclusively on T cell and
NK cell subsets; exceptions are limited to conditions such as
HIV-1 (55), B-cell leukemia (56–58) and lymphomas (59), and
potentially a very small subset in healthy individuals (55). In
many rhesus macaques, however, CD8a is also found on a subset
of B cells (24). We found 19 out of 25 animals had at least 0.5% of
their B cells stain for CD8 and some animals had as much as 33%
of B cells stained (mean: 6.5%, median: 3.3%) (Figure S6A). We
gated these cells as CD45+ CD66− CD3− CD20+ CD7− CD8+,
thereby excluding T cells and NK cells, which also stains for CD8
in macaques. We continued to determine that cynomolgus
macaques, African green monkeys and mice do not appear to
have CD8+ B cells (Figure S6B). Because we simultaneously
measured phenotyping and signaling molecules, we were also
able to evaluate the functional behavior of CD8+ B cells (Figure
S6C). Considering several higher-magnitude responses, we
Frontiers in Immunology | www.frontiersin.org 11
found that these cells still display the hallmark signaling
behaviors of CD8- B cells, albeit perhaps with stronger
pSTAT1 signaling.

These findings are thus potentially important criteria for
selecting not only which species to use for model development
and therapeutic evaluation but given the high variance of
CD8+ B cell frequency within rhesus macaques, which
individual donors.
DISCUSSION

Animal models are commonplace in drug development, but are
imperfect and may result in misleading false positives, when
drugs work in models but fail in humans, and false negatives,
when drugs fail to work in models but would work in humans.
Aside from the economic and ethical burden, this creates a
public health problem by diminishing researchers’ abilities
to develop therapeutics and countermeasures for emerging
diseases. To successfully develop the next generation of targeted
therapeutics that affect specific pathways and cell types rather
than a broad activation of the immune system or the infectious
agent itself, careful selection of relevant models will be required.
Towards that goal, we have created a comprehensive atlas of
immunological differences between humans, mice, and non-
human primates.

To construct this atlas we first substantially expanded the breadth
and depth of available antibody cross-reactivity data between primate
species, and have deposited the cross-reactivity dataset containing the
primary flow cytometry files online so that any user can easily
compare staining patterns in these species, and even look at
subpopulations of cells to check specificity—information not
typically reported in the NIH database (nhpreagents.org).

As a result of evaluating specific cell types, we have identified
numerous antibodies that stain different populations in non-
A B

FIGURE 7 | (A) Neutrophil Ki67 induction (mean and standard error of differences of ArcSinh-transformed values) by species after exposure to 22M CFU of gamma-
irradiated Bacillus anthracis for 15 minutes. (B) CD1c+ B cells are more abundant in non-human primates than in humans, and CD1c is furthermore expressed at
higher levels in NHP B cells, especially in macaques. Left: Abundance of CD1c+ B cells (expressed as % of total B cells) in each species. Middle and right: One
representative individual from each species. Dot plots show 500 randomly selected B cells (middle) or 250 randomly selected CD11b-/CD16- DCs (right). Statistics
(A, B): Groups were compared using a one-tailed Mann-Whitney U test with asterisks indicating significant differences (*p < 5x10-2, **p < 1x10-2, ***p < 1x10-3).
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human primates than in humans. In light of this, researchers
should take adequate steps to ensure they are evaluating the
intended populations when using these reagents, and when
evaluating immunotherapeutics targeting these proteins.

While we screened 332 different anti-human antibody
clones, not all of the antigens targeted by those antibodies
are expected to be present in the resting, peripheral blood
cells that we tested. Indeed, only 78.3% (260/332) of the
antibodies positively stained human blood. Thus, our screen
did not evaluate markers that are found only in cells from
bone marrow and other tissues, in progenitors, or in activated
populations. Furthermore, antibodies that stain rare populations
—especially populations that comprise less than 10 percent of
one of the populations that we delineated, or that show
dim expression that might be excluded by the threshold for
expression and staining that we applied. We encourage diligence
when interpreting markers such as CD41 and CD51/CD61,
which are listed as reactive with all cell types, but in actuality
are probably staining platelet fragments stuck to other cells,
based on the known distribution of those markers in humans
(60) (also see Discussion below). It is also important to keep in
mind that actual antibody-antigen specificity may vary by
species due to differences in gene sequence, protein structure,
and post-translational modifications.

The cross-reactivity data described here are especially
valuable for the advancement of African green monkey (AGM)
immunology because there is a dearth of literature discussing
immunophenotyping and only 28 reactive antibodies listed in the
NIH database. Nonetheless, this species is important in drug
development—especially SIV research—and is the subject of an
international effort to make it the most comprehensively
characterized NHP by phenotype and genomics (61). Notably,
the usage of AGMs is increasing due to a shortage of rhesus
macaques for research (62).

In the analysis of cell phenotypes presented here, we focused
on high-confidence differences between species. There are several
observed potential differences that we did not discuss for specific
reasons: (a) While human NK cells, B cells, and non-classical
monocytes appear to express higher amounts of CD45RA, we
previously observed what could be a difference in affinity for this
clone between NHPs and humans. (b) Because humans were
stained with anti-CD19 and NHPs with anti-CD20, we cannot
necessarily conclude that the difference in staining of these B cell
markers is significantly different. (c) As discussed earlier,
although CD11c is known to exist in AGMs (21), no CD11c
clone could be found that is cross-reactive with AGMs and
sensitive enough for our CyTOF panel. This marker is thus
negative in all populations in AGMs. (d) The moderate, wide-
spread staining of CD61, which canonically stains platelets,
monocytes, and macrophages, could be due to platelet debris
sticking to other cell types during processing and thus have little
physiological meaning. However, this marker has also been
proposed to be acquired by activated T cells from platelet-
derived microvesicles (63), and in previous studies with
cynomolgus macaque blood, we observed subsets of T cells, B
cells, and NK cells that stain for CD61 (not shown), which could
Frontiers in Immunology | www.frontiersin.org 12
indicate that this is an activation marker in more than just T cells
in macaques.

One must also take into consideration necessary technical
caveats associated with dosing and cytokine activity before
making precise, quantitative conclusions about signaling
assays: When available, we used cytokines specific to each
species, and we dosed at the same mass concentration (i.e. mg/mL)
as we dosed for humans as opposed to attempting to coordinate
species-specific ECx values. Thus, quantitative comparisons
must be verified by close examination of controls and/or by
performing additional experiments such as dose-response
curves. To that end, we advise comparison with other signaling
antibodies, stimulation conditions and/or other cell types
within the dataset, which can usually serve as internal controls.
Also, because of the very large size of this dataset and the
potential for false discovery, individual cell signaling
observations should be treated with caution prior to validation
in subsequent studies.

While one cannot completely discount the complex interplay
between multiple pathways and multiple cell types, a therapeutic
targeting one pathway in one cell type should be confirmed to
trigger relevant, similar signaling in humans as in the model
species and evaluation of as many pathways as possible should be
carefully considered. Here we show that there are conserved and
differential qualities between species that must be carefully
considered based on their relevance to the experiment at hand
and provide a reference of these characteristics between species.
The submitted dataset may be viewed online, and the
accompanying article by Fragiadakis, et al. (17) provides a
detailed analysis of the human data, including correlations
with demographics and signaling networks.

Given immunological differences between species reported
here, we feel researchers should continue to consider humans as
early as possible in the drug development process, including in
initial planning, screening, and evaluation stages. For example,
using primary human cells (e.g. blood and tumor samples) in
places of cell lines and cells from other species, as well as
evaluating differences in mechanisms of disease and
therapeutics between humans and model organisms will
greatly improve the evaluation of therapeutic candidates.
MATERIALS AND METHODS

Blood
Venous human blood was obtained from the Stanford Blood
Center, AllCells Inc. (Alameda, CA) (exempt, non-human
subjects research) or from volunteers from the Stanford
community under an IRB-approved protocol (#28289).

All animal blood was collected under an approved animal
care and use protocol. Macaque blood (Macaca mulatta and M.
fascicularis) was obtained from Valley Biosystems, Inc. (location
withheld) from conscious (not sedated), captive-born, Chinese-
origin animals. Health reports for the macaques were obtained
and are available in the experiment data repository. African
green monkey (Cercopithecus aethiops) blood was obtained from
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Bioreclamation, LLC (Westbury, NY) and Worldwide Primates,
Inc. (location withheld). The African green monkeys were wild-
born in St. Kitts; age was estimated by capture date (assuming
two years old at time of capture). Baboon blood was obtained
from the Southwest National Primate Research Center, which is
funded by the National Center for Research Resources (p51
RR013986) and supported by the Office of Research
Infrastructure Programs/OD P51 OD011133. Mice were
obtained from Charles River Laboratories. Animal work was
done under an approved animal care and usage committee
protocol (#26675). Complete blood counts (CBCs) were
performed on a Sysmex XT-2000iv with the veterinary
software module.

For all species, whole blood was collected in sodium heparin
tubes, stored/shipped at ambient temperature (with insulation to
protect from temperature changes) and processed within 24
hours of collection for the flow cytometry antibody screen or
stimulation and staining for mass cytometry as described below.

Flow Cytometry Antibody Screen
Eight to 10 ml of blood was gently fixed and lysed by incubating
with 792 µl of 16% paraformaldehyde (Electron Microscopy
Sciences, Hatfield, PA; final concentration approx. 0.3%) and
29.6 ml of VersaLyse (Beckman Coulter, Brea, CA) for 10
minutes at room temperature, then washed once with 0.01%
BSA in PBS (“staining buffer”). Cells were resuspended in 6.5 ml
of staining buffer, then incubated with 0.5 ml of human TruStain
FcX Fc receptor blocking solution (Biolegend, San Diego, CA)
for 10 minutes.

Five counterstain antibodies were then added: 500 µl CD3
(SP34.2)-Brilliant Violet 421 (BD Biosciences, San Jose, CA), 500
µl CD20 (2H7)-Brilliant Violet 605 (Biolegend), 1000 µl CD66
(TET2)-APC-Vio770 (Miltenyi, San Diego, CA), 500 µl CD11b
(ICRF44)-PerCP/Cy5.5 (Biolegend) and 500 µl CD7 (M-T701)-
APC (BD Biosciences), for a final volume of 10 ml.

Subsequent steps were performed on an automation platform
including an Agilent Bravo 96-channel pipetting robot,
centrifuges, BioTek ELx405 96-channel aspirator/dispenser and
Thermo Scientific MultiDrop dispenser. Twenty microliters of
cells in the antibody cocktail were dispensed into every well of a
384-well plate using the MultiDrop. LegendScreen Human PE
antibody screen plates (Biolegend) were rehydrated with the
manufacturer-recommended 25 µl of water. The screen consists
of four 96-well plates; 5 µl from each well were transferred to the
single 384-well plate quadrant-wise. Staining reactions were
incubated in the dark at room temperature for 30 minutes
with 2.0 mm-radius orbital shaking, then washed three times
with staining buffer and acquired on a BD LSR II with 405, 488
and 633 nm lasers using an HTS autosampler.

Files were gated and populations exported using CellEngine
(https://cellengine.com ; CellCarta; Montreal, QC). Every well
was manually gated by time to exclude anomalies caused by air
bubbles or debris: temporal regions where the signal in the PE
channel over time were inconsistent were excluded. Cell
populations were then gated as described in the Results
section. Population gates were tailored to each species;
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tailoring to individual donors within a species was not
necessary. The remaining analysis of the antibody screen
(statistics calculations, discordant replicate resolution,
verification and reporting) was performed using Mathematica
(Wolfram Research, Champaign, IL).

Stimuli
Stimuli used are shown in Table S5. Human and non-primate
stimuli were tested in human whole blood over a range of
concentrations to select the working concentration. Mouse stimuli
were likewise tested in mouse blood. All stimuli were diluted such
that the same volume of each would achieve the desired stimulation
concentration, then aliquoted into single-use stimuli plates and
stored at -80, with the exception of those marked with *, which were
dispensed at time of use due to storage requirements or the need to
adjust the stimulation concentration. All cytokines were tested for
endotoxin by the LAL method and verified to contain an amount
less than that detectable by our phospho-flow assays (approximately
10 pg/ml) (data not shown).

LPS was commercially prepared by phenol-water extraction
and contained small amounts of other bacterial components that
activate TLR2. The particular type of LPS (long chain derived
from E. coli O111:B4) was selected because it is from a
pathogenic strain more commonly found in clinical cases (64).

Rhesus/cynomolgus IL-2 was obtained from the NIH/NCRR-
funded Resource for Nonhuman Primate Immune Reagents.

Gamma-inactivated vegetative Bacillus anthracis Ames
(ANG-BACI008-VE) was obtained from the Department of
Defense Critical Reagents Program through the NIH
Biodefense and Emerging Infections Research Resources
Repository, NIAID, NIH.

Zaïre Ebolavirus-like particles were used within 48 hours of
production, except where noted, and thus different lots were used
throughout the course of the project. Particles were produced
according to (Johnson et al., 2006) using calcium phosphate
instead of Lipofectamine. Briefly, 1 µg of pCAGGS-GP, 1 µg of
pCAGGS-VP35, 1.5 µg of pCAGGS-NP and 1.5 µg of pCAGGS-
VP40 (courtesy of R. Johnson et al., NIH NIAID Integrated
Research Facility) were transfected into 293T cells by the calcium
phosphate method, harvested after 36 hours, then purified
through a 20% sucrose cushion at 115,605 x g for two hours
and stored at +4 degrees. The proteins self-assemble into a
structure resembling the native virion (65, 66). These particles
are inherently replication-defective and when administered to
non-human primates evoke a vaccinating immune response (67–
69), furthermore eliciting type I interferon and proinflammatory
cytokine expression (70). To validate that the production method
worked in our hands, preparations were verified by western blot
to contain each of the four proteins and by electron microscopy
for morphology and quantity. Subsequent preparations were
spot-checked by electron microscopy. For particle quantitation
and morphological observation, VLP particle preparations were
mixed with 110 nm latex spheres (Structure Probe, Inc., West
Chester, PA) at a known concentration, absorbed onto copper
carbon-Formvar-coated 300 mesh electron microscopy grids
prepared in duplicate and stained with uranyl acetate (protocol
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courtesy of J. Birnbaum, NIH NIAID Integrated Research
Facility). Grids were imaged on a JEOL JEM1400 (funded by
NIH grant 1Z10RR02678001). Due to the short shelf-life of the
particles, grids were generally imaged after use as a stimulus.

Mass Cytometry Antibodies
Purified antibodies were purchased and conjugated in-house using
DVS/Fluidigim MaxPar X8 metal conjugation kits (Table S2). All
antibodies were titrated for optimal signal-to-noise ratio, then re-
confirmed in at least two different individuals per species (three
humans, two cynomolgus macaques, two rhesus macaques, three
mice). All conjugations and titrations were well-documented, and
records are available upon request. Finally, antibodies were
lyophilized into LyoSpheres by BioLyph LLC (Hopkins, MN)
with excipient B144 as 4x cocktails. CyTOF antibody
LyoSpheres were stress-tested for over one year and found to
have no significant change in staining (not shown).

Stimulation and Staining for
Mass Cytometry
Stimulation and staining was carried out on a custom automation
platform consisting of an Agilent Bravo pipetting robot, Agilent
BenchBot robotic arm, Peak KiNeDx robotic arm, ThermoCytomat
C2 incubator, BioTek ELx405-UVSD aspirator/dispenser, BioTek
MultiFlo FX four-reagent dispenser, Q.Instruments microplate
shakers, Velocity11 VSpin centrifuges and a custom chilling
system contained in a negative-pressure biosafety enclosure. The
VWorks robotic programs and logs from protocol runs are available
upon request.

Whole blood (330 ?l) was stimulated by adding to and mixing
with stimuli (20 ?l) and incubating in a humidified 37-degree, 5%
CO2 incubator for 15 minutes. Blood was fixed for 10 minutes at
room temperature with 1.6% paraformaldehyde (PFA, Electron
Microscopy Sciences) and lysed with 0.1% Triton-X100 in PBS
for 30 minutes at room temperature per (71). Cells were washed
twice with PBS, then each donor’s 16 conditions were barcoded
according to (72, 73). Briefly, cells were permeabilized with
0.02% saponin, then stained with unique combinations of
functionalized, stable palladium isotopes. The stimulation plate
containing 6 donors x 16 conditions was then reduced to 6 wells,
each containing the 16 conditions for one donor. Cells were
washed once with staining media (CSM: 0.2% BSA in PBS with
0.02% sodium azide), blocked with human (humans, NHPs) or
mouse (mice) TruStain FcX block (Biolegend) for 10 minutes at
room temperature with shaking, then stained with rehydrated
extracellular LyoSpheres for 30 minutes at room temperature
with shaking in a final volume of 240 µl. (See Table S2 for final
staining concentrations.) Cells were washed once, then
permeabilized in >90% methanol at 4 degrees C for 20
minutes. Cells were washed four times, then stained with
intracellular lyospheres for 60 minutes at room temperature
with shaking. Cells were washed once, then placed into 1.6%
PFA and 0.1 µM natural iridium intercalator (Fluidigm) in PBS
at 4 degrees C until acquisition on a CyTOF. With few
exceptions, cells were acquired within seven days of staining.
From prior validation experiments, this amount of time imparts
no significant effect on staining.
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Mass Cytometry Acquisition
Prior to running, cells were washed twice with water. Samples
were acquired on a single DVS/Fluidigm CyTOF 2 fitted with a
Super Sampler sample introduction system (Victorian Airship &
Scientific Apparatus LLC). QC reports were run on the CyTOF
between every barcoded sample. Prior to beginning acquisition,
the instrument must have demonstrated Tb159 dual counts >
1,000,000 and oxidation < 3%; if the instrument failed those
criteria, it was cleaned, tuned or repaired as necessary.
Approximately 4,800,000 events were acquired per sample.
Data were normalized and debarcoded using the data
normalization software (74) and the single cell debarcoder tool
(73) as previously described. Data were then uploaded to
CellEngine for analysis.

Statistics
Statistical methods are described throughout the text and figure
legends. Box plots, center line shows mean value; lower and
upper box limits, lower and upper quartiles, respectively; and
whiskers 1.5 x interquartile range. Tests between pairs were
performed using one-tailed Mann-Whitney U tests, tests
between groups were performed using ANOVA with
Bonferroni correction for multiple hypotheses. A p-value less
than 5x10-2 was considered significant. *p < 5x10-2, **p < 1x10-2,
***p < 1x10-3.
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Supplementary Figure 1 | (A) Five counterstains allow identification of at least
five cell populations. Representative staining from a baboon shown. After gating by
time to exclude artifacts, granulocytes were identified as CD66abce+/SSC-A+.
Non-granulocytes were divided into B cells (CD20+/CD3−), T cells (CD3+/CD20−),
NK cells (CD7+/CD3−/CD20−) and monocytes/dendritic cells (CD7−/CD3−/CD20
−). *In species other than the African green monkey, dendritic cells could be
separated on the basis of CD11b staining. (B) CD172g is expressed on monocytes
and all granulocytes, but not on T cells, in examined NHP species. By comparison,
CD172g is expressed on all T cells, a subset of granulocytes and a subset of B cells
(data not shown) in humans. As discussed in the text, CD11b did not uniformly stain
AGMs; thus, some of the CD11b-negative cells are monocytes. Blue: isotype
control, orange: CD172g. (C) CD2 is expressed on B cells in NHPs. Blue: CD3+ T
cells where expression is expected in humans; orange: CD20+ B cells.

Supplementary Figure 2 | Universal phenotyping panels enable parallel gating in
humans, macaques, African green monkeys and mice.

Supplementary Figure 3 | Continuation of Figure 4: Distribution of surface
marker expression for each species in all cell types.

Supplementary Figure 4 | Continuation of Figure 5: Signaling responses in all
cell types by stimulus, activation marker, and species.

Supplementary Figure 5 | Frequency distribution of CD4+CD8+ double positive
T cells for rhesus and cynomolgus macaques. Table: Median frequencies (percent
of singlet cells) by species.
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Supplementary Figure 6 | (A) Histogram of percentages of B cells staining for
CD8 in rhesus macaques. Population defined as CD45+ CD66− CD3− CD20+ CD7−
CD8+. (B) CD8 staining in B and T cells for representative animals of each species.
(C) Selected mean signaling responses in rhesus macaques with CD8+ B cells. cells
(1) still respond to the canonical B cell stimulus CD40L by phosphorylating CREB and
degrading IkBa, albeit to a lesser degree than CD8− B cells; (2) unlike T and NK cells,
do not degrade IkBa in response to TNFa, do not phosphorylate STAT5 in response
to IL-2 and do not phosphorylate STAT4 in response to IFNb; and (3) have 47%
greater pSTAT1 response to IFNb than CD8−B cells.

Supplementary Table 1 | Summary of cell type-specific cross-reactivity. Clones
were considered reactive if at least 10 percent of cells had a signal greater than the
signal of the 95th percentile of corresponding isotype control or if they were
manually classified as positive. Presence of letter in column indicates reactive
staining detected in that cell population, absence of letter indicates clone is
unreactive in that cell population. B, B cells; T, T cells; N, CD7+ NK cells; M, CD7-
monocytes and dendritic cells; G, granulocytes,?: inconclusive, insufficient number
of cells acquired for a given population to make a clear assessment. Two of each
non-human primate species and one human were assayed.

Supplementary Table 2 | CyTOF Panel. Sheet 1-3: Extracellular antibody, clone,
label, and staining concentrations for humans (sheet 1), macaques (sheet 2), AGMs
(sheet 3), and mice (sheet 4). Sheet 5: Signaling and other post-permeabilization
antibodies. *At time of rehydration, surface cocktail was supplemented with 8.64 µl
of CD4 #201 (OKT4) per 12 LyoSpheres to increase signal.

Supplementary Table 3 | Studies reporting frequencies of DP T cells in
macaques. *SIV infected. †denotes frequencies calculated from Lee et al.’s Table 1;
we report the mean of the means for each of the DP-high/middle/low-frequency
groups to correct for bias arising from unequal group sizes.

Supplementary Table 4 | Demographics of human donors. Age (years), height
(cm), weight (kg), and BMI information of 39 females and 44 male human donors.
For one individual, do not have additional information on.

Supplementary Table 5 | Stimuli. Stimuli marked with an asterisk (*) were
dispensed at time of usage due to production and/or storage requirements.

Supplementary Table 6 | Population counts and frequencies for 13 populations
for all primate samples.

Supplementary Table 7 | Population counts and frequencies for 10 populations
for all mouse samples.

Supplementary Table 8 | Functional marker (e.g., phospho-specific antibody)
medians for 13 populations for all primate samples.

Supplementary Table 9 | Functional marker (e.g., phospho-specific antibody)
medians for 10 populations for all mouse samples.
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