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Antibody profiles have the potential to revolutionize personalized medicine by
providing important information related to autoimmunity against self-proteins and
exposure to infectious agents. One immunoassay technology, luciferase immu-
noprecipitation systems (LIPS), harnesses light-emitting recombinant proteins to
generate robust, high-quality antibody data often spanning a large dynamic range
of detection. Here, we describe the general format of LIPS and discuss studies using
the technology to measure autoantibodies in several human autoimmune diseases
including type 1 diabetes, Sj€ogren’s syndrome, systemic lupus erythematosus, and
immunodeficiencies secondary to anticytokine autoantibodies. We also describe
the usefulness of evaluating antibodies against single ormultiple antigens from infec-
tious agents for diagnosis, pathogen discovery, and for obtaining individual expo-
sure profiles. These diverse findings support the notion that the LIPS is a useful
technology for generating antibody profiles for personalized diagnosis and moni-
toring of human health. (Translational Research 2015;165:325–335)
Abbreviations: ARDS ¼ acute respiratory distress syndrome; dNTM ¼ disseminated nontubercu-
lous mycobacterial; EBV ¼ Epstein-Barr virus; ELISA ¼ Enzyme-linked immunoassay; HCV ¼ hep-
atitis C virus; HIV ¼ human immunodeficiency virus; HTLV ¼ human T-lymphotropic virus; IL ¼
interleukin; KSHV¼ Kaposi sarcoma-associated herpes virus; LIPS¼ luciferase immunoprecipita-
tion systems; MERS¼Middle East Respiratory Virus; NPHV ¼ nonprimate hepatitis C-like virus; RIP
¼ radioimmunoprecipitation assay; Ruc ¼ Renilla luciferase; SLE ¼ systemic lupus erythemato-
sus; SS ¼ Sj€ogren’s syndrome; T1D ¼ type I diabetes
INTRODUCTION
A ntibodies are key components of the immune
system that are able to bind with great speci-
ficity to an extremely large variety of target
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molecules. In addition to their important function in
the adaptive immune response, antibody testing repre-
sents a major tool for the diagnosis of many infectious
agents including current and past exposures.1 The
Reprint requests: Peter D. Burbelo, Dental Clinical Research Core,

NIDCR, NIH, Building 10, Room 5N102, 10 Center Drive, Bethesda,

MD 20892; e-mail: burbelop@nidcr.nih.gov.

1931-5244/$ - see front matter

Published by Elsevier Inc.

http://dx.doi.org/10.1016/j.trsl.2014.08.006

325

Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:burbelop@nidcr.nih.gov
http://dx.doi.org/10.1016/j.trsl.2014.08.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.trsl.2014.08.006&domain=pdf


Translational Research
326 Burbelo et al February 2015
detection of antibodies against self-proteins,
autoantibodies, is also important for the diagnosis of a
variety of autoimmune diseases. In some autoimmune
diseases, autoantibodies are present before the onset
of clinical symptoms, and for certain targets, autoanti-
bodies can play a direct role in causing pathogenesis.
Although the full spectrum of diagnostically useful an-
tibodies is not currently known, generating comprehen-
sive antibody profiles will likely represent an important
next step in understanding human health. In this review,
we describe the antibody profiling technology of lucif-
erase immunoprecipitation systems (LIPS) and discuss
its wide range of applications and the types of informa-
tion that can be obtained from using the technology. An
in-depth discussion of other immunoassay technologies
used to measure antibodies can be found in a recent
review.1
LIPS TECHNOLOGY

The clinical information provided by quantifying
antibodies has long been recognized, but the most
common immunoassay technologies such as Western
blotting and enzyme-linked immunosorbent assay
(ELISA), used to measure the amount of antibodies
against particular targets, have a number of drawbacks
including a limited ability to efficiently detect confor-
mational epitopes, a limited dynamic range of detection,
and high backgrounds frequently associated with using
crude protein preparations or bacterial recombinant pro-
teins.2 In contrast, fluid-phase radioimmunoprecipita-
tion assays using radiolabeled antigens can overcome
many of these limitations and are the method of choice
for measuring autoantibodies in autoimmune diseases.3

Despite the usefulness of the radioimmunoprecipita-
tion assay, the requirement for radioisotopes limits
its widespread application. An alternative to radioim-
munoprecipitation assays for measuring antibodies is
the fluid-phase LIPS technology, which is based on
luciferase-tagged antigens produced in mammalian
cells.1,2 With the LIPS technology, the gene encoding
the 30-kDa luciferase, isolated from the soft coral
Renilla reniformis, is typically used as the reporter
because this light-producing enzyme has a highly linear
output spanning over 7 orders of magnitude. The con-
struction of Renilla luciferase (Ruc) chimeric genes in-
volves standard molecular techniques with mammalian
expression vectors (eg, pREN2) in which the antigen
of interest is fused in-frame with Ruc.4,5 A variety
of recombinant protein targets can be used in LIPS
including full-length proteins, protein variants and
fragments, and short peptides. Nonprotein targets such
as phospholipids, DNA, and RNA cannot be used in
LIPS.
To initiate LIPS, plasmids encoding these light-
emitting antigen fusions are first transfected into Cos1
mammalian cells (Fig 1). Because the antigen is directly
tagged with luciferase, crude extracts are used without
the need for time-consuming protein purification.
Importantly, many of the crude extracts containing the
Ruc-tagged antigens can be stored as frozen aliquots
and then thawed for use at a later time. For antibody
testing, a defined amount of the Ruc-tagged recombi-
nant protein based on light units is first incubated with
each serum sample typically for 1 hour. In these assays,
1.0 mL of serum is used, potentially allowing up to 1000
determinations to be made from 1 mL of serum or
plasma. During this first incubation step, antibodies in
serum, if present, bind to the target antigen fused to
Ruc (Fig 1). The reaction mixture is then transferred
for an additional hour to a filter plate containing anti-
body capturing reagents such as protein A/G beads or
other secondary immunoglobulin-immobilized beads.
Although these beads can bind both free immunoglobu-
lins and antibodies bound to the Ruc-tagged antigen,
free unbound luciferase-tagged antigen is removed
from the microtiter filter plate by multiple washing
steps. Next, the relative amount of antibody bound to
the Ruc-tagged antigen can be determined by measuring
the light produced when adding coelenterazine, the sub-
strate for Ruc (Fig 1). It should be noted that a variety of
LIPS formats can be performed to collect highly quan-
titative antibody data including single tube assays,5

96-well plates,4 rapid tests,6,7 arrays,8 and even a mic-
rofluidic device.9 The time required to perform LIPS
testing is less than 2.5 hours and typically faster than
ELISA and Western blotting. Although there are cur-
rently no commercial products available for specific
LIPS tests, the LIPS vectors used to generate light-
emitting proteins are available on request (from Dr.
Peter D. Burbelo).

Detection and Analysis of Autoantibodies by LIPSs in
AutoimmuneConditions. Autoimmune diseases are quite
common conditions and are associated with significant
morbidity and mortality costs. For many autoimmune
diseases, genetic information offers limited diagnostic
or predictive clinical value because these complex dis-
eases are not caused by single genetic alterations, but
rather involve multiple weakly associated gene poly-
morphisms interacting with various environmental
factors.10 On the contrary, autoantibody detection in
autoimmune conditions represents an important tool
for personalized care providing information for dia-
gnosis, monitoring, and even disease prediction. Here,
we describe the application of LIPS for measuring
autoantibodies in a wide range of autoimmune studies
yielding improved diagnostic performance or new
information (Table I).

http://dx.doi.org/10.1016/j.trsl.2014.08.006


Fig 1. Schematic of the general steps involved in luciferase immunoprecipitation systems. (A) TheDNA sequence

of the antigen of interest is genetically fused to the C-terminus of Renilla luciferase (Ruc). These recombinant

plasmids are then used to transfect Cos1 cells and cell lysate is harvested 48 hours later without purification.

(B) Aliquots of a single extract for a Ruc-antigen or a mixture of multiple extracts for different Ruc-antigens

are then incubated with serum samples. The antibody complexes are then captured by protein A/G beads and

the unbound luciferase-tagged antigen is washed away. The amount of specific antibodies present is then deter-

mined by the amount of bound antigen present by adding luciferase substrate.
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In type 1 diabetes (T1D), an autoimmune disease
involving the destruction of insulin-producing pancre-
atic beta cells, several different autoantibodies have
been identified including insulin, glutamic decarboxy-
lase-65, insulinoma-associated protein-2, insulinoma-
associated protein-2 beta and zinc transporter-8.
Although the radioimmunoprecipitation assay (RIP), a
fluid-phase immunoassay, is the gold standard for
detecting T1D-associated autoantibodies,3 LIPS repre-
sents a promising nonradioactive alternative. Compara-
tive studies have shown that both LIPS and RIP have
similar sensitivity and specificity for detecting autoanti-
bodies against several major T1D autoantigens.11,12 For
example, the detection of anti-IA2 autoantibodies in
patients with T1D by the LIPS demonstrated 85% sensi-
tivity and 100% specificity, and autoantibody values ob-
tained correlated well with radioimmunoprecipitation
assay.12 In these studies, the dynamic range of detection
for the LIPS assays was greater than the radioimmuno-
precipitation assay and spanned 103–105 light units.
Several other investigators have successfully used the
LIPS as a nonradioactive alternative for measuring auto-
antibodies in T1D.13-17 Autoantibodies against the
relatively newly identified autoantigen, pancreatic and
duodenal homeobox-1, were shown by the LIPS to be
more prevalent in patients with T1D harboring
autoantibodies against multiple autoantigens.13 Lampa-
sona et al detected high levels of robust autoantibodies
by the LIPS against harmonin and villin in most patients
with the autoimmune condition immunodysregulation,
polyendocrinopathy, enteropathy X-linked syndrome,
but found no evidence of these autoantibodies in
T1D.14 It is also important to point out that other immu-
noassays including ELISA and protein array are often
inadequate for detecting autoantibodies in T1D and
other autoimmune conditions.3 The lack of diagnostic
utility of these solid-phase assays is exemplified by a
recent study showing that a protein array technology
was unable to detect any significant autoantibody re-
sponses against the 2 major known autoantigens,
GAD65 and IA2, which were detectable by the LIPS
in the serum samples of the same patient with T1D.16

Acquiring autoantibody profiles against multiple
autoantigen targets in T1D is highly desirable because
studies have shown that the number of different islet au-
toantibodies present in a given individual has the great-
est predictive value for determining which children will
go on to develop diabetes.18 In addition, patients with
T1D can also show evidence of other comorbid autoim-
mune conditions that can be detected by the presence
of autoantibodies associated with these conditions.
Because of the modular nature of the assay and the abil-
ity of using crude extracts without purification, the LIPS
is ideal for testing multiple autoantigens. Additionally,
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Table I. LIPS for autoantibody detection

Disease/infection Examples of important findings made by LIPS

Type 1 diabetes � LIPS diagnostic performance matched a gold standard radioactive-binding assay for
the detection of IA2, IA2-b, and GAD65 autoantibodies11,12

� Detected high frequency of autoantibodies against other autoimmune targets in
patients with type 1 diabetes for potentially identifying patient subsets19

Immunodysregulation, polyendocrinopathy,
enteropathy X-linked syndrome

� Identified autoantibodies against harmonin and villin as diagnostic markers in children
with immunodysregulation, polyendocrinopathy, enteropathy X-linked syndrome14

Stiff person syndrome � LIPS showed 75% sensitivity for the detection of GAD65 for diagnosis of stiff person
syndrome.21 Identified a psychiatric patient with psychomotor slowing with high
GAD65 autoantibodies in serum and cerebrospinal fluid22

SS � LIPS showed 75% sensitivity for the detection of SSB autoantibodies compared
with 45% sensitivity for an enzyme-linked immunosorbent assay24

� Detected 16% frequency of autoantibodies against gastric adenosine triphosphatase
in patients with SS24

� Sensitive detection of Ro60 and Ro52 autoantibodies for diagnosis in the saliva of
patients with SS25

SLE � Found 95% of patients with SLE to contain 1 of 2 types of autoantibody clusters28

Patients with thymoma � Identified a subset of patients with thymoma with multiple anticytokine autoantibodies,
which correlated with opportunistic infections in patients34

� Relative levels of anticytokine autoantibodies detected by LIPS correlated with
in vitro neutralizing activity34

dNTM � Patients with dNTM infection show high frequency of high titer interferon gamma
autoantibodies33

� Autoantibodies against more than 30 other cytokines in dNTM were not detected33

ARDS and sepsis � Observed the rapid induction of autoantibodies in patients ARDS and sepsis32

Abbreviations: ARDS, acute respiratory distress syndrome; dNTM, disseminated nontuberculous mycobacterial; LIPS, luciferase immunoprecip-
itation system; SLE, systemic lupus erythematosus; SS, Sj€ogren’s syndrome.

Translational Research
328 Burbelo et al February 2015
the assay development time is generally much lesser
than other solid-phase immunoassays that use native
or recombinant proteins. This is because the develop-
ment of the different light-emitting protein detectors
for the LIPS simply involves cloning and transfection
in which the extracts can generally be used in a standard
format without optimization. In one investigation auto-
antibodies against 9 targets were measured in patients
with T1D.19 Not only did the patients with T1D show
a high frequency of T1D-associated autoantibodies,
but approximately 50% of the patients with T1D had
autoantibody responses against at least one other ex-
trapancreatic target including the thyroid peroxidase
associated with Hashimoto’s thyroiditis, transglutami-
nase 2 associated with celiac disease, and the gastric
adenosine triphosphatase associated with autoimmune
gastritis. Although the clinical data for this cohort
were not available for analysis, this study demonstrates
the possibility of using the LIPS to identify patient sub-
groups with different clinical symptoms or for further
examining potential genetic associations.
In addition to the high frequency of GAD65 auto-

antibodies found in patients with T1D, autoantibodies
against GAD65 can also be detected in several neuro-
logic diseases including stiff person syndrome and
ataxia.20 In stiff person syndrome, LIPS detected highly
robust levels of GAD65 autoantibodies and achieved
diagnostic accuracy of 100% sensitivity and 100% spec-
ificity.21 In another study, LIPS was also used to screen a
cohort of psychiatric patients for autoantibodies.22 High
levels of GAD65 autoantibodies were detected in a
female patient with major depressive disorder who
showed signs of psychomotor slowing, a clinical condi-
tion characterized by slowmovement of her extremities.
Increased GAD65 autoantibodies were also highly
detectable in cerebrospinal fluid of the patient, and the
autoantibody levels correlated over time with clinical
severity suggesting that central nervous system autoim-
munity might be responsible for psychomotor impair-
ment. These findings support the idea of uncovering
unrecognized autoimmune pathogenesis in human dis-
ease by autoantibody profiling.
Sj€ogren’s syndrome (SS) is an autoimmune disease

characterized by autoimmune attack on the salivary
and lacrimal glands leading to decreased saliva and
tear production, respectively.23 One objective criterion
for the diagnosis of SS involves measuring autoanti-
bodies against SSB (La) and SSA (Ro52 and Ro60).

http://dx.doi.org/10.1016/j.trsl.2014.08.006
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LIPS showed 75% sensitivity for the detection of La au-
toantibodies compared with 45% sensitivity for an es-
tablished ELISA in a small cohort of patients with SS
and healthy controls.24 For SSA, the LIPS separately
detected autoantibodies against Ro52 and Ro60 and
showed similar diagnostic performance to that of the
ELISA, which measured them together. Measuring
autoantibodies against other targets also revealed that
some patients also had significant autoantibodies asso-
ciated with other autoimmune conditions. For example,
16% of patients with SS had autoantibodies against
thyroid peroxidase, an autoantigen associated with
Hashimoto’s thyroiditis. Similarly, 14% and 12% of
the patients with SS had autoantibodies against gastric
adenosine triphosphatase and aquaporin 4, respectively,
representing potential autoimmune attack on the stom-
ach and nervous system.24 Compared with the standard
2.5 hour–testing format, a rapid 15-minute LIPS test
showed promise for detecting anti-Ro52 serum autoan-
tibodies for the diagnosis of SS.6 The highly robust
LIPS assay can be used for noninvasive testing by using
saliva instead of a serum as the clinical sample. Using
saliva, Ro60 autoantibodies showed 75% sensitivity
and 96% specificity for the diagnosis of SS and corre-
lated with serum levels of Ro60 autoantibody.25 The
ability to examine antibodies in saliva has additional
applications for noninvasively studying humoral res-
ponses against infectious agents.
Systemic lupus erythematosus (SLE) represents a

relatively common autoimmune disease characterized
by inflammation and chronic immune attack on various
cells and tissues.23 The detection of autoantibodies in
SLE is critical for diagnosis, disease monitoring, and
can predict disease onset.26,27 Ching et al28 used the
LIPS to detect autoantibodies against a panel of autoan-
tigens revealing that most patients with SLE had either a
cluster I or cluster II antibody phenotype. Patients with a
cluster I phenotype showed enriched autoantibodies
against Sm, U1-RNP-A1, and U1-70K RNP RNA-
binding proteins, whereas patients with a cluster II
phenotype had enriched autoantibodies against Ro52,
Ro60, and La. The exact method for analyzing the
LIPS autoantibody data from the patients with SLE sim-
ply involved comparing the responses against Sm,
U1-RNP-A1, and U1-70K RNP vs Ro52, Ro60, and
La. In contrast, a previous study based on ELISA immu-
noassay results identified the 2 similar autoantibody
clusters in SLE using the relatively complex K-means
clustering algorithm.29 Overall, these findings highlight
the ease of antibody analysis when robust and highly
quantitative values are generated by the LIPS technol-
ogy. Another unique feature of the LIPS is the possi-
bility of using antigen mixtures for achieving high
diagnostic performance from a single test.28,30,31 The
mixture format is based on the fact that the protein
A/G beads used in the assay bind many different
immunoglobulins present in serum. When incubated
with multiple light-emitting antigens, these bound im-
munoglobulins can interact with multiple detectors
yielding an overall signal similar to performing these
tests separately (Fig 1). In the case of the diagnosis of
lupus, a single LIPS mixture test incorporating 6 anti-
gens (Sm, U1-RNP-A1, U1-70K RNP, Ro52, Ro60,
and La) combined with 1 mL of serum matched the
sensitivity and specificity of performing these 6 individ-
ual LIPS tests separately.28 Because this approach does
not provide information about the specific target pro-
teins that are immunoreactive in seropositive samples,
if needed, additional follow-up testing of individual
antigens would need to be performed. Nevertheless,
this LIPS mixture approach saves time and resources
and has also been used to simplify the diagnosis of
several infectious agents.30,31

Besides autoantibodies as biomarkers, pathogenic
autoantibodies can interfere with normal processes
and directly cause human disease. Pathogenic autoanti-
bodies can be generated against cytokines, which are
secreted molecules that play critical roles in regulating
the immune response to infection. The LIPS detected
high levels of anticytokine autoantibodies in several dis-
eases including in certain patients with acute respiratory
distress syndrome and sepsis,32 SLE,28 and in opportu-
nistic infections secondary to anticytokine autoanti-
bodies.33,34 In patients with thymoma exhibiting
opportunistic infections such as mucocandidiasis and
disseminated varicella-zoster virus, the LIPS identified
multiple anticytokine autoantibodies as the likely cul-
prits involved in pathogenesis.34 Although the LIPS
detected known increased levels of anti–interferon alfa
autoantibodies, high levels of autoantibodies against
interleukin (IL)-12 p35, IL-12–p40, and IL-17 corre-
lated better with the presence of opportunistic infections
in these patients. The levels of autoantibodies detected
by the LIPS against these cytokines also matched func-
tional assays for signal transducer and activator of tran-
scription neutralization experiments. Lastly, this study
also highlighted how the LIPS can be used for autoanti-
gen discovery. In this study, systematic LIPS screening
of 39 different candidate cytokines resulted in the dis-
covery of 2 patients with previously undescribed
autoantibodies against the B cell-activating factor
cytokine.34

Because of the ability to screen many different anti-
gens in parallel, the LIPS has been used to analyze a
cohort of patients with disseminated nontuberculous
mycobacterial (dNTM) infections to understand the
full spectrum of anticytokine autoantibodies.33 Patients
with dNTM infections are severely immunosuppressed
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and harbor infections with numerous rapid and slow
growing mycobacteria. From analyzing autoantibodies
against 41 cytokine and other immune targets, approxi-
mately 90% of the patients with dNTM infections de-
monstrated interferon gamma (IFN-g) autoantibodies,
which routinely were 1000 times greater than the levels
found in the controls. The levels of IFN-g autoanti-
bodies detected by the LIPS in the serum samples of
patients with dNTM infections also tracked their ability
to neutralize downstream signaling activity as detected
by in vitro assays. One patient with dNTM infection
did not have IFN-g autoantibodies, but showed high
levels of anti-granulocyte-macrophage colony-stimu-
lating factor autoantibodies.33 Remarkably, no signifi-
cant autoantibody seropositivity was detected against
the other cytokines. These results suggest that the
LIPS technology is useful for identifying pathogenic au-
toantibodies against cytokines and potentially other
extracellular targets.
Because the full spectrum of human diseases showing

autoantibodies is not known, there are likely to be other
diseases that may have an unrecognized autoimmune
component. Two such diseases fitting this category are
acute respiratory distress syndrome and sepsis, condi-
tions characterized by intense immune activation lead-
ing to organ failure. The LIPS not only detected
evidence of robust autoantibodies against several auto-
antigens including cytokines and known autoantigens,
but also demonstrated that there was rapid induction
of some autoantibodies in only a few days and suggests
that ongoing inflammation may mediate the break in
tolerance to self-proteins.32 Collectively, the results pre-
sented highlight the possibility of using the LIPS to
detect new biomarkers for many other diseases inclu-
ding conditions that are not classically thought to
involve autoimmune responses.

DIAGNOSIS AND MONITORING ANTIBODY
RESPONSES TO INFECTIOUS AGENTS

Antibody testing represents a major tool for the diag-
nosis of many infectious agents and provides insight
into current and past exposure and even response to vac-
cines. Liquid-phase immunoassays such as radioimmu-
noprecipitation assays have not been generally used to
measure antibodies against infectious agents because
of the requirement for radioactive labeling. With the
recent development of the LIPS, this liquid-phase
immunoassay has been used to interrogate antibodies
against a wide range of different infectious agents
including fungal, filarial, bacterial, and viral agents.1,2

Subsequently, we describe these studies and discuss
how the LIPS has provided new information for
the detection of antibodies against infectious agents
(Table II).
One key advantage of LIPS is the highly robust anti-
body levels that are often seen against multiple proteins
from a given infectious agent, which is helpful in distin-
guishing infected patients from uninfected controls. For
several infectious agents, side-by-side comparison has
shown improved diagnostic potential of LIPS over
classic ELISA tests. For example, LIPSs showed greater
sensitivity compared with ELISA and several other im-
munoassays for the detection of Strongyloides stercora-
lis,35,36 Onchocerciasis,31 and Loa loa infection.7 For
other agents, the diagnostic performance of LIPS has
been comparable with ELISA tests but has shown addi-
tional useful features.30,37,38 For example, an LIPS test
for Borrelia burgdorferi, the bacterial cause of Lyme
disease, also matched the diagnostic performance of
an established Lyme ELISA test37 and has been used
to exclude a major role of Lyme disease in the pathogen-
esis of autism.39 An LIPS test for a common herpesvirus
infection, varicella-zoster virus, was able to distinguish
vaccinated from unvaccinated subjects and matched
the gold standard fluorescent antibody to a membrane
antigen test.40 For the Epstein-Barr virus (EBV),
herpesvirus, an LIPS test detecting antibodies to EBV
gp350 correlated with antibody neutralization assays,
which could be useful for measuring responses to
EBV vaccines.41

The ability of using crude lysates from transfected
cells without protein purification also makes the LIPS
a practical approach to measure antibodies against
different proteins from a given infectious agent inclu-
ding the whole proteome of human immunodefici-
ency virus (HIV)8,42 and partial proteomes of human
T-lymphotropic virus (HTLV)-1, hepatitis C virus
(HCV),8,43,44 and EBV.8 This approach is also useful
for screening and identifying new antigenic proteins
from infectious agents. For example, a screen of 16 an-
tigens from Wuchereria bancrofti identified Wb123 as
a highly informative antigen for the diagnosis of this
filarial infection.45 Similarly, screening of 20 proteins
from Kaposi-associated herpesvirus (KSHV) identified
robust antibodies against v-cyclin in 75% of patients
with Kaposi’s sarcoma.30 Interestingly, antibodies
against v-cyclin were not detected in several solid-
phase formats including Western blot46 and protein
array47 consistent with the better detection of conforma-
tional antibodies by the liquid-phase immunoassays
compared with solid-phase assays.3

An LIPS mixture assay for 4 KSHVantigenic targets
efficiently detected infection and matched the sensi-
tivity and specificity of performing 2 separate ELISA
tests.30

Owing to the ability of LIPS to detect antibodies
against multiple antigens from different viruses, unique
antibody profiles were identified in patient subsets

http://dx.doi.org/10.1016/j.trsl.2014.08.006


Table II. LIPS for antibody detection of infectious agents

Disease/infection Examples of important findings made by LIPS

Strongyloides stercoralis � LIPS showed improved serologic test compared with ELISA for S. stercoralis35,36

� Demonstrated utility of evaluating antibody responses for monitoring therapy of S. stercoralis35

Onchocerca volvulus � Improved serologic testing compared with ELISA for Onchocerciasis31

Loa loa � Improved serologic testing compared with ELISA for L. loa infection7

� Developed high-performance rapid test for L. loa antibodies7

EBV � Discovered a unique antibody profile in patients with chronic active EBV49

� Demonstrated anti-gp350 EBV antibodies detected by LIPS correlated with neutralizing anti-EBV
antibodies41

HIV � Evaluated antibodies against the HIV proteome using defined recombinant proteins42

� Discovered unique antibody signature in subset of elite HIV controllers51

� Obtained evidence for near absence of anti-HIV antibodies in the first person cured, the Berlin patient53

� Distinguished patients with HIV from blood donor controls based on broad antibody profiles against
multiple common infectious agents61

HTLV-1 � Analyzed antibodies to full HTLV-1 proteome and discovered high levels of anti-envelope antibodies in
patients with HTLV-I–associated myelopathy/tropical spastic paraparesis compared with asymptomatic
or patients with associated lymphoma48,52

HCV � Identified an antibody profile that correlated with response to treatment in patients infected with HCV-HIV43

Wuchereria bancrofti � From screening 16 W. bancrofti proteins for antibodies, identified Wb123 as an early and specific marker
for infection45,64

KSHV � Identified v-cyclin as a new robust serologic marker for KSHV infection30

� Found increased antibody responses against lytic vs latent viral proteins in multicentric Castlemen’s
disease compared with patients with Kaposi’s sarcoma50

NPHV � LIPS screening of different animals identified a novel NPHV in horses58

MERS � Provided serologic evidence that camels have harbored MERS for more than 20 y60

Abbreviations: EBV, Epstein-Barr virus; ELISA, enzyme-linked immunosorbent assay; HCV, hepatitis C virus; HIV, human immunodeficiency virus;
HTLV, human T-lymphotropic virus; LIPS, luciferase immunoprecipitation system; MERS, Middle East respiratory syndrome; NPHV, nonprimate

HCV-like virus.
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including patients infected with HTLV-1,48 EBV,49

KSHV,50 and HIV.51 For example, patients with
HTLV-I–associated myelopathy, a debilitating neuro-
logic disease caused by HTLV-1 viral infection, showed
high levels of anti-envelope HTLV-1 antibodies
compared with asymptomatic infected individuals or
patients with HTLV-1–associated lymphoma.48,52 In
patients with chronic active EBV, anti-EBV antibody
profiling showed greater antibody levels against several
lytic EBV antigens compared with healthy controls,
which is consistent with increased EBV replication in
these patients.49 In 2 patients with KSHV-associated
diseases, the relative antibody levels against lytic vs
latent viral antigens were markedly greater in multicen-
tric Castlemen’s disease compared with patients with
Kaposi’s sarcoma.50 The different antibody patterns
seen in the patient subgroups likely reflect altered pro-
tein expression and/or immune recognition of these
infection agents.
The LIPS has also provided simple biomarkers for

studying clinical subsets of patients with HIV. Mendoza
et al51 analyzed a cohort of elite HIV controllers, pa-
tients who showed exquisite control over HIV infection,
and found a novel low antibody response signature
against reverse transcriptase, protease, and integrase
consistent with the possibility that these patients had
low levels of replicating HIV virus. In a subsequent
HIV study, humoral responses were examined by the
LIPS against 9 HIV proteins in patients with low HIV
viral load including elite controllers, antiretroviral-
treated patients, and in the Berlin patient, the first pa-
tient cured.53 A key finding was that the Berlin patient
had undetectable antibodies against p24 and 5 other
HIV proteins, but still had weak HIVantibody responses
against tat, gp41, and reverse transcriptase. In another
study of patients coinfected with HCV-HIV, a novel
HCV antibody biomarker profile was identified by the
LIPS, which correlated with response to treatment
with interferon alfa and ribavirin.43 Overall, these re-
sults with HIVand HCV suggest that these quantitative
antibody profiles generated by the LIPS could be used to
monitor therapy.
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In spite of the identification of novel infectious agents
by nucleic acid amplification and DNA sequencing
approaches, it is important to point out that the full spec-
trum of infectious agents and their impact on health
remains largely incomplete.54 Because the detection of
specific antibody responses can provide in vivo evidence
of infection, the robust antibody responses obtained
by the LIPS can be used as another tool for pathogen
discovery. For example, numerous astroviruses have
been identified by metagenomic sequencing of human
stool,55,56 but the in vivo relevance of these agents is
unknown. LIPS testing of one of the new astroviruses,
HMOAstV-C, revealed significant antibodies to the
capsid of this virus in humans, but not in several
animal species including pigs and rabbits. Further
analysis of samples from children revealed that app-
roximately 20% of 1-year-old children and approxi-
mately 65% of adults showed antibodies against
HMOAstV-C.57 These findings support the incorpora-
tion of high-quality serologic LIPS data for accelerating
the discovery of new pathogens obtained from nucleic
acid discovery efforts.
LIPS can also be helpful for identifying animal reser-

voirs of human-related viruses. In one study, the LIPS
was used to identify the natural reservoir of HCV-like
viruses in nonprimates.58 The area of research was
initially started by Kapoor et al,59 who discovered the
first nonprimate homolog of HCV called canine hepati-
virus in 2 dogs. No serology was performed at that time,
and the development of a subsequent LIPS test against
the capsid and helicase regions of canine hepacivirus
failed to detect antibodies in more than 120 canine
serum samples suggesting that infection by this virus
may be a rare event in dogs. However, additional testing
of a variety of other animals revealed that approxi-
mately 40% of horses showed robust antibody responses
against the helicase. DNA analysis of the seropositive
horses identified 8 new genetically distinct nonhuman
primate hepatitis-like viruses in these equine samples
and established horses as a major reservoir of HCV-
like viruses.58 More recently, LIPS was used to investi-
gate the animal reservoir ofMiddle East respiratory syn-
drome (MERS) virus, a potential lethal viral infection in
humans occurring in Saudi Arabia.60 Although no sero-
logic evidence for MERS infection was observed in
sheep and goats, camels were identified as a source of
MERS. These results highlight how the LIPS can be
used to discover novel pathogens in animals, which
can cause zoonotic infections in humans.
Increasing evidence suggests that the complicated

interaction of our bodies with microbial agents and
even exposure against many infectious agents that do
not cause overt disease may influence human health.
One important opportunity for personalized health pro-
files will be to define individual exposure profiles to
multiple infectious agents. As a proof of concept, the
LIPS was used to measure antibodies against 13 com-
mon infectious agents in 3 different chronic diseases,
patients with HIV, IFN-g autoantibodies, and SS.61

Rather than focusing on antibody responses to any one
individual infectious agents, the cumulative antibody
data were modeled by principal component analysis.
For both patients with HIVand patients with high levels
of autoantibodies against IFN-g, a distinct antibody pro-
file was observed compared with healthy control sub-
jects. Moreover, there was a noticeable difference
between these profiles highlighting the fact that each
disease perturbs different specific immune pathways.61

In contrast, the SS cohort did not reveal an informative
profile suggesting that these infectious agents might be
less relevant for this disease.61 On the basis of these
promising findings, it is likely that the incorporation
of additional infectious agent targets into the panel
might make this approach even more informative.
Finally, the ability to profile so many different infec-
tious agents in a single format presents a powerful
tool for diagnosis and personalized medicine and might
be configured into a novel immune readout of overall
immune health.
CONCLUSIONS

In this review, we have discussed how the LIPS, a
liquid-phase immunoassay, provides important infor-
mation for diagnosis, monitoring, and insight into dis-
ease pathogenesis. These many diverse studies provide
a platform for more extensive interrogation of antibody
profiles in human disease. Four major attributes make
LIPS a highly desirable technology for studying anti-
bodies: (1) an assay that does not require radioactivity,
(2) the possibility of stably storing the fusion antigen
extracts for facile testing on demand, (3) the high
signal-to-noise ratio, and (4) the wide dynamic range
of antibody detection. Because the LIPS requires small
amounts of serum, hundreds of targets could theoreti-
cally be profiled with the serum obtained from several
milliliters of processed blood. Besides testing one
protein at a time, LIPS arrays offer an alternative for-
mat for simultaneously multiple antibodies in which
different light-emitting protein targets are tested in indi-
vidual wells of a 96-well plate with control and test
serum samples. As a proof of concept, LIPS arrays de-
tected highly robust immunoreactivity against multiple
proteins derived fromHCV, HIV, and EBV proteomes in
infected subjects compared with uninfected controls.8

On the basis of these results, LIPS arrays could be
used as a discovery tool for simultaneously measuring
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antibody levels against candidate target proteins in auto-
immune and infectious diseases.
It is expected that in the coming years, antibody pro-

files generated by LIPSs will continue to provide impor-
tant information related to pathogenesis and diagnosis.
One strategy for predictive medicine involves moni-
toring antibodies longitudinally over time to many
different targets. Along these lines, it is conceivable
that a library of known autoantigen targets used in
LIPS could prove sufficient for the broad diagnosis of
many common autoimmune disorders. Because it is
currently known that autoantibodies are present years
before clinical onset of several autoimmune conditions
including T1D,62 SLE,26 and SS,63 and it is possible that
LIPS and other assays, along with clinical information
including association with family members and the
presence of risk genes, could be efficiently used to iden-
tify individuals at high risk for developing these and
other conditions including cancer and other age-
related neurologic diseases. In addition, the approach
of using LIPS serology to profile antibodies against
multiple infectious agents could be used to identify
novel agents that might contribute to inflammation
and impact the likelihood of developing certain dis-
eases. Most importantly, these antibody profiles might
be used for early detection thereby identifying patients
before the clinical onset, which may allow a change in
lifestyle or treatment options that might delay or further
prevent disease onset or progression.
ACKNOWLEDGMENTS

Conflicts of Interest: All authors have read the jour-
nal’s policy on disclosure of potential conflicts of inter-
est. One of the authors (P.D.B.) has 3 patent applications
submitted regarding the use of luciferase immunopre-
cipitation systems for detecting antibodies against
KSHV/HHV-8, Wucheria bancrofti, and Lyme disease.
The 2 other authors have no potential conflicts of inter-
est to declare.
All authors have also read the journal’s authorship

agreement and have reviewed and approved the manu-
script. No editorial support was used in the preparation
of the manuscript.
This work was supported by the intramural research

program of the National Institute of Dental and Cranio-
facial Research, National Institutes of Health.
REFERENCES

1. Burbelo PD, Ching KH, Bush ER, Han BL, Iadarola MJ. Anti-

body-profiling technologies for studying humoral responses to

infectious agents. Expert Rev Vaccines 2010;9:567–78.
2. Burbelo PD, Ching KH, Bren KE, Iadarola MJ. Searching for bio-

markers: humoral response profiling with luciferase immunopre-

cipitation systems. Expert Rev Proteomics 2011;8:309–16.

3. Liu E, Eisenbarth GS. Accepting clocks that tell time poorly:

fluid-phase versus standard ELISA autoantibody assays. Clin Im-

munol 2007;125:120–6.

4. Burbelo PD, Ching KH, Klimavicz CM, Iadarola MJ. Antibody

profiling by luciferase immunoprecipitation systems (LIPS).

J Vis Exp 2009;32:e1549.

5. Burbelo PD, Goldman R, Mattson TL. A simplified immunopre-

cipitation method for quantitatively measuring antibody re-

sponses in clinical sera samples by using mammalian-produced

Renilla luciferase-antigen fusion proteins. BMC Biotechnol

2005;5:22.

6. Burbelo PD, Ching KH, Issa AT, et al. Rapid serological detection

of autoantibodies associated with Sj€ogren’s syndrome. J Transl

Med 2009;7:83.

7. Burbelo PD, Ramanathan R, Klion AD, Iadarola MJ, Nutman TB.

Rapid, novel, specific, high-throughput assay for diagnosis of Loa

loa infection. J Clin Microbiol 2008;46:2298–304.

8. Burbelo PD, Bren KE, Ching KH, et al. LIPS arrays for simulta-

neous detection of antibodies against partial and whole proteomes

of HCV, HIV and EBV. Mol Biosyst 2011;7:1453–62.

9. Zubair A, Burbelo PD, Vincent LG, et al. Microfluidic LIPS for

serum antibody detection: demonstration of a rapid test for

HSV-2 infection. Biomed Microdevices 2011;13:1053–62.

10. Visscher PM, Brown MA, McCarthy MI, Yang J. Five years of

GWAS discovery. Am J Hum Genet 2012;90:7–24.

11. Burbelo PD, Hirai H, Issa AT, et al. Comparison of radioim-

munoprecipitation with luciferase immunoprecipitation for au-

toantibodies to GAD65 and IA-2beta. Diabetes Care 2010;33:

754–6.

12. Burbelo PD, Hirai H, Leahy H, et al. A new luminescence assay

for autoantibodies to mammalian cell-prepared insulinoma-

associated protein 2. Diabetes Care 2008;31:1824–6.

13. Donelan W, Wang H, Li SW, et al. Novel detection of pancreatic

and duodenal homeobox 1 autoantibodies (PAA) in human sera

using luciferase immunoprecipitation systems (LIPS) assay. Int

J Clin Exp Pathol 2013;6:1202–10.

14. Lampasona V, Passerini L, Barzaghi F, et al. Autoantibodies to

harmonin and villin are diagnostic markers in children with

IPEX syndrome. PLoS One 2013;8:e78664.

15. Marcus P, Yan X, Bartley B, HagopianW. LIPS islet autoantibody

assays in high-throughput format for DASP 2010. Diabetes Metab

Res Rev 2011;27:891–4.

16. Miersch S, Bian X, Wallstrom G, et al. Serological autoantibody

profiling of type 1 diabetes by protein arrays. J Proteomics 2013;

94:486–96.

17. Ustinova J, Zusinaite E, Utt M, et al. Development of a luciferase-

based system for the detection of ZnT8 autoantibodies. J Immunol

Methods 2014;405:67–73.

18. Notkins AL. New predictors of disease. Molecules called predic-

tive autoantibodies appear in the blood years before people show

symptoms of various disorders. Tests that detected these mole-

cules could warn of the need to take preventive action. Sci Am

2007;296:72–9.

19. Burbelo PD, Lebovitz EE, Bren KE, et al. Extrapancreatic autoan-

tibody profiles in type I diabetes. PLoS One 2012;7:e45216.

20. Dayalu P, Teener JW. Stiff person syndrome and other anti-GAD-

associated neurologic disorders. Semin Neurol 2012;32:544–9.

21. Burbelo PD, Groot S, Dalakas MC, Iadarola MJ. High definition

profiling of autoantibodies to glutamic acid decarboxylases

GAD65/GAD67 in stiff-person syndrome. Biochem Biophys

Res Commun 2008;366:1–7.

http://refhub.elsevier.com/S1931-5244(14)00305-3/sref1
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref1
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref1
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref1
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref2
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref2
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref2
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref2
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref3
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref3
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref3
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref3
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref4
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref4
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref4
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref5
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref5
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref5
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref5
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref5
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref6
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref6
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref6
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref6
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref7
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref7
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref7
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref7
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref8
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref8
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref8
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref8
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref9
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref9
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref9
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref9
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref10
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref10
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref10
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref11
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref11
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref11
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref11
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref11
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref12
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref12
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref12
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref12
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref13
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref13
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref13
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref13
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref13
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref14
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref14
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref14
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref15
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref15
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref15
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref15
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref16
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref16
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref16
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref16
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref17
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref17
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref17
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref17
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref18
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref18
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref18
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref18
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref18
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref18
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref19
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref19
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref20
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref20
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref20
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref21
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref21
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref21
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref21
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref21
http://dx.doi.org/10.1016/j.trsl.2014.08.006


Translational Research
334 Burbelo et al February 2015
22. Ching KH, Burbelo PD, Carlson PJ, Drevets WC, Iadarola MJ.

High levels of anti-GAD65 and anti-Ro52 autoantibodies in a pa-

tient with major depressive disorder showing psychomotor distur-

bance. J Neuroimmunol 2010;222:87–9.

23. Wahren-Herlenius M, Dorner T. Immunopathogenic mechanisms

of systemic autoimmune disease. Lancet 2013;382:819–31.

24. Burbelo PD, Leahy HP, Issa AT, et al. Sensitive and robust lumi-

nescent profiling of anti-La and other autoantibodies in Sjogren’s

syndrome. Autoimmunity 2009;42:515–24.

25. Ching KH, Burbelo PD, Gonzalez-Begne M, et al. Salivary anti-

Ro60 and anti-Ro52 antibody profiles to diagnose Sjogren’s syn-

drome. J Dent Res 2011;90:445–9.

26. Arbuckle MR, McClain MT, Rubertone MV, et al. Development

of autoantibodies before the clinical onset of systemic lupus ery-

thematosus. N Engl J Med 2003;349:1526–33.

27. Eriksson C, Kokkonen H, JohanssonM, et al. Autoantibodies pre-

date the onset of systemic lupus erythematosus in northern Swe-

den. Arthritis Res Ther 2011;13:R30.

28. Ching KH, Burbelo PD, Tipton C, et al. Two major autoantibody

clusters in systemic lupus erythematosus. PLoS One 2012;7:

e32001.

29. To CH, Petri M. Is antibody clustering predictive of clinical sub-

sets and damage in systemic lupus erythematosus? Arthritis

Rheum 2005;52:4003–10.

30. Burbelo PD, Leahy HP, Groot S, et al. Four-antigen mixture con-

taining v-cyclin for serological screening of human herpesvirus 8

infection. Clin Vaccine Immunol 2009;16:621–7.

31. Burbelo PD, Leahy HP, Iadarola MJ, Nutman TB. A four-antigen

mixture for rapid assessment of Onchocerca volvulus infection.

PLoS Negl Trop Dis 2009;3:e438.

32. Burbelo PD, Seam N, Groot S, et al. Rapid induction of autoanti-

bodies during ARDS and septic shock. J Transl Med 2010;8:97.

33. Browne SK, Burbelo PD, Chetchotisakd P, et al. Adult-onset im-

munodeficiency in Thailand and Taiwan. N Engl J Med 2012;367:

725–34.

34. Burbelo PD, Browne SK, Sampaio EP, et al. Anti-cytokine auto-

antibodies are associated with opportunistic infection in patients

with thymic neoplasia. Blood 2010;116:4848–58.

35. Ramanathan R, Burbelo PD, Groot S, et al. A luciferase immuno-

precipitation systems assay enhances the sensitivity and speci-

ficity of diagnosis of Strongyloides stercoralis infection. J Infect

Dis 2008;198:444–51.

36. Bisoffi Z, Buonfrate D, Sequi M, et al. Diagnostic accuracy of five

serologic tests for Strongyloides stercoralis infection. PLoS Negl

Trop Dis 2014;8:e2640.

37. Burbelo PD, Issa AT, Ching KH, et al. Rapid, simple, quantitative,

and highly sensitive antibody detection for lyme disease. Clin

Vaccine Immunol 2010;17:904–9.

38. Burbelo PD, Hoshino Y, Leahy H, et al. Serological diagnosis of

human herpes simplex virus type 1 and 2 infections by luciferase

immunoprecipitation system assay. Clin Vaccine Immunol 2009;

16:366–71.

39. Burbelo PD, Swedo SE, Thurm A, et al. Lack of serum antibodies

against Borrelia burgdorferi in children with autism. Clin Vaccine

Immunol 2013;20:1092–3.

40. Cohen JI, Ali MA, Bayat A, et al. Detection of antibodies to

varicella-zoster virus in recipients of the varicella vaccine using

a luciferase immunoprecipitation system sssay. Clin Vaccine Im-

munol 2014;21:1288–91.

41. Sashihara J, Burbelo PD, Savoldo B, Pierson TC, Cohen JI. Hu-

man antibody titers to Epstein-Barr virus (EBV) gp350 correlate

with neutralization of infectivity better than antibody titers to

EBV gp42 using a rapid flow cytometry-based EBV neutralization

assay. Virology 2009;391:249–56.
42. Burbelo PD, Ching KH, Mattson TL, et al. Rapid antibody

quantification and generation of whole proteome antibody

response profiles using LIPS (luciferase immunoprecipi-

tation systems). Biochem Biophys Res Commun 2007;352:

889–95.

43. Burbelo PD, Kovacs JA, Ching KH, et al. Proteome-wide

anti-hepatitis C virus (HCV) and anti-HIV antibody profiling for

predicting and monitoring the response to HCV therapy in HIV-

coinfected patients. J Infect Dis 2010;202:894–8.

44. Makuria AT, Raghuraman S, Burbelo PD, et al. The clinical rele-

vance of persistent recombinant immunoblot assay-indeterminate

reactions: insights into the natural history of hepatitis C virus

infection and implications for donor counseling. Transfusion

2012;52:1940–8.

45. Kubofcik J, Fink DL, Nutman TB. Identification of Wb123 as an

early and specific marker ofWuchereria bancrofti infection. PLoS

Negl Trop Dis 2012;6:e1930.

46. Katano H, Iwasaki T, Baba N, et al. Identification of antigenic pro-

teins encoded by human herpesvirus 8 and seroprevalence in the

general population and among patients with and without Kaposi’s

sarcoma. J Virol 2000;74:3478–85.

47. Zheng D, Wan J, Cho YG, et al. Comparison of humoral immune

responses to Epstein-Barr virus and Kaposi’s sarcoma-associated

herpesvirus using a viral proteome microarray. J Infect Dis 2011;

204:1683–91.

48. Burbelo PD, Meoli E, Leahy HP, et al. Anti-HTLV antibody

profiling reveals an antibody signature for HTLV-I-associated

myelopathy/tropical spastic paraparesis (HAM/TSP). Retrovirol-

ogy 2008;5:96.

49. Cohen JI, Jaffe ES, Dale JK, et al. Characterization and treatment

of chronic active Epstein-Barr virus disease: a 28-year experience

in the United States. Blood 2011;117:5835–49.

50. Burbelo PD, Issa AT, Ching KH, et al. Distinct profiles of an-

tibodies to Kaposi’s sarcoma-associated herpesvirus antigens

in patients with Kaposi sarcoma, multicentric Castlemen’s dis-

ease, and primary effusion lymphoma. J Infect Dis 2010;198:

444–51.

51. Mendoza D, Johnson SA, Peterson BA, et al. Comprehensive

analysis of unique cases with extraordinary control over HIV

replication. Blood 2012;119:4645–55.

52. Enose-Akahata Y, Abrams A, Johnson KR, Maloney EM,

Jacobson S. Quantitative differences in HTLV-I antibody res-

ponses: classification and relative risk assessment for asymptom-

atic carriers and ATL and HAM/TSP patients from Jamaica.

Blood 2012;119:2829–36.

53. Burbelo PD, Bayat A, Rhodes CS, et al. HIV antibody character-

ization as a method to quantify reservoir size during curative in-

terventions. J Infect Dis 2014;209:1613–7.

54. Lipkin WI. Microbe hunting. Microbiol Mol Biol Rev 2010;74:

363–77.

55. Finkbeiner SR, Holtz LR, Jiang Y, et al. Human stool contains a

previously unrecognized diversity of novel astroviruses. Virol J

2009;6:161.

56. Kapoor A, Li L, Victoria J, et al. Multiple novel astrovirus species

in human stool. J Gen Virol 2009;90:2965–72.

57. Burbelo PD, Ching KH, Esper F, et al. Serological studies confirm

the novel astrovirus HMOAstV-C as a highly prevalent human

infectious agent. PLoS One 2011;6:e22576.

58. Burbelo PD, Dubovi EJ, Simmonds P, et al. Serology-enabled dis-

covery of genetically diverse hepaciviruses in a new host. J Virol

2012;86:6171–8.

59. Kapoor A, Simmonds P, Gerold G, et al. Characterization of a

canine homolog of hepatitis C virus. Proc Natl Acad Sci U S A

2011;108:11608–13.

http://refhub.elsevier.com/S1931-5244(14)00305-3/sref22
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref22
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref22
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref22
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref22
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref23
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref23
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref23
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref24
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref24
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref24
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref24
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref25
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref25
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref25
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref25
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref26
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref26
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref26
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref26
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref27
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref27
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref27
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref28
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref28
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref28
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref29
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref29
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref29
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref29
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref30
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref30
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref30
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref30
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref31
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref31
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref31
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref32
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref32
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref33
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref33
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref33
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref33
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref34
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref34
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref34
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref34
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref35
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref35
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref35
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref35
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref35
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref36
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref36
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref36
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref37
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref37
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref37
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref37
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref38
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref38
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref38
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref38
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref38
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref39
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref39
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref39
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref39
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref40
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref40
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref40
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref40
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref40
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref41
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref41
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref41
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref41
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref41
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref41
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref42
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref42
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref42
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref42
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref42
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref42
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref43
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref43
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref43
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref43
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref43
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref44
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref44
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref44
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref44
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref44
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref44
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref45
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref45
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref45
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref46
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref46
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref46
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref46
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref46
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref47
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref47
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref47
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref47
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref47
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref48
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref48
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref48
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref48
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref49
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref49
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref49
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref49
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref50
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref50
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref50
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref50
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref50
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref50
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref51
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref51
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref51
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref51
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref52
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref52
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref52
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref52
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref52
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref52
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref53
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref53
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref53
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref53
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref54
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref54
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref54
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref55
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref55
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref55
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref56
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref56
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref56
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref57
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref57
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref57
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref58
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref58
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref58
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref58
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref59
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref59
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref59
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref59
http://dx.doi.org/10.1016/j.trsl.2014.08.006


Translational Research
Volume 165, Number 2 Burbelo et al 335
60. Alagaili AN, Briese T, Mishra N, et al. Middle East respiratory

syndrome coronavirus infection in dromedary camels in Saudi

Arabia. MBio 2014;5:e00884–14.

61. Burbelo PD, Ching KH, Morse CG, et al. Altered antibody pro-

files against common infectious agents in chronic disease. PLoS

One 2013;8:e81635.

62. Sosenko JM, Skyler JS, Palmer JP, et al. The prediction of

type 1 diabetes by multiple autoantibody levels and their

incorporation into an autoantibody risk score in relatives
of type 1 diabetic patients. Diabetes Care 2013;36:2615–

20.

63. Jonsson R, Theander E, Sjostrom B, Brokstad K, Henriksson G.

Autoantibodies present before symptom onset in primary Sj€ogren

syndrome. JAMA 2013;310:1854–5.

64. Hamlin KL, Moss DM, Priest JW, et al. Longitudinal monitoring

of the development of antifilarial antibodies and acquisition of

Wuchereria bancrofti in a highly endemic area of Haiti. PLoS

Negl Trop Dis 2012;6:e1941.

http://refhub.elsevier.com/S1931-5244(14)00305-3/sref60
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref60
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref60
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref60
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref61
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref61
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref61
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref62
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref62
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref62
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref62
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref62
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref62
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref63
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref63
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref63
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref63
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref63
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref64
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref64
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref64
http://refhub.elsevier.com/S1931-5244(14)00305-3/sref64
http://dx.doi.org/10.1016/j.trsl.2014.08.006

