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Viruses are the most abundant biological entities and carry a wide
variety of genetic material, including the ability to encode host-
like proteins. Here we show that viruses carry sequences with
significant homology to several human peptide hormones in-
cluding insulin, insulin-like growth factors (IGF)-1 and -2, FGF-
19 and -21, endothelin-1, inhibin, adiponectin, and resistin. Among
the strongest homologies were those for four viral insulin/IGF-1–
like peptides (VILPs), each encoded by a different member of the
family Iridoviridae. VILPs show up to 50% homology to human
insulin/IGF-1, contain all critical cysteine residues, and are predicted
to form similar 3D structures. Chemically synthesized VILPs can bind
to human and murine IGF-1/insulin receptors and stimulate receptor
autophosphorylation and downstream signaling. VILPs can also in-
crease glucose uptake in adipocytes and stimulate the proliferation
of fibroblasts, and injection of VILPs into mice significantly lowers
blood glucose. Transfection of mouse hepatocytes with DNA encod-
ing a VILP also stimulates insulin/IGF-1 signaling and DNA synthesis.
Human microbiome studies reveal the presence of these Iridoviridae
in blood and fecal samples. Thus, VILPs are members of the insulin/
IGF superfamily with the ability to be active on human and rodent
cells, raising the possibility for a potential role of VILPs in human
disease. Furthermore, since only 2% of viruses have been se-
quenced, this study raises the potential for discovery of other viral
hormones which, along with known virally encoded growth factors,
may modify human health and disease.
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Viruses are among the most abundant biological entities (1).
Humans and other animals are continuously exposed to

viruses through inhalation, injection, or skin/mucosal contact.
While most interactions are nonconsequential, in some cases
viruses penetrate host defense barriers, and this may lead to
disease through direct tissue damage or as a result of inflam-
matory or secondary immunological responses (2). Viruses may
also manipulate their hosts by expressing host-like proteins (3–
5). These can have immunomodulatory actions (6) or serve as
transforming growth factors, as in the case of Simian sarcoma
virus-derived platelet-derived growth factor (PDGF, v-sis) (7)
and the epidermal and transforming growth factor-like mole-
cules of vaccinia virus (8, 9). It is now clear that viruses are also
present as part of a larger microbiome carried by the host in the
gut as well as on skin, mucosal, and other surfaces (10).
Peptide hormones and growth factors have a central role in

regulating metabolism, growth, and development. This occurs by
binding to and activating specific receptors on target cells
throughout the body. Since viruses have been shown to encode
growth factor-like molecules, we hypothesized that, given their
abundance and diversity, viruses might also produce peptide
hormone-like molecules and that these molecules might have the
potential to affect host pathophysiology by binding to these

hormone receptors and mimicking the actions of these peptides
and/or stimulating an autoimmune response.

Results
Viruses Carry Human Hormone-Like Sequences. To begin to explore
this hypothesis, we performed a comprehensive bioinformatics
search for the presence of peptide sequences with homology to
62 human peptide hormones, metabolism-related cytokines, or
growth factor precursors and their processed products in the
viral/viroid genome database at the National Center for Bio-
technology Information (NCBI), which includes the Interna-
tional Nucleotide Sequence Database Collaboration databases
[DNA Data Bank of Japan (DDBJ) and European Molecular
Biology Laboratory (EMBL) database] and GenBank (Dataset
S1). Using this approach, we identified viral sequences that
showed significant (e-value ≤0.06) alignment with either major
domains or the full-length sequences of 16 different human
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peptide hormones including insulin, insulin-like growth factor-1
and -2 (IGF1 and IGF2), tumor necrosis factor, endothelin-1 and
-2, transforming growth factor β-1 and -2 (TGF-β 1/2), FGF-19
and FGF-21, interleukin 6, inhibin, adiponectin, resistin, adipsin,
and irisin (Dataset S2). We did not find any significant analogs
in viral genomes for the other 46 human regulatory proteins
searched (Dataset S3). Although the presence of TGF- and IL-
6–like sequences have been reported (8, 11), our analysis iden-
tified multiple previously unidentified viral sequences that might
encode peptides with hormone-like domains. In some cases,
such as adiponectin, the homology involved either limited do-
mains or repetitive sequence structure, while others, including
insulin/IGF, inhibin, FGF-19 and -21, adipsin, and endothelin-1,
had major domains of high sequence similarity. Most of these
hormone-like sequences were identified in dsDNA viruses in-
cluding Poxviruses, Herpesviruses, and Iridoviridae, which are
also known for their ability to encode growth-factor and other
host-like sequences (12, 13).

Members of the Iridoviridae Family Carry Genes Potentially Encoding
Insulins. Among the sequences showing homology, one striking
family was a group of four viral insulin/IGF1-like peptides
(known as “VILPs” for short). These had not only a high se-
quence alignment across the full-length of the peptide but also

conservation of all cysteine residues essential for 3D folding (Fig.
1A and Fig. S1A). VILPs were identified in lymphocystis disease
virus-1 (LCDV-1), lymphocystis disease virus-Sa (LCDV-Sa),
grouper iridovirus (GIV), and Singapore grouper iridovirus
(SGIV) (14–17). Comparative alignment analysis showed that
the A- and B-chain regions of LCDV-1 and LCDV-Sa VILPs are
52–56% and 46–47% identical to human insulin A- and B-chains,
while those of GIV and SGIV VILPs are 38% and 30–33%
identical, respectively. All six critical cysteine residues that form
intrachain and interchain disulfide bonds in the insulin tertiary
structure are conserved among the four VILPs (Fig. 1A). Each of
the VILPs has a potential signal peptide, suggesting that they are
likely to be secreted (Table S1). The VILPs also contain 7- to 10-
aa connecting peptides, similar to IGF1 and -2. While the two
LCDV VILPs are only 80 aa long with a stop codon at the end of
the A-chain–like insulin, both the SGIV and GIV VILPs have
potential IGF1-like E-terminal extensions (Fig. 1B); however,
these extensions are not homologous with the E-domains of
IGF1 and IGF2 but are caused by a variable number of tandem
repeats at the C-terminal end of the proposed peptide.
Structural modeling by I-TASSER (18) showed that the se-

quence of all four VILPs could be easily threaded on the ca-
nonical structure of insulin-like peptides, including the two
A-chain α-helices, the central B-chain α-helix, and the positioning
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Fig. 1. Viral insulin/IGF-like peptides are structur-
ally a part of the insulin superfamily. (A) Sequence
alignment of the B-, C-, and A-chains of insulin, IGF1,
IGF2, and four VILPs. Cysteines are highlighted in
yellow. Identical residues are denoted by asterisks;
low and high degrees of similarity are represented
by a period and a colon, respectively. (B) Domain
structure of human insulin, IGF1, and four VILPs. The
domains are indicated as follows: A, A-chain; B, B-
chain; C, C-peptide; S-S, disulfide bonds; and SP,
signal peptide. (C) Predicted 3D structure of LCDV-
1VILP and comparison with insulin and IGF-I. The
A-chain is cyan; the B-chain is light green; the C-
peptide is yellow; and the D-domain is pale brown.
The conserved or conservatively substituted side
chains of residues of the ligands involved in binding
to site 1 of the IR/IGF1R are shown in red, and bind-
ing site 2 residues are shown in blue. Conservative
substitutions are indicated by an equal sign. One
substitution that increases affinity in IGF-I (B10 His
to Glu) is indicated by a plus sign.
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of the three disulfide bridges (Fig. 1C and Fig. S1 B and C). In all
four VILPs, at least 50% of the receptor-binding residues are
conserved or are conservatively substituted, including, for ex-
ample, the equivalent to insulin’s Tyr A19 critical for insulin
receptor (IR) binding and the pair of arginines in the C-domains
of all VILPs (Tables S2–S5) important for IGF1 receptor
(IGF1R) binding (19–21). However, some important residues
are missing, such as the valine equivalent to insulin position
A3 and IGF1 residue 44, suggesting these VILPs may have re-
duced receptor affinities. Although these viruses were isolated
from fish, assessment of the VILPs in a phylogenetic context
against the sequences of insulins and IGFs from 30 different
species, including insects, fish, birds, and mammals, showed that
VILPs are equally well-related to humans and other species as to
fish insulins/IGFs (Fig. S2 and Table S6).

VILPs Can Bind to Human Insulin and IGF1 Receptors. Although there
is a report transfecting SGIV-VILP to fish cells showing its
mitogenic effects, there is no study that characterized the all VILPs
with their insulin/IGF1-like functions using mammalian/human
cells and determining their insulin/IGF1 receptor binding and
postreceptor signaling stimulation capacity (22). To functionally
characterize these VILPs and determine if they could be active
in a mammalian system, LCDV-1, SGIV, and GIV VILPs were
chemically synthesized as single-chain peptides (Fig. S3) (23) and
were assessed for their ability to compete with 125I-insulin and
125I-IGF1 for binding to murine brown preadipocyte cell lines in
which the endogenous IR and IGF1R had been inactivated and
the cells reconstituted by stable transfection with either human
IR B-isoform (hIR-B) or human IGF1R (hIGF1R) (24, 25). As
expected, human IGF1 (hIGF1) had highest affinity for the
hIGF1R with half-maximal inhibition at ∼5 nM. LCDV-1 VILP
competed with about 10-fold lower affinity (ED50 ∼50 nM),
while SGIV VILP was less active (ED50 ∼500 nM), followed by
GIV VILP and human insulin (Fig. 2A). Both SGIV and GIV
also showed a similar ability to compete for binding to the hIR,
which was slightly less than that of human IGF1 (Fig. 2B). More
importantly, all VILPs were able to stimulate tyrosine auto-
phosphorylation of human IR-A, IR-B, and IGF1R in vitro as
assessed by ELISA using HEK293 cells overexpressing each
receptor isoform. For IGF1R autophosphorylation, the VILPs
showed activity similar to that of human insulin (Fig. 2C), whereas
on human IR-A and IR-B, VILPs were about an order of mag-
nitude less active than IGF1 and were about 200- to 500-fold less
potent than insulin (Fig. 2 D and E and Table S7).

VILPs Stimulate Downstream Insulin/IGF1-Signaling Pathways. The
two major pathways of IR and IGF1R signaling are the PI3K/Akt
and the Ras-MAPK pathways. The former is responsible for
most metabolic effects of these hormones; the latter is more
important for cell growth and differentiation (26, 27). To de-
termine if the VILPs could stimulate these pathways, we assessed
Erk1/2 and Akt phosphorylation using double-knockout (DKO)
preadipocytes overexpressing hIR-B and hIGF1R. As shown in
Fig. 2F, all VILPs acting via hIGF1R strongly stimulated Akt
phosphorylation at 15 min. They also stimulated Erk1/2 phos-
phorylation, albeit with very low potency, like insulin acting via
the IGF1R. On cells expressing mouse IGF1R (mIGF1R), all
VILPs produced dose-dependent stimulation of Akt phosphor-
ylation and in this case also produced dose-dependent Erk1/
2 phosphorylation, in some cases greater than that produced by
human insulin (Fig. 2G). In general, the VILPS were less active
on the hIR-B isoform compared with the A isoform, with LCDV-
1 VILP stimulating Akt phosphorylation only at the highest
concentration tested (250 nM); similar to IGF1, none produced
significant stimulation of Erk1/2 phosphorylation (Fig. 2H).
However, VILPs were able to stimulate postreceptor signaling
on cells expressing the mouse IR-A isoform (mIR-A) with strong

stimulation of Akt phosphorylation by both LCDV-1 and SGIV
VILPs (Fig. 2I). While limiting material prevented studying full-
time courses, it is worth noting that SGIV and GIV stimulated
both Erk1/2 and Akt phosphorylation through human IR-B more
robustly at 60 min than at 15 min, suggesting possible delayed
kinetics of action for these ligands (Fig. S4). Thus, VILPs can
activate both murine and human insulin and IGF1 receptors,
and, as is consistent with binding and autophosphorylation re-
sults, VILPs stimulate postreceptor signaling better through
IGF1R than through IR. It also appears that VILPs may act as
biased ligands, preferentially activating the Akt pathway more
than the Erk1/2 pathway, and have delayed kinetics.

VILPs Stimulate Proliferation and Glucose Uptake. A classic effect of
IGF1 is stimulation of thymidine incorporation into DNA and
cell proliferation (28). LCDV-1 VILP was almost as potent as
IGF1 in the stimulation of 3H-thymidine incorporation into
DNA in human fibroblasts (Fig. 3A). GIV VILP also stimulated
DNA synthesis, but, similar to insulin, required higher ligand
concentrations. To mimic the expression of VILPs as might oc-
cur in viral infection, we transfected mouse AML-12 hepatocytes
with LCDV-1 VILP cDNA with an N-terminal flag tag and
assessed its effects on cellular signaling. Overexpression of LCDV-1
VILP caused a significant increase of 3H-thymidine incorporation
into DNA (Fig. 3B). The LCDV-1 VILP-transfected cells also
exhibited increased stimulation of IR/IGF1R autophosphorylation
and phosphorylation of Akt and Erk1/2, indicating the biological
potential of these peptides following viral infection of cells (Fig. 3
C and D).
The VILPs also produced insulin-like effects on glucose me-

tabolism in vitro and in vivo. Thus, all VILPs produced a strong
dose response for stimulation of 2-deoxyglucose uptake in
differentiated 3T3-L1 adipocytes (Fig. 4A). More importantly,
following i.p. administration of LCDV-1 VILP, there was a sig-
nificant lowering of blood glucose in mice over a 120-min time
course (Fig. 4B). Interestingly, the onset of action of LCDV-1
VILP appeared to be slower but to persist longer than that of
human insulin, suggesting potential differences in the in vivo
kinetics of VILP action. This might be related to intrinsic dif-
ferences in signaling, differences in internalization, or differ-
ences in the kinetics of clearance of these ligands. SGIV VILP
also had a trend to lower blood glucose at 30 min but showed no
persistent effect at the dose tested.

Humans Are Exposed to VILP-Carrying Viruses. Classically, Iridovir-
idae are known to infect fish, amphibians, and insects. The four
Iridoviridae carrying VILPs had all been originally isolated from
fish, where they were known to cause systemic infections with a
broad range of tissue tropism, including liver, pancreas, brain,
kidney, and skin, and in the last cause tumor-like growths (29).
As noted above, however, the sequences of VILPs are related to
human insulin/IGF1 as closely or more closely than they are to
fish or other species (Fig. S2). More importantly, two recent
analyses of the human fecal virome have identified DNA se-
quences belonging to LCDV-1 and SGIV (30, 31), and LCDV-
1 has also been identified in the sequences of circulating DNAs
in human blood (32, 33).
We have also reanalyzed the shotgun sequencing data from

three different gut microbiome studies to search for evidence of
human exposure. In a study comparing the enteric viromes from
healthy children and children with islet cell autoantibodies, a
marker of high risk for the development of type 1 diabetes, we
were able to identify sequences of LCDV-Sa in samples of two
healthy children (Dataset S4) (34). In an enteric virome study of
HIV patients from Uganda, Iridoviridae had been reported as
one of the most abundant 20 viral families in the gut (35), and on
reanalysis we identified GIV viral sequences (Dataset S5). Last,
in a study investigating the evolution of human gut virome

Altindis et al. PNAS | March 6, 2018 | vol. 115 | no. 10 | 2463

M
ED

IC
A
L
SC

IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721117115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721117115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721117115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721117115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721117115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721117115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721117115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721117115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721117115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721117115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721117115/-/DCSupplemental


following the same individuals for 2.5 y (36), we were also able to
identify the sequences of LCDV-1. (Dataset S6). In each case,
the specificity of the identified sequences to the viruses was
confirmed with an additional Blastn analysis, and only unique
sequences are reported in the datasets. Taken together with
published data, these data support the hypothesis that humans
are exposed to or can carry these Iridoviruses and that VILPs
produced by these viruses could be involved in either triggering
or protection from disease. Current studies of the human virome
may also underestimate the presence of these viruses, since many
studies use 0.2- to 0.45-μm–filtered samples, which might trap
larger viruses like Iridoviridae (10).

Discussion
Insulin and IGFs have been shown to play important roles as
hormonal regulators in species from Caenorhabditis elegans to
Homo sapiens. Mammals have separate IRs and IGF1Rs, and, in
most species, one insulin and two IGFs that interact with them.
Drosophila and C. elegans, on the other hand, express multiple
insulin-like peptides that interact with a single receptor tyrosine
kinase (37, 38). In mammals, the IR primarily controls metab-
olism, and the IGF1R controls growth (24), whereas in lower
organisms, the single receptor predominately regulates longevity
and stress resistance (39). Across the whole phylogenetic tree,

these ligands and receptors have a high degree of structural
similarity, although there is considerable evolutionary diversity
even among mammals. As a result, insulins and IGFs are able to
bind to each other’s receptors, as do insulins and IGFs of dif-
ferent species, albeit with different affinities (40, 41). In this
study, we demonstrate the presence of insulin/IGF1-like peptides
in viruses that are active on mammalian IRs and IGF1s. These
VILPs also mimic the postreceptor actions of insulin and IGF1,
including stimulation of cell growth, stimulation of glucose up-
take in vitro, and stimulation of glucose lowering in vivo.
Although the VILPs have higher affinity for the IGF1R than

for the IR, they have conservation of structure and sequence
which allows binding to both sites 1 and 2 of the IR. At the
postreceptor levels, VILPs exhibit a bias to stimulation of Akt.
How the VILPs might interact with IR/IGF1R hybrids, which
occur in different cells to different extents, remains to be de-
termined, but understanding how these molecules initiate in-
sulin/IGF1 action may be useful in designing new, unique insulin
analogs. Furthermore, our data suggest that VILPs, especially
SGIV- and GIV-VILP, can stimulate autophosphorylation of
the IR-A isoform slightly better than the IR-B isoform (compare
Fig. 2 D and E). This difference was also observed in post-
receptor signaling experiments in which LCDV-VILP acting on
mIR-A–overexpressing preadipocytes was able to stimulate AKT
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Fig. 2. VILPs bind to hIR-B and hIGF1R and stimulate
downstream insulin/IGF1-signaling pathways. (A and
B) Binding competition dose–response curves show-
ing the competing effect of VILPs for the hIGF1R
(A) and hIR-B (B). The data are plotted as the per-
centage of the maximal binding of 125I-IGF1 alone or
125I-Insulin alone and are expressed as mean ± SEM
(n = 3). (C–E) Stimulation of IR and IGF1R auto-
phosphorylation using HEK293 cells overexpressing
hIGF1R (C), hIR-B (D), or hIR-A (E) and a phosphotyrosine-
specific ELISA. (F–I) Western blot analyses of the
phosphorylation of Akt and ERK1/2 in lysates of
murine DKO brown preadipocytes overexpressing
hIGF1R cells (F ), mIGF1R (G), hIR-B (H), and mIR-A
(I) stimulated with the indicated concentrations of
insulin, IGF1, or VILPs for 15 min.

2464 | www.pnas.org/cgi/doi/10.1073/pnas.1721117115 Altindis et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721117115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1721117115


phosphorylation even at the lowest concentrations (compare Fig.
2 H and I). IR-A is known to have a higher affinity for IGF1 and
IGF2 than IR-B (42), suggesting that the VILPs behave more like
IGF on the two IR isoforms. This could predict differences in
potential effects in vivo, since IR-B is the major isoform expressed
in liver and fat, while IR-A is the dominant isoform in muscle (43).
In addition, IR-A tends to be enriched in various cancer cells (44).
Further characterization of the IR isoform-specificity of VILPs
will be needed to understand if this leads to tissue-preferential
actions of VILPs and increases their potential role in cancer.
Although Iridoviridae are generally regarded as pathogens

primarily in cold-blooded species (45), both our analysis and
published data (30–33) indicate that DNA from the members of
Iridoviridae may be found in the human fecal and blood samples.
To the extent that humans might carry or be exposed to these
viruses, the structural and activity similarities of VILPs to human
insulin and IGF1 raise possibilities for the potential role of
VILPs in hypoglycemia, insulin resistance, tumor formation, and
production of/protection from type 1 diabetes. While we have
not yet been able to test whether cells infected with these viruses
can secrete VILPs into the bloodstream of the host, all VILPs
possess an N-terminal sequence which has features of a signal
peptide, and in fish which harbor these viruses the most common
phenotype is the presence of tumor-like growths on the skin (45).
Additionally, a previous study using grouper embryonic cells
showed that SGIV VILP is transcribed at very early stages of the
SGIV infection (6 h) with increasing enrichment of the tran-
scripts at later time points, suggesting a role of VILPs in the
infection-related disease process (22).
While viruses are known to encode growth factors such as

PDGF(v-sis) (7), EGF (9), and TGF (8), and transfection of

SGIV-VILP into fish cells has been shown to stimulate cell
proliferation (22), the present study directly demonstrates that
microbes—in this case four different viruses—can produce in-
sulin-like molecules with structural similarities, receptor binding,
and postreceptor actions of mammalian insulins/IGFs. Although
there have been earlier suggestions for the presence of insulin-like
peptides in bacteria based on activity assays (46), at least at the
level of significant DNA sequence homology, our current search
did not identify any insulin-like peptides in bacteria, archaea, or
fungi. There are 7,455 complete viral genomes in the NCBI data-
base as of January 11, 2018, including genomes of 21 Iridoviridae.
Among these, we were able to identify VILPs in only four viruses.
Thus, not all members of the Iridoviridae family carry insulin-like
sequences, including some isolates of LCDV. On the other hand, it
is important to keep in mind that the number of available viral
genomes is still less than 2% of the predicted number of mam-
malian viruses (47). Thus, the viral hormones identified here may
be the tip of the iceberg, with many additional viral species carrying
VILPs and other hormone-like molecules.
There are also other reasons for believing the current study

may underestimate the number of viral hormone-like molecules.
Searching viral or microbial DNA/RNA sequences for hormone
analogs is impossible for molecules other than peptides and also
can fail to detect potentially active small peptide hormones,
where search programs may miss homologs because of the sta-
tistical filters used when searching large viral/microbial databases.
In addition, we focused only on primary sequence homology be-
tween viral sequences and human hormones, and it is well known
that hormones with different primary sequences but with similar
tertiary structure may also be active in receptor binding and
function. Along these lines, for example, using an ACTH im-
munoassay, Qiang et al. (48) have identified a bacterial peptide
fragment of Escherichia coli elongation factor-G that can mimic
the antiinflammatory effects of α-melanocyte–stimulating hor-
mone through the melanocortin-1 receptor. Likewise, by anal-
ysis of bacterial metagenomes, Cohen et al. (49) have shown
that gastrointestinal bacteria can produce N-acyl amides that
bear structural similarities to ligand of G protein-coupled re-
ceptors and can mimic their effects on GLP-1 secretion and
glucose homeostasis, although such ligands would not be found
searching the primary sequences of the microbial genomes.
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Fig. 3. Endogenous and exogenous mitogenic potency of VILPs illustrated
by [3H]-thymidine incorporation and endogenous stimulation of post-
receptor signaling. (A) Human fibroblasts (GM00409) were treated with in-
creasing concentrations of the ligands, and [3H]-thymidine incorporation
into DNA was assessed. Results are illustrated as the fold-increase over the
basal level and are plotted as mean ± SEM (n = 4). (B) AML-12 cells were
transiently transfected with either mock vector or plasmid encoding the
LCDV-1 VILP gene. Results are shown as raw cpm values (*P < 0.05, t test, n =
4). (C) Immunoblotting of phosphorylation of IR/IGF1R beta subunits, Akt,
and ERK1/2 in lysates from AML-12 cells transfected with mock vector or
LCDV-1 VILP cDNA (n = 5). (D) Densitometric analysis of phosphorylated IR/
IGF1R, Akt, and ERK1/2. Data are shown as mean ± SEM, normalized to each
total protein level (*P < 0.05; **P < 0.01; t test; n = 5).
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Fig. 4. In vitro and in vivo effects of VILPs on glucose metabolism.
(A) Differentiated 3T3-L1 cells were stimulated for 30 min with various con-
centrations of ligands, and uptake of 2-deoxyglucose was determined. Data
are expressed as cpm/mg of protein ± SEM (n = 4). (B) Mice were injected i.p.
with LCDV-1 VILP (1 μmol/kg; n = 4), SGIV VILP (1 μmol/kg; n = 4), insulin
Humulin R (Eli Lilly), 6 nmol/kg; n = 6], or saline (n = 6). Blood glucose was
measured at 0–120 min. Data are shown as mean ± SEM [*P < 0.05; **P < 0.01,
****P < 0.0001; two-way repeated-measures ANOVA (grouped by time)
followed by Tukey 6 correction; n = 4 or 6].
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Taken together with our studies, these findings make clear
that both the viral and bacterial genomes may produce peptides
and other small molecules with hormone-like sequences and
activities. Further studies will be needed to determine the bio-
activities of the multiple viral hormone-like sequences reported
in this study. However, the identification and characterization of
VILPs, as well as other viral hormone/growth factor-like mole-
cules, not only expands our view of the insulin-like family of
hormones but also indicates a potential mechanism of viral
pathogenesis in which viruses encode biologically active hor-
mone mimetics that can modify health and disease.

Methods
All animal studies were conducted in compliance with regulations and ethics
guidelines of the NIH and were approved by the Institutional Animal Care

and Use Committees of the Joslin Diabetes Center (no. 97-05) and Harvard
Medical School (no. 05131).

Detailed materials and methods regarding bioinformatics, peptide syn-
thesis and folding, receptor-binding and phosphorylation assays, insulin
signaling, proliferation, glucose uptake experiments, plasmid transfections
and insulin tolerance tests, and data availability are provided in SI Methods.
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