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Abstract

Variations in gene expression patterns represent a powerful source of evolutionary innovation. In a rodent living about 70
million years ago, a genomic accident led an immune formyl peptide receptor (FPR) gene to hijack a vomeronasal receptor
regulatory sequence. This gene shuffling event forced an immune pathogen sensor to transition into an olfactory chemo-
receptor, which thus moved from sensing the internal world to probing the outside world. We here discuss the evolution of
the FPR gene family, the events that led to their neofunctionalization in the vomeronasal organ and the functions of immune

and vomeronasal FPRs.

The immune and olfactory systems, despite being
respectively devoted to probe the internal and external
worlds, face a very similar challenge: they must recognize
millions of different molecules. An obvious answer to
this task, which was the one selected during vertebrate
evolution, is to build very large chemosensory toolboxes.
The immune system generates this tool diversity using an
original genomic recombination strategy, which, starting
with a very limited number of genes, is able to produce
millions of different transcripts. What evolution selected
for the olfactory system is less parsimonious. It is in the
numbers that diversity is achieved in the nose. Thus, mice,
elephants, and most mammalian species benefit today from
a vast repertoire of olfactory chemoreceptor genes, which
in some species number over 5% of their coding genes. But
the parallel between both systems does not end here. The
present review points to such a parallel and will highlight a
remarkable interaction between the immune and olfactory
chemosensory toolboxes.
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Expression and function of FPRs
in the immune system

Formyl peptide receptors (FPRs) are seven transmembrane
domain G-protein coupled receptors belonging to the
rhodopsin-like superfamily. They are expressed in myeloid
cells, mainly in neutrophils and monocytes, but also in a
number of tissues and cells including the lymphoid cells,
spleen, platelets, bone marrow, hepatocytes, astrocytes,
neurons, microglia, immature dendritic cells, and epithelial
cells (extensively reviewed in Migeotte et al. 2006; Weil}
and Kretschmer 2018; Ye et al. 2009). FPRs play an
important role in host defense against pathogens. They
respond to a broad range of natural ligands, including
exogenous pathogen-derived compounds and endogenous
molecules that signal cellular dysfunction. Immune
FPRs detect molecular signatures of bacteria and other
microorganisms, acting as chemotactic pattern recognition
receptors (PRRs). The activation of immune FPRs triggers
various antimicrobial responses, including the migration
of leukocytes towards infection sites, phagocytosis,
degranulation, and the release of oxidants (Ye et al. 2009).
Neutrophils expressing FPRs were initially shown to be
attracted by the formyl tri-peptide fMet-Leu-Phe (fMLF)
(Schiffmann et al. 1975). Later, the repertoire of FPR ligands,
in particular for the human FPR1, was extended to include
a large number of N-formylated peptides derived from
bacteria (Bufe et al. 2015; Rabiet et al. 2005; Ye et al. 2009).
Bacteria (as well as mitochondria and chloroplasts) initiate
translation with an N-formylmethionine, and the cleavage
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during the translocation process of the signal sequence
containing this N-formylmethionine is a potential source
of FPR ligands (Dalbey et al. 2012). These signal peptides
are evolutionarily conserved among bacteria, and their
repertoire has been estimated to reach up to one billion (Bufe
and Zufall 2016). They thus constitute a very large pool of
pathogen-associated molecular patterns (PAMPs), which
potentially activate immune FPRs. As mentioned, bacteria
are not the sole source of N-formylated peptides. Thus,
unsurprisingly, some host-derived N-formylated peptides,
produced by mitochondria, can also activate immune FPRs
(Carp 1982; Rabiet et al. 2005). But the promiscuous
repertoire of FPR ligands is not restricted to N-formylated
peptides. Indeed, immune FPRs, more specifically the
human FPR2, were shown to respond to a diverse array of
ligands, including HIV-derived peptides, staphylococcal-
derived phenol-soluble modulins, molecules involved in
inflammatory processes such as annexin I, lipoxin A4 or the
urokinase-type plasminogen activator receptor uPAR, and
antimicrobial peptides such as CRAMP and amyloidogenic
proteins (Weil} and Kretschmer 2018; Ye et al. 2009). Such
variety of ligands, both in terms of origin and chemical
characteristics, did not help in the determination of the
primary function of immune FPRs. Nevertheless, in vivo
studies, with mice lacking FPR1 (mFprl) and/or FPR2
(mFpr2), have revealed the essential role of these receptors
both in host defense processes against invading bacterial
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Fig. 1 Acquisition of vomeronasal specificity by FPRs. a Dendro-
gram representing the phylogenetic relationships between human and
mouse FPR genes. The length of branches does not show distances. b
Dendrogram showing phylogenetic relationships of mouse FPR genes
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pathogens, as well as during inflammation and tissue
damage. For example, immune FPRs mediate bacterial
clearance after Streptococcus pneumonia or Staphylococcus
aureus infection, the regulation of inflammatory responses
during bacterial meningitis, the reduction of injury to distant
organs during polymicrobial sepsis, and the promotion of
wound healing induced by damage-associated molecular
patterns (Weill and Kretschmer 2018; Ye et al. 2009).
Most mammalian genomes contain two immune FPR
genes, namely in humans FPRI and FPR2 (also called
FPRLI or LXA4R) (Fig. 1a). A large number of primates
also benefit from a third FPR gene, termed FPR3 (also
known as FPRL2). Phylogenetic analyses of immune
mammalian FPR genes revealed that a first duplication
led to the divergence of FPRI and FPR2 and that a second
duplication of FPR2 early in primate evolution led to FPR3
(Dietschi et al. 2017; Liberles et al. 2009; Migeotte et al.
2006; Muto et al. 2015). The ligand specificity of immune
FPRs seems to be conserved among species. Predictably,
ligands activating specific human FPRs also activate the
corresponding mouse FPRs (Bufe et al. 2015), suggestive
of a conserved function played by these chemoreceptors
in the immune system. Interestingly, the FPR gene family
did largely expand in rodents. The mouse genome indeed
comprises 7 members: Fprl, which is the mouse ortholog
of the human FPRI, and Fpr-rs2, Fpr-rsl, Fpr-rs3, Fpr-rs4,
Fpr-rs6, and Fpr-rs7 (Fpr-rs2 being the ancestor of the
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last five, and the ortholog of the ancestor of human FPR2
and FPR3) (Fig. 1b) (Dietschi et al. 2017; Gao et al. 1998;
Wang and Ye 2002). Of note, Fpr-rsi is often wrongfully
considered to represent an ortholog of the primate FPR3
and has thus been termed Fpr3 in recent publications and
official gene databases (MGI: 1194495, NCBI Gene: 14294).
However, Fpr-rsi resulted from a duplication of Fpr-rs2,
which is most closely related to the human FPR2. To avoid
any confusion, we will here call this gene Fpr-rsi.

The functional importance of these additional FPR genes
in rodents remained elusive until 2009, when two groups
independently discovered that Fpr-rsi, Fpr-rs3, Fpr-rs4,
Fpr-rs6, and Fpr-rs7 were almost exclusively expressed in
sensory neurons of the vomeronasal organ (Liberles et al. 2009;
Riviere et al. 2009). Naturally, this novel tissue specificity
suggested a potential neofunctionalization of these FPRs, since
they switched from being internal pathogen sensors to olfactory
chemoreceptors.

Expression and evolution of FPRs
in the vomeronasal system

The vomeronasal organ is an olfactory sensor specialized in
the detection of chemical cues that trigger hardwired, innate
behaviors, related to survival and reproduction, including sexual
interactions (Ferrero et al. 2013; Haga et al. 2010; Kimchi
et al. 2007; Leypold et al. 2002; Stowers and Liberles 2016),
aggression and territorial behaviors (Chamero et al. 2007; Kaur
et al. 2014), predator avoidance (Papes et al. 2010), parenting
(Dulac et al. 2014; Tachikawa et al. 2013), and avoidance of
sick conspecifics (Boillat et al. 2015). Two different neuronal
populations are present in the vomeronasal organ. The first
one is located apically and the second basally in the sensory
neuroepithelium. Vomeronasal sensory neurons (VSNs) express
vomeronasal type 1 and type 2 receptors (VIRs and V2Rs
respectively), both pertaining to the G-coupled receptor family
(Dulac and Axel 1995; Herrada and Dulac 1997; Matsunami and
Buck 1997; Ryba and Tirindelli 1995). Apical VSNs express
V1Rs together with the G-protein Ga,, and basal VSNs express
V2Rs together with Go,. Fprs-rs3, Fprs-rs4, Fprs-rs6, and
Fprs-rs7 are expressed in the apical layer of the vomeronasal
sensory epithelium, mimicking the expression of VIR genes,
and Fpr-rsl is expressed in the basal layer of the vomeronasal
sensory epithelium, along with V2R genes (Liberles et al. 2009;
Riviere et al. 2009). FPR-expressing neurons are intermingled
with VIR/V2R-expressing neurons within the sensory
epithelium and constitute about 4% of the total VSN population.
Remarkably, vomeronasal FPRs appear to be entirely integrated
in the vomeronasal system, fulfilling all the criteria required for
functional chemoreception. First, these FPR-expressing neurons
co-express either G, or Gor,, depending on their apical or basal
expression pattern. Second, receptor gene expression follows the

singular expression rule that governs VIR gene transcription,
that is each sensory neuron expresses a single vomeronasal
receptor gene from a single allele. This singular expression
rule is fundamental to the circuit logic of the whole olfactory
system, as the expressed chemoreceptor determines both the
odorant receptive field and the axonal targeting in the brain of
each neuron (Vassalli et al. 2002). Indeed, axons of neurons
expressing the same receptor gene converge at specific locations
within the olfactory bulb, where they coalesce to form glomeruli.
This is true for odorant receptors (Mombaerts et al. 1996),
VI1Rs, V2Rs (Belluscio et al. 1999; Rodriguez et al. 1999), and
FPRs (at least for the vomeronasal FPR whose corresponding
circuit has been mostly studied, Fpr-rs3 (Dietschi et al. 2013)).
This homophilic coalescence, still poorly understood today, is
dependent on the identity of the receptor. Third, the very low
K, /K, ratio of Fpr-rs3 indicates that this gene is under purifying
selection in rodents (Dietschi et al. 2017). Finally, the fixation
of multiple amino acid residues in vomeronasal FPRs that are
absent in immune FPRs are indicative of novel characteristics
possibly linked to agonist recognition (Dietschi et al. 2017). In
summary, FPR-expressing neurons in the vomeronasal organ
display the main characteristics of functional olfactory neurons.

How did immune receptors acquire vomeronasal tissue
specificity, and how did they integrate into this sensory
system? Phylogenetic analyses of FPR genes in mammalian
species showed that the split between immune and
vomeronasal FPRs occurred at the root of the Eumuroida
group (Fig. 1c) (Dietschi et al. 2017), which includes
more than 1600 current species and represents the most
evolutionarily successful mammalian clade (Steppan et al.
2004). Immune FPRs, which all contain a single coding exon
and are grouped together in the genome of mammals, are
juxtaposed with a large vomeronasal receptor gene cluster
containing both VIR and V2R genes. However, in murid
rodents and unlike other mammalian species, a number of
FPR genes are embedded inside this VR cluster (Dietschi
et al. 2017). These unusually located FPR genes are those
expressed in the vomeronasal organ. Comparison of the
exon sequences of FPR and V1R genes between multiple
species allowed the retracing of the events that led to their
vomeronasal acquisition in rodents. First, in a rodent living
approximately 70 million years ago (Fang et al. 2014), a
gene shuffling event led to the integration of an FPR coding
exon (likely the immune Fpr-rs2), downstream of a VIR
promoter and first exon. This generated a splice trap that
hijacked the endogenous V1R regulatory sequences, the
pseudogenization of the endogenous VIR coding sequence,
and the emergence of Fpr-rs3, the first vomeronasal FPR.
The cluster of apically expressed FPRs later expanded
through several duplications, leading to the birth of Fpr-rs4,
Fpr-rs6, and Fpr-rs7. Consistent with this series of events,
the promoter region of all apically expressed vomeronasal
FPRs is highly similar to that of Fpr-rs3.
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In contrast, the regulatory sequences of Fpr-rsi are very
different. Over 50 million years after the first FPR exon
shuffling event, after the split between mice and rats, a
second shuffling event took place (Fig. 1c). It is thus only
observed in the Mus genus. This genomic accident led to
the integration of a copy of the immune Fpr-rs2 coding
sequence just downstream of the first exon of a V2R gene.
Again, this duplicated FPR gene benefited from a VR
regulatory sequence, but this time of a V2R. As a result, this
novel FPR became transcribed in basal vomeronasal sensory
neurons and exhibits, unlike all other vomeronasal FPRs,
regulatory sequences homologous to the ones characteristic
of V2R genes. In summary, at two separate time points, an
FPR coding sequence was integrated in a VR gene cluster,
and hijacked VR-specific regulatory elements, leading to
their expression in the vomeronasal organ.

Is there something particularly permissive within the VR
cluster that allowed this neofunctionalization process of FPRs
to happen twice? In fact, all olfactory chemoreceptor families
exhibit a high rate of birth and death, which is particularly
pronounced in those expressed in the vomeronasal system.
Various accidents lead to this rapid evolution, accidents that
range from simple duplications of whole chemoreceptor
genes, to the generation of more complex chimeras between
coding sequences. This instability is likely favorable in terms
of survival. Indeed, the variability of the olfactory receptor
repertoires is not only different between species but also
present across individuals inside a given species. This toolbox
diversity may be advantageous to a community in various stress
situations. The olfactory system may thus have evolved as an
innovation machine that is prone during evolution at expanding
or contracting tools of a given type, a versatility that as a side
effect may also make it amenable to host foreign GPCRs (that is
adopting non olfactory GPCRs such as immune FPRs). Possibly
critical for this dynamic reshuffling are the long interspersed
nuclear element (LINE) repeats that are enriched within VIR,
V2R, and OR gene clusters (Kambere and Lane 2009), since
these elements favor unequal recombinations and generally
correlate with a high propensity for local duplication events.

The reverse evolution of Fpr-rs1

Fpr-rsl is different from other vomeronasal FPR genes. Not
only is it expressed in the basal vomeronasal neuroepithelium,
but its transcription rate in the immune system can be increased
under specific conditions (Dietschi et al. 2017). Indeed, after
an inflammatory challenge with lipopolysaccharides (LPS),
Fpr-rsI expression is upregulated in immune cells, as are the
original immune FPR genes (Mandal et al. 2005; Stempel et al.
2016). The analysis of Fpr-rsi transcripts from the vomeronasal
organ and from immune cells present in bone marrow revealed
the presence of two transcript variants (Fig. 2). While in the
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vomeronasal organ expression is driven by the Fpr-rsI promoter,
in immune cells, a splice donor site within the Fpr-rs2 first
noncoding exon hijacks the splice acceptor site of the Fpr-rsi
coding exon, thus generating an intergenic, alternative transcript
driven by the immune Fpr-rs2 promoter. This optional return
of a modified neuronal FPR to the original tissue specificity of
FPRs is remarkable and represents an extraordinary model of
evolutionary innovation.

Function of vomeronasal FPRs

Much of our knowledge on FPR ligands originates from
research on immune FPRs. Hence, after the discovery of
FPR transcripts in mouse vomeronasal sensory neurons, the
question was to know whether FPR-rs1, FPR-rs3, FPR-rs4,
FPR-rs6, and FPR-rs7 share ligand affinities with immune
FPRs. Initial in vitro and ex vivo screens for ligands showed
that vomeronasal FPRs were responsive to several of the
known immune-FPR ligands, including fMLF, CRAMP,
lipoxin A4, and uPAR (Riviere et al. 2009). Whether these
ligands activate vomeronasal FPRs in vivo at naturally
occurring ligand concentrations as well as the functional
relevance of this agonistic activity remains to be defined.
As mentioned, formylated peptides belong to the most
effective immune FPR ligands. The agonist potential of
formylated peptides was extensively tested for the mouse
FPR-rsl in a heterologous expression assay, revealing
that FPR-rs1 responds to some formylated bacterial signal
peptides, but this vomeronasal receptor appears more
narrowly tuned than immune FPRs. Recently, it was shown
that HEK293T cells expressing FPR-rs1 respond to the
formylated peptide motif f-MKKFRW (Bufe et al. 2019),
a signal peptide present in membrane proteins of a large
family of Gram-negative bacteria, the Enterobacteriaceae
(which include Escherichia, Salmonella, and Shigella, as
well as a few Gram-positive bacteria). More specifically,
the MKKFRW motif is highly conserved at the N-terminus
of the virulence-regulating factor protein MgrB of these
bacteria. Most relevant perhaps was the observation that this
peptide triggers the activation of basal vomeronasal sensory
neurons expressing Fpr-rsl. Moreover, the peptide induces
avoidance behavior in male mice when added to female
estrus urine, which otherwise is a highly attractive stimulus
to males. Mice lacking the FPR-rs1 receptor or components
of the vomeronasal signaling cascade do not display
any avoidance of the MgrB formylated peptide, clearly
suggesting a critical role for FPR-rs1 as a chemoreceptor
involved in the behavioral response to bacterial cues (Fig. 2)
(Bufe et al. 2019).

Mice have the ability to discriminate between sick and
healthy conspecifics (Boillat et al. 2015). Sickness-related
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Fig.2 Dual identity of FPR-rs1.
Upper panel, formylated
peptides from pathogenic
bacteria activate FPR-rs1.
Fpr-rsl can be transcribed in
both the vomeronasal organ

and the immune system. Left
panel, in the vomeronasal organ,
Fpr-rsl is expressed in the basal
layer of the sensory epithelium,
driven by a promoter inherited
from a V2R gene. Formylated
peptides from pathogenic
bacteria activate vomeronasal
FPR-rs1 and induce avoidance
behavior in mice. Right panel,
in the immune system, Fpr-rsl
is expressed in bone marrow
cells, where an intergenic
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cues emitted by mice that are in an acute inflammatory
state or infected by a virus trigger the activation of
vomeronasal sensory neurons and induce aversive behaviors
in the receiver. This behavior is dependent on vomeronasal
function (Boillat et al. 2015). To date, the identity of the
vomeronasal chemoreceptors mediating sick-conspecific
avoidance remains unknown. Because of the affinity of
both immune and vomeronasal FPRs for pathogen- and
immune-associated ligands, it has been speculated that
vomeronasal FPRs might play a role in mediating sick
conspecific avoidance behaviors (Boillat et al. 2015;
Dietschi et al. 2017). It was shown that mice lacking
Fpr-rsl are still capable of discriminating between healthy
and immune-challenged peers, thus excluding that FPR-rs1
alone is responsible for this behavior (Bufe et al. 2019).
Further studies with the deletion of the whole repertoire
of vomeronasal FPRs will thus be necessary to define their
potential role in the avoidance of sickness-related cues
emitted by conspecifics. Less obvious maybe, another
possible function of vomeronasal FPRs is the assessment
of the microbiota of conspecifics. Over the past 20 years, it
has become increasingly clear that the microbiome plays an
important role in the development and health of the brain,

mechanisms ?

as well as in central nervous system disorders (Bastiaanssen
et al. 2019). Given the importance of the microbiota
for general health, to benefit from a chemosensory tool
capable of evaluating the identity of gut microorganisms
associated with a conspecific might represent a significant
advantage. What type of information may be extracted from
the microbiome by the vomeronasal organ has not yet been
investigated, and certainly merits further research.

Conclusion

For several decades, FPRs were known for playing a critical
role in the regulation of immune functions, responding to
chemoattractants linked to pathogens and to inflammatory
processes and triggering appropriate cellular responses.
In the present review, we described the evolution of FPR
genes and in particular the genomic events that led to their
expansion and neofunctionalization in rodents, a lineage in
which they appear to be involved in the innate behavioral
response to pathogenic cues present in the environment. The
acquisition of neuronal specificity by FPRs represents thus
a remarkable example of genetic innovation, transitioning
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from pathogen sensors in the immune system to olfactory
receptors in neurons.
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