
C
a

M
J
a

b

a

A
R
R
2
A

K
F
F
A
P
W
S
C

1

o
o
r
r
e
f
c

i

j

h
0

Comparative Immunology, Microbiology and Infectious Diseases 50 (2017) 88–96

Contents lists available at ScienceDirect

Comparative  Immunology,  Microbiology
and  Infectious  Diseases

jou rn al hom ep age: www.elsev ier .com/ locate /c imid

omparison  of  three  feline  leukaemia  virus  (FeLV)  point-of-care
ntigen  test  kits  using  blood  and  saliva

ark  E.  Westmana,∗, Richard  Malikb,  Evelyn  Hall a,  Paul  A.  Sheehya,
acqueline  M.  Norrisa,∗

Sydney School of Veterinary Science, The University of Sydney, Sydney, NSW 2006, Australia
Centre for Veterinary Education, The University of Sydney, Sydney, NSW 2006, Australia

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 25 April 2016
eceived in revised form
2 November 2016
ccepted 22 November 2016

eywords:
eline leukaemia virus
eLV diagnosis
ntigen testing
CR
hole blood

aliva
ats

a  b  s  t  r  a  c  t

Feline  leukaemia  virus  (FeLV)  can  be  a challenging  infection  to  diagnose  due  to  a  complex  feline  host-
pathogen  relationship  and  occasionally  unreliable  test  results.  This  study  compared  the  accuracy  of  three
point-of-care  (PoC)  FeLV  p27  antigen  test  kits  commonly  used  in Australia  and  available  commercially
worldwide  (SNAP  FIV/FeLV  Combo,  Witness  FeLV/FIV  and Anigen  Rapid  FIV/FeLV),  using  detection  of  FeLV
provirus  by  an  in-house  real-time  polymerase  chain  reaction  (qPCR)  assay  as  the  diagnostic  gold  stan-
dard.  Blood  (n  =  563)  and saliva  (n =  419)  specimens  were  collected  from  a population  of  cats  determined
to  include  491  FeLV-uninfected  and  72 FeLV-infected  individuals  (45  progressive  infections  [p27  and
qPCR  positive],  27  regressive  infections  [p27  negative,  qPCR  positive]).  Sensitivity  and  specificity  using
whole  blood  was 63%  and  94%  for  SNAP  Combo,  57% and  98%  for  Witness,  and 57%  and  98%  for Anigen
Rapid,  respectively.  SNAP  Combo  had  a significantly  lower  specificity  using  blood  compared  to  the  other
two kits  (P  = 0.004 compared  to Witness,  P  =  0.007  compared  to  Anigen  Rapid).  False-positive  test  results
occurred  with  all  three  kits  using  blood,  and  although  using  any  two  kits  in  parallel  increased  specificity,
no  combination  of  kits  completely  eliminated  the occurrence  of  false-positive  results.  We  therefore  rec-
ommend  FeLV  proviral  PCR  testing  for  any  cat that  tests  positive  with  a PoC  FeLV  antigen  kit,  as  well  as

for  any  cat  that has  been  potentially  exposed  to  FeLV  but tests  negative  with  a  FeLV  antigen  kit,  before
final  assignment  of FeLV  status  can  be  made  with  confidence.  For  saliva  testing,  sensitivity  and  specificity
was  54%  and  100%,  respectively,  for  all three  test  kits.  The  reduced  sensitivity  of saliva  testing  compared
to  blood  testing,  although  not  statistically  significant,  suggests  saliva  testing  with the  current  generation
of  PoC  FeLV  antigen  kits  is  unsuitable  for screening  large  populations  of cats,  such  as  in shelters.

©  2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Feline leukaemia virus (FeLV) was discovered in 1964 in a cluster
f cats with lymphoma [1]. The development of molecular meth-
ds for FeLV diagnosis, specifically real-time polymerase chain
eaction (qPCR) testing to detect low levels of proviral DNA and
eal-time reverse transcriptase PCR (qRT-PCR) to detect low lev-
ls of viral RNA in blood, has enriched our understanding of the
eline host-FeLV relationship, adding nuances to the diagnosis and

ategorization of FeLV infection.

Currently, three main outcomes are defined for cats follow-
ng FeLV challenge: (i) Some cats mount a timely and appropriate

∗ Corresponding authors.
E-mail addresses: mark.westman@sydney.edu.au (M.E. Westman),

acqui.norris@sydney.edu.au (J.M. Norris).

ttp://dx.doi.org/10.1016/j.cimid.2016.11.014
147-9571/© 2016 Elsevier Ltd. All rights reserved.
immune response and eliminate the virus before it progresses
beyond local replication in oropharyngeal tissue – so called abortive
infections (20–30% of cases under laboratory conditions using
specific pathogen free [SPF] cats); (ii) some cats are transiently
viraemic before mounting a partial immune response to elim-
inate the viraemia after 2–16 weeks, but not before a latent
infection is established as DNA provirus in haematopoietic pre-
cursor cells in the bone marrow (regressive infections; 30–40% of
experimentally inoculated SPF cats); and (iii) some cats become
persistently viraemic (progressive infections; 30–40% of exper-
imental infections). [2–4]. Such an array of possible outcomes
following FeLV exposure makes defining the expectations of FeLV
diagnostic testing important, including before attempting to eval-

uate the performance of a given point-of-care (PoC) kit.

Antigen testing (including enzyme-linked immunosorbent
assay [ELISA], immunochromatography [IC] and immunofluores-
cent antibody [IFA] methodologies) for the detection of viral capsid

dx.doi.org/10.1016/j.cimid.2016.11.014
http://www.sciencedirect.com/science/journal/01479571
http://www.elsevier.com/locate/cimid
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cimid.2016.11.014&domain=pdf
mailto:mark.westman@sydney.edu.au
mailto:jacqui.norris@sydney.edu.au
dx.doi.org/10.1016/j.cimid.2016.11.014
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3 �L of DNA (approximately 100 ng), and nuclease-free water. Fol-
lowing 15 min  of denaturation at 95 ◦C, 40 cycles of 95 ◦C for 15 s
and 60 ◦C for 60 s were carried out. PCR reactions were performed
using a Bio-Rad CFX96TM Real-Time System Thermocycler PCR
M.E. Westman et al. / Comparative Immunology, 

rotein (p27) has been used for over 40 years to identify cats with
rogressive FeLV infections using whole blood, plasma or serum
s the diagnostic specimen. Prior to the commercial availability of
PCR assays, studies of four commercially available PoC ELISA FeLV
ntigen test kits (1989–1991) reported almost 100% sensitivity and
00% specificity for all kits compared to IFA testing [5,6] but reduced
ensitivity compared to virus isolation (VI) [6]. Furthermore, discor-
ant results were observed between test results for whole blood
nd serum due to a combination of false-positive (whole blood)
nd false-negative (serum) results [6]. Later research (1998–2001)
eported 5/6 PoC FeLV antigen kits tested with serum (including
NAP FIV/FeLV Combo1 and Witness FeLV/FIV2) to have good sen-
itivity and specificity using VI as the ‘gold standard’ [7], and SNAP
ombo and Witness both performed well when tested side-by-side
8]. In one of the studies, SNAP Combo testing using whole blood
nstead of serum increased the number of equivocal results and

as therefore advised against by the authors, despite the manufac-
urer’s recommendation that whole blood could be used [7]. More
ecently (2007–2010), testing of eight of the latest generation PoC
eLV antigen test kits (including SNAP Combo and Witness) with
erum found all but one kit had similarly high sensitivity and speci-
city when compared to VI [9], while a separate study reported
nigen Rapid FIV/FeLV3 to have comparable diagnostic accuracy to
NAP Combo using proviral PCR testing as the gold standard [10].
itness was found to have ‘a high number of tests that were dif-

cult to interpret’ (14%) [9], although exactly what was meant by
his is impossible to determine. As qPCR has become the new gold
tandard for FeLV diagnosis, replacing VI (which is rarely available
o veterinarians in the field) and IFA [3], a contemporary investiga-
ion of the most commonly used PoC FeLV antigen test kits using
hole blood (the preferred specimen for patient-side testing) and

onsidering the current complexity of FeLV infection categories, is
verdue.

Diagnosis of FeLV infection using samples other than blood has
een investigated using both laboratory-based ELISA testing and
ommercial PoC FeLV test kits. Saliva is the obvious alternative
iagnostic specimen, as it is often easier to collect than blood, espe-
ially from fractious cats, and saliva contains on average five-times
ore FeLV per mL  than plasma [11]. Results from saliva testing

ave been contradictory. One study of experimentally infected and
ick client-owned cats using laboratory-based ELISA testing found
alse-positive FeLV results rarely occurred (5/1117; 0.4%) but false-
egative results occurred in 23% (39/167) of FeLV-infected sick
ats [12]. A later study from Switzerland, using the same sand-
ich ELISA, reported false-positive FeLV results in 5% (19/367) of

eLV-uninfected cats [13]. Other studies have investigated FeLV
iagnosis using PoC ELISA saliva testing, finding a concordance of
8% (552/564) between saliva and serum tested concurrently using
iraChek FeLV4 [14], and 92% (94/102) between saliva and plasma
sing ClinEase-Virastat4 [15]. Both studies concluded saliva test-

ng was a useful rapid screening procedure using these kits, but
ecommended confirmatory testing [14,15]. Despite these promis-
ng results, the American Association of Feline Practitioners (AAFP)
eclared in 2008 that ‘antigen tests should not be performed on
ears or saliva because these tests are prone to more errors’ [16]. To
he authors’ knowledge, none of the latest generation of PoC FeLV
ntigen kits have been evaluated using saliva.
The aim of this study was to compare the performance of the
hree most commonly used PoC FeLV test kits in Australia to diag-
ose FeLV infection, using both whole blood and saliva as diagnostic

1 IDEXX Laboratories, Westbrook, ME,  USA.
2 Zoetis Animal Health, Lyon, France.
3 BioNote, Gyeonggi-do, Korea.
4 Synbiotics Corporation, San Diego, CA, USA.
biology and Infectious Diseases 50 (2017) 88–96 89

specimens, and FeLV proviral qPCR testing on blood as the gold
standard.

2. Material and methods

2.1. Sample population

A total of 563 cats were recruited, comprised of three distinct
groups: (i) Group 1 (n = 440) consisted of healthy client-owned
cats that were part of a case-control study into the effectiveness
of the feline immunodeficiency virus (FIV) vaccine, and contained
both FIV-vaccinated and FIV-unvaccinated cats [17,18]; (ii) Group 2
(n = 72) consisted of predominantly sick cats that had blood sent to
our laboratory5 for confirmatory FeLV testing following a positive
FeLV antigen test result (either an in-clinic PoC kit or a laboratory
microwell assay6; n = 53), sick cats with haematologic abnormal-
ities (most commonly non-regenerative anaemia) that had FeLV
testing requested by a New South Wales veterinary laboratory7

(n = 13) and healthy cats that had been in-contact with a progres-
sively FeLV-infected cat during the previous 12 months (n = 6); and
(iii) Group 3 (n = 51) consisted of semi-feral cats housed at a rescue
facility in western Sydney that were tested in response to recent
unexplained deaths. The age of some cats in Group 3 was undeter-
minable.

Recruited cats across all three groups ranged from 3 months to
20 years-of-age (median 7 years; interquartile range [IQR] 5–10
years; age data available for 522 cats). These cats comprised 289
(51%) castrated males, 262 (47%) spayed females, 8 (1%) entire
males and 4 (0.7%) entire females. Most were domestic crossbred
cats (485/563; 86%), the remainder comprised a range of pedigree
breeds.

2.2. Blood collection, DNA extraction and proviral qPCR testing

Blood was collected by jugular or cephalic venipuncture from
conscious cats, as described [17]. DNA was  extracted from whole
EDTA blood using a kit (QIAamp DNA Mini Kit)8, as per the manu-
facturer’s instructions. The concentration and quality of extracted
DNA was measured using a spectrophotometer (Nanodrop 1000)9.
DNA was  stored at −80 ◦C.

PCR testing for FeLV provirus was  chosen as the gold stan-
dard for the current study. PCR testing was performed according
to a published protocol, using primers designed to amplify a sec-
tion of the unique region (U3) of the long terminal repeat (LTR)
of subtypes FeLV −A, −B and −C, but not endogenous retroviral
sequences [19]. Each 25 �L PCR reaction was  composed of 0.125 �L
Taq DNA polymerase8, 2.5 �L 10x PCR Buffer8, 0.5 �L 10 mM dNTP
mix, a final concentration of 480 nM of each primer10, 160 nM of a
dual-labelled fluorogenic probe (labelled at the 5′ end with the fluo-
rescent reporter dye FAM [6-carboxyfluorescein] and at the 3′ end
with the fluorescent quencher dye Black Hole Quencher-1TM)10,
5 Veterinary Pathology Diagnostic Services (VPDS), The University of Sydney, Syd-
ney,  NSW, Australia.

6 ViraCHEK FeLV, Synbiotics Corporation, San Diego, CA, USA (testing performed
at  Vetnostics).

7 Vetnostics, 60 Waterloo Road, North Ryde, NSW, Australia.
8 Qiagen, Valencia, CA, USA.
9 Thermo Fisher Scientific, Waltham, MA,  USA.

10 Biosearch Technologies, Navato, CA, USA.
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achine11, and fluorescence was detected during each annealing
tep (60 ◦C) at 515–530 nm.  All samples were run in duplicate.

Construction and production of a FeLV DNA standard for abso-
ute quantitation of the PCR assay (precision and sensitivity) was
one by molecular cloning. PCR amplification of the 131 bp section
as performed, the purified product cloned into a vector (pCRII-

OPO
®

, 3973 bp)11, grown in E. coli cells (Rapid One Shot
®

)11 and
NA extracted using a kit (QIAprep Spin Miniprep Kit)8. Amplicon

equencing and the Basic Local Alignment Search Tool (BLAST) in
enbank

®
was used to ensure the extracted plasmid contained the

ame FeLV sequence as the initial PCR product (99% alignment with
eLV strain Glasgow-1 accession number KP728112.1). Within-run
nd between-run precision of the FeLV qPCR assay were assessed
sing three dilutions of the DNA standard (1.46 × 103, 1.46 × 105

nd 1.46 × 107 copies per reaction). Within-run precision was
valuated with 10 replicates of each dilution, and between-run pre-
ision was evaluated using 10 replicates of each dilution in three
eparate experiments. For both sets of experiments, coefficients of
ariation for the cycle threshold (CT) values (CVCT) were calculated
sing the formula (CVCT = CT SD/arithmetic mean CT, where SD is
tandard deviation). Absolute copy numbers were calculated for
ach run using the formula (Xo = 10([CT−b]/m), where Xo is the abso-
ute copy numbers per reaction, b is the y-intercept of the standard
urve and m is the slope), and coefficients of variation for the abso-
ute copy numbers (CVabs) also determined using the same formula
CVabs = Xo SD/Xo of arithmetic mean CT).

The CVCT and CVabs of the within-run precision experiments
ere 0.54–0.8% and 8.4–12.8%, respectively. The CVCT and CVabs

f the between-run precision experiments were 0.45–0.85% and
.7–17.2%, respectively. A sensitivity experiment was performed
sing 10-fold serial dilutions of the DNA standard to determine the
iagnostic sensitivity of the assay. The lower limit of detection was
00 copies of DNA standard per 25 �L reaction (10/10 reactions
ositive). For the next lower dilution (90 copies per 25 �L reac-
ion), 9/10 reactions were positive. At the lowest dilution tested
40 copies per 25 �L reaction), 5/10 reactions were still positive.

Known positive and negative FeLV samples were included as
nternal controls in each run, as well as a ‘no template’ control. Any
ample with two CT values less than 40 was recorded as a posi-
ive result. Any sample with two CT values greater than 40 was
ecorded as a negative result. Samples with mixed CT values (i.e.  one
T < 40 and one CT > 40) were re-run in quadruplicate, with a posi-
ive result assigned if a sample recorded two or more CT values less
han 40 in the second run, and a negative result assigned if a sample
ecorded three or four CT values greater than 40. Nine samples (out
f a total of 12) declared PCR positive following sample testing in
uadruplicate had amplicons sequenced and Genbank

®
BLAST used

o confirm they were genuine FeLV sequences (93–99% alignment
ith FeLV strain Glasgow-1 accession number KP728112.1).

PCR testing for genomic mammalian DNA was also performed
sing a published protocol to ensure the quality of the thawed
NA [20,21]. This protocol uses primers designed to amplify a

egion of the feline 28S rDNA gene. Each 25 �L PCR reaction
as composed of 0.125 �L Taq DNA polymerase8, 2.5 �L 10x PCR
uffer8, 0.5 �L 10 mM  dNTP mix, 200 nM of each primer10, 200 nM
f a dual-labelled fluorogenic probe (5′ end fluorescent reporter
ye CAL Fluor Orange 560TM, 3′ end fluorescent quencher dye
lack Hole Quencher-1TM)10, 3 �L of 25 mM MgCl2, 3 �L of DNA
approximately 100 ng), and nuclease-free water. The same cycling

onditions and PCR machine were used as for FeLV proviral test-
ng, except fluorescence was detected during each annealing step
60 ◦C) at 560–580 nm.  Samples were run singularly. Known posi-

11 Bio-Rad, Hercules, CA, USA.
biology and Infectious Diseases 50 (2017) 88–96

tive samples and a no template control were included in each run.
Samples with a CT value of less than 37 recorded a positive result.

2.3. FeLV PoC testing using blood

FeLV antigen testing was  performed as per manufacturers’
instructions within 24 h of sampling (Groups 1 and 3) or within 24 h
of receiving the blood sample (Group 2) using whole EDTA blood.
Thirteen samples not able to be tested within this time period were
stored at −20 ◦C, either as whole EDTA blood (n = 10) or plasma
(n = 3), then thawed and tested at a later date. Three FeLV test kits
marketed to detect p27 in whole blood, plasma or serum were
tested concurrently. SNAP FIV/FeLV Combo1 is a lateral flow ELISA
kit, while Witness FeLV/FIV2 and Anigen Rapid FIV/FeLV3 are lateral
flow kits that use colloidal gold IC methodology. When determining
the results of the test kits, a faint spot (SNAP Combo) or a faint band
(Witness, Anigen Rapid) was recorded as a positive result. Although
the manufacturers’ instructions for both Witness and Anigen Rapid
contain no guidelines for interpreting faint results, instructions for
SNAP Combo advise that any colour development in the FeLV sam-
ple spot should be considered significant [22].

2.4. Categories of FeLV infection

The following outcomes were described: (i) FeLV-uninfected
(qPCR negative), either due to an abortive infection or non-
exposure to FeLV; (ii) FeLV-infected with progressive infection
(qPCR positive and at least one positive p27 test using blood);
and (iii) FeLV-infected with regressive infection (qPCR positive but
three negative p27 tests using blood).

FeLV proviral qPCR testing determined 72 cats to be FeLV-
infected and 491 cats to be FeLV-uninfected. Of 72 FeLV-infected
cats, 45 were suspected of being progressively infected and
27 regressively infected. FeLV CT values for progressively FeLV-
infected cats (median 22, geometric mean 23, range 14–37, IQR
20–25) were significantly lower (i.e. higher proviral load) compared
with regressively FeLV-infected cats (median 35, geometric mean
35, range 29–40, IQR 34–37) (P < 0.001 for both median and geo-
metric CT values; Fig. 1). Seven regressively infected cats recorded
FeLV CT values of 37–40, of which five had sequencing performed
to confirm that the amplified product was exogenous FeLV material
(i.e. they were true-positive FeLV qPCR results). Progressively FeLV-
infected cats were younger (median age 3.4 years) than regressively
FeLV-infected cats (median age 7.6 years; P = 0.007).

All samples tested positive for the DNA quality control feline
28S rDNA gene (median CT value 29, range 27–36, IQR 28–30). The
median and geometric mean 28S CT values for progressively and
regressively FeLV-infected cats were not significantly different (33
vs. 33, 29 vs. 30, P = 0.58 and 0.59, respectively).

2.5. Saliva collection and FeLV PoC testing using saliva

Of 563 cats recruited for blood testing, 419 were available for
saliva sampling at the time blood was collected. This included
26 FeLV-infected cats (17 progressively infected, 9 regressively
infected) and 393 FeLV-uninfected cats. Saliva was collected imme-
diately following blood collection, as described [23]. Briefly, a sterile
individually packaged cotton swab mounted on a plastic rod12 was
rubbed against the buccal mucosa on each side of the mouth, with

the cheek pressed gently against the upper dental arcade while
slowly twisting the swab, for approximately 10 s per side. The plas-
tic rod was  cut approximately 2 cm from the cotton tip, the tip

12 Sarstadt, Mawson Lakes, SA, Australia (Plastic Stem Cotton Tip Catalogue No.
80.625).
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Fig. 1. Scatter plot of CT values (y axis) from FeLV proviral PCR testing of 563
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ats.  Progressively FeLV-infected cats (n = 45) recorded a significantly lower median
T value (i.e. higher proviral load) compared with regressively FeLV-infected cats
n  = 27) (x axis).

ransferred to a sterile microcentrifuge tube13 (plastic rod at the
ottom of the tube), 450 �L of sterile phosphate buffered saline
PBS) added and the tube shaken vigorously by hand for 10 s. The
ube, still containing the cut cotton swab, was then centrifuged for
0 s at 10,000g14. Afterwards the swab was removed from the tube
sing forceps and the supernatant tested using the same three PoC
its as used for testing with whole blood. Testing was performed as
er manufacturers’ instructions except that an equivalent volume
f saliva-containing supernatant was substituted for blood in the
est protocol. None of the manufacturers endorses using saliva as a
iagnostic specimen for their FeLV test kits. The primary author
erformed FeLV PoC testing using saliva immediately following
eLV PoC testing using blood, meaning samples were not blinded
or saliva testing.

The average weight of ten swabs after saliva sampling was  deter-
ined using an electronic balance (Precision Plus)15 and compared

o the average weight of ten unused swabs. The median weight of
aliva collected per swab was 70 mg  (IQR 30–110 mg).

At the conclusion of the study a subset of cats with progres-
ive FeLV-infection (n = 15) was resampled using three new cotton
wabs and the aforementioned technique. However, instead of
sing PBS and centrifugation to extract a supernatant sample, a
ingle cotton swab was used exclusively for each FeLV test kit (ran-
omly ordered), using a simpler method. For each PoC kit, the saliva
wab was directly applied to the sample well spot and the cotton
ip soaked with twice the volume of conjugate (SNAP Combo) or
uffer (Witness, Anigen Rapid) recommended in the manufactur-
rs’ instructions, rolling the cotton tip on the sample spot for 10 s
hile conjugate/buffer was added. The result was read 10 min  later.

his revised ‘direct’ technique for FeLV antigen testing using saliva

as investigated to determine the accuracy of a quicker, simpler
ethod for patient-side use [23].

13 Sarstadt, Mawson Lakes, SA, Australia (1.5 mL  Micro Tube Catalogue No.
2.706.400).
14 Eppendorf AG, Hamburg, Germany (Model 5424).
15 Ohaus, Parsippany, NJ, USA.
biology and Infectious Diseases 50 (2017) 88–96 91

2.6. Statistical analysis

Numerical analyses were performed using statistical software
(Genstat 16th Edition)16. Statistical significance was  considered at
P < 0.05 and 95% confidence intervals (CIs) were calculated for test
kit performance based on a normal approximation and the Wald
method using Microsoft Excel17. Positive predictive value (PPV) and
negative predictive value (NPV) were calculated using the stan-
dard formulas (PPV = ‘number of true positives’/(‘number of true
positives’ + ‘number of false positives’); NPV = ‘number of true neg-
atives’/(‘number of true negatives’ + ‘number of false negatives’)).
Overall test accuracy was determined by the formula ((‘number of
true positives’ + ‘number of true negatives’)/total number of cats
sampled). Binomial logistic regression with a logit link function
was conducted on the test results to compare sensitivity and speci-
ficity between test kits and between blood and saliva results for
the same test kit. Cohen’s Kappa Index Value (�) was calculated
to assess agreement between blood and saliva results for each test
kit using the standard formula (� = 1–(1–Po)/(1–Pe)), where Po was
the observed agreement and Pe was the expected agreement (0.5).
Since age and CT values for both FeLV and feline 28S assays were
not normally distributed according to Shapiro-Wilk testing, median
was reported for each (as well as geometric mean for CT values) and
Mann-Whitney U-tests used for comparisons.

3. Results

3.1. FeLV PoC testing using blood (n = 563)

The performance of the three PoC FeLV antigen kits com-
pared to proviral qPCR testing, using blood as the diagnostic
specimen, is shown in Table 1. SNAP Combo produced more false-
positive results than either Witness or Anigen Rapid, resulting in
significantly lower specificity (94% vs.  98%, P = 0.004 and 0.007,
respectively). SNAP Combo recorded less false-negatives than the
other two kits, although its sensitivity was not significantly higher
(63% vs. 57%, P = 0.50 for both). The specificity and sensitivity of Wit-
ness and Anigen Rapid were comparable to each other (P = 0.83 and
1.00, respectively). A summary of test kit results in FeLV-infected
(qPCR positive) cats, grouped by proviral CT value, is provided in
Table 2 to highlight the decreasing sensitivity of all three kits as
FeLV CT increased (i.e. as the amount of FeLV provirus present
decreased). True-positive p27 results occurred more commonly in
younger animals (median age 3.4 years) while false-positive p27
results occurred more commonly in older animals (median age 7.5
years; P < 0.001). Of the 35 cats that recorded a false-positive p27
result with at least one of the kits, 15 had presented to a veteri-
narian displaying clinical signs and/or haematologic abnormalities
consistent with progressive FeLV infection (e.g. severe anaemia and
lymphadenopathy). There was  no statistical difference between
28S CT values of p27 true-positive and p27 false-positive samples
(P = 0.14), suggesting that negative FeLV qPCR results in the 35 false-
positive samples were due to an absence of FeLV provirus rather
than an inadequate amount of DNA in the initial PCR reaction (i.e.
they were true-negative qPCR results).

When the results of two different p27 kits were considered
in parallel PPV increased (highest PPV was 91% using Witness
and Anigen Rapid together), but the occurrence of false-positive

results was not completely eliminated (Table 3). Of the 35 cats that
recorded a false-positive p27 result with at least one of the test
kits, false-positive results were obtained with more than one kit in

16 GenStat 16th Edition for Windows, VSN International, Hemel Hempstead, United
Kingdom.

17 Microsoft Excel 2010 for Windows, Microsoft, Redmond, WA,  USA.
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Table  1
Results of whole blood testing using three point-of-care (PoC) FeLV antigen test kits (n = 563, comprising 45 FeLV-infected cats with progressive infections, 27 FeLV-infected
cats  with regressive infections and 491 FeLV-uninfected cats).

FeLV test kit SNAP Combo Witness Anigen Rapid

True positive 45 41 41
False  negative 27 31 31
True  negative 463 481 480
False  positive 28 10 11
Sensitivity (%) 45/72 = 63 (51–74) 41/72 = 57 (46–68) 41/72 = 57 (46–68)
Specificity (%) 463/491 = 94 (92–96) 481/491 = 98 (97–99) 480/491 = 98 (96–99)
PPV  (%) 45/73 = 62 (50–73) 41/51 = 80 (69–91) 41/52 = 79 (68–90)
NPV  (%) 463/490 = 94 (92–97) 481/512 = 94 (92–96) 480/511 = 94 (92–96)
Overall accuracy (%) 508/563 = 90 522/563 = 93 521/563 = 93

PPV = positive predictive value, NPV = negative predictive value. Confidence intervals (95%) are given in brackets.

Table 2
Results of whole blood testing using three point-of-care (PoC) FeLV antigen test kits, arranged by cycle threshold (CT) values from FeLV proviral PCR testing. The number
recorded for each PoC kit refers to the number of true-positive results observed for that CT category. FeLV-infected cats (n = 72) with both progressive (n = 45) and regressive
(n  = 27) infections are included.

CT values Type of infection SNAP Combo Witness Anigen Rapid

Progressive Regressive

<20 (n = 14) 14 0 14 14 14
20–24.99 (n = 20) 20 0 20 19 20
25–29.99 (n = 7) 6 1 6 6 5
30–34.99 (n = 11) 2 9 2 2 2
>35  (n = 20) 3 17 3 0 0
TOTAL (n = 72) 45 27 45/72 41/72 41/72

Table 3
Results from point-of-care (PoC) FeLV testing using whole blood and considering results in parallel (n = 563, comprising 45 FeLV-infected cats with progressive infections, 27
FeLV-infected cats with regressive infections and 491 FeLV-uninfected cats). If both kits tested p27 positive, the cat was assigned FeLV-positive; conversely, if both kits tested
p27  negative, the cat was  assigned FeLV-negative. When the kits had differing results (i.e. one positive and once negative), a discordant result was assigned. Considering the
results  of two kits in combination increased the specificity and PPV of p27 testing to identify cats with progressive FeLV infections. Proviral PCR testing, rather than a second
antigen test, should always be pursued for FeLV confirmatory testing where possible, particularly when results of two different FeLV antigen kits are discordant.

FeLV test kit SNAP Combo/Witness SNAP Combo/Anigen Rapid Witness/Anigen Rapid

True positive 41 41 40
False  negative 27 27 30
True  negative 461 457 476
False  positive 8 5 4
Discordant results 26 33 13
Sensitivity (%) 41/68 = 60 (49–72) 41/68 = 60 (49–72) 40/70 = 57 (46–69)
Specificity (%) 461/469 = 98 (97–99) 457/462 = 99 (98–100) 476/480 = 99 (98–100)
PPV  (%) 41/49 = 84 (73–94) 41/46 = 89 (80–98) 40/44 = 91 (82–99)
NPV  (%) 461/488 = 94 (92–96) 457/484 = 94 (92–96) 476/506 = 94 (92–96)
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Overall accuracy (%) 502/537 = 93 

PV = positive predictive value, NPV = negative predictive value. Confidence interva

0/35 instances (6 instances where 2/3 kits tested false-positive, 4
nstances where 3/3 kits tested false-positive; median age 6 years,
ange 11 months to 12 years, IQR 4–10 years). Seven of these 10
ases where multiple false-positive p27 results were obtained were
n cats displaying clinical signs consistent with FeLV disease, while
hree were in clinically well cats. Testing in parallel was able to
dentify all progressively infected cats, provided SNAP Combo was
ne of the kits used and proviral qPCR testing was pursued when
esults were discordant (i.e.  one positive p27 result, one negative
27 result). If Witness and Anigen Rapid had been used in com-
ination, three progressively infected cats would not have been

dentified (i.e.  both kits tested p27 negative).
FeLV test kit performance using blood, with the exclusion of

egressive infections from final analyses, is provided in online sup-
lement 1.

.2. FeLV PoC testing using saliva (n = 419)
Table 4 shows the comparative performance of the three PoC
eLV antigen kits using saliva as the diagnostic specimen. The sen-
itivity (54%) and specificity (100%) of each of the three kits was
498/530 = 94 516/550 = 94

) are given in brackets.

identical when saliva was used, although there was  not complete
agreement with test results for two  cats. Each kit recorded three
false-negative results; two progressively infected cats tested p27
negative with all three kits using saliva, while another two had dis-
cordant results with saliva (one was  positive with SNAP Combo and
Anigen Rapid only, the other was positive with Witness only). No
false-positive p27 results were recorded with any of the kits using
saliva.

FeLV test kit performance using saliva, with the exclusion of
regressive infections from final analyses, is provided in online sup-
plement 1.

3.3. Repeat PoC FeLV saliva testing using a revised ‘direct’
technique (n = 15)

Table 5 shows the results from re-testing 15 progressively FeLV-

infected cats using the simpler patient-side technique described
earlier. Despite SNAP Combo recording three more false-negative
results than both Witness and Anigen Rapid, owing to the small
sample size there was no significant difference in sensitivity (67%
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Table  4
Results of saliva testing using three point-of-care (PoC) FeLV antigen test kits and a centrifugation method (n = 419, comprising 17 FeLV-infected cats with progressive
infections, 9 FeLV-infected cats with regressive infections and 393 FeLV-uninfected cats).

FeLV test kit SNAP Combo Witness Anigen Rapid

True positive 14 14 14
False  negative 12 12 12
True  negative 393 393 393
False  positive 0 0 0
Sensitivity (%) 14/26 = 54 (35–73) 14/26 = 54 (35–73) 14/26 = 54 (35–73)
Specificity (%) 393/393 = 100 393/393 = 100 393/393 = 100
PPV  (%) 14/14 = 100 14/14 = 100 14/14 = 100
NPV  (%) 393/405 = 97 (95–99) 393/405 = 97 (95–99) 393/405 = 97 (95–99)
Overall accuracy (%) 407/419 = 97 

PPV = positive predictive value, NPV = negative predictive value. Confidence intervals (95%

Table 5
Results of saliva testing using three point-of-care (PoC) FeLV antigen test kits and a
revised ‘direct’ technique (n = 15, comprising 15 FeLV-infected cats with progressive
infections). Only sensitivity was  able to be calculated since no FeLV-uninfected cats
were tested with this technique.

Test kit SNAP Combo Witness Anigen Rapid

True positive 10 13 13
False negative 5 2 2
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false-positive results. To the authors’ knowledge, external valida-
tion of the Witness and Anigen Rapid claims does not appear in
the peer-reviewed literature. It remains possible that occasionally
Sensitivity (%) 10/15 = 67 (43–91) 13/15 = 87 (69–100) 13/15 = 87 (69–100)

onfidence intervals (95%) are given in brackets.

s. 87%) between the three kits using saliva and the direct technique
P = 0.21).

.4. Comparing PoC FeLV testing using blood and saliva

Table 6 compares the sensitivity and specificity of blood and
aliva testing for each FeLV antigen test kit. All comparisons were
tatistically similar. Cohen’s Kappa Index Value (�) confirmed
xcellent concordance between blood and saliva test results per
ndividual (n = 419): SNAP Combo � = 0.95, Witness � = 0.98, Anigen
apid � = 0.97.

. Discussion

The performance of three FeLV antigen kits was  found to be
imilar when compared with proviral qPCR testing, irrespective
f whether whole EDTA blood or saliva was used for PoC testing,
xcept more false-positive FeLV results occurred with SNAP Combo
ompared with the other two kits using blood. Since whole blood is
urrently the recommended specimen for patient-side FeLV testing,
hese results provide an important reminder that PCR detection of
NA provirus remains the gold standard confirmatory test to defi-
itely diagnose FeLV infection. Thus, PCR testing should be pursued
o confirm any positive p27 antigen test result.

The rationale of screening for FeLV infection by p27 testing of
lood, followed by confirmatory PCR testing [3], is to (i) correctly

dentify progressively infected cats and (ii) avoid unnecessary
uthanasia due to false-positive p27 results. Progressively infected
ats are 62 times more likely to develop leukaemia or lymphoma
24] and are also more likely develop disorders of haematopoiesis
including aplastic anaemia, thrombocytopenia, neutropenia and
ymphocytosis) compared to FeLV-uninfected cats [25]. The sur-
ival rate for progressively FeLV-infected cats is estimated at 50%
y two years and 20% by three years after infection [2]. In gen-
ral, false-positives become more common as disease prevalence
iminishes [26–28], such as in Australia where the prevalence of

rogressive FeLV infection is likely less than 1% [29].

False-positive FeLV results are said to occur as a result of
nti-mouse IgG antibodies present in a small proportion (esti-
ated ≤ 0.5%) of the domestic cat population (as well as in people
407/419 = 97 407/419 = 97

) are given in brackets.

and other domestic animals) [30]. The reason why anti-mouse
IgG can be present in cat sera is not well understood, but might
relate to predation of mice and subsequent ingestion. Whatever
the mechanism of their generation, anti-mouse IgG bind to the
murine-derived monoclonal antibodies (MAbs) in FeLV test kits
that capture p27, causing a false-positive reaction [30]. It has previ-
ously been reported that an older version of the IDEXX Laboratories
FeLV test kit18 did not produce false-positive results when sam-
ples containing (or spiked with) cat anti-mouse antibodies were
tested [5]. Based on communications between the authors of that
study [5] and the manufacturer at the time, it was confirmed that
the test kit contained reagents to correct for cat anti-mouse anti-
bodies. All three manufacturers were contacted during the final
preparation of this manuscript to request a comment regarding
this potential cause of false-positive results, with the following
information supplied by the relevant company representatives
(November 2016). IDEXX Laboratories continues to use reagents
in the current SNAP Combo liquid conjugate to help block cat
anti-mouse antibodies in the blood sample from binding to murine-
derived anti-FeLV antibodies used in the assay, thereby helping
avoid false-positive reactions. SNAP Combo conjugate is mixed
with the patient’s sample in a separate tube prior to addition to the
test kit, allowing this blocking activity to occur before exposure
to the solid phase murine-derived MAbs. The SNAP Combo con-
jugate also contains the second murine-derived anti-FeLV MAbs
conjugated to horseradish peroxidase to facilitate amplification
and improve test sensitivity. Moreover, FeLV testing performed at
IDEXX Reference Laboratories uses a microwell plate ELISA proto-
col with a confirmatory ‘neutralisation’ step to rule out non-specific
activity as the cause of a positive test result (PetChek

®
FeLV). For

this laboratory-based ELISA, polyclonal antiserum (containing non-
murine anti-FeLV polyclonal antibodies) which specifically binds
FeLV proteins and makes them unavailable for detection in the
assay, is mixed with the patient’s positive sample prior to testing.
Loss of colour (>50%) in the test well compared to an untreated sam-
ple well confirms a true-positive FeLV result, while if the colour
remains it is assumed to be a non-specific reaction one cause of
which could be cat anti-mouse antibodies [30,31]. Zoetis Animal
Health claims the type of biologics used in the Witness FeLV test kit
make anti-mouse antibody cross-reaction unlikely. BioNote claims
the Anigen Rapid FeLV test kit contains a substance inside the buffer
to prevent any non-specific binding of various proteins that might
be present in the cat’s blood to the murine-derived anti-FeLV MAbs
used in the test kit, thereby avoiding non-specific responses and
18 Test kit ‘A’, Cite/FELV, kit lot no. 9505-0824D, Agritech Systems (now known as
IDEXX Laboratories), Westbrook, ME,  USA.
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Table  6
Comparison of overall sensitivity and specificity for three point-of-care (PoC) FeLV antigen test kits using whole blood and saliva (n = 563 for blood, n = 419 for saliva). There
were  no significant differences between blood and saliva testing for any of the test kits (P values shown).

SNAP Combo Witness Anigen Rapid

BLOOD SALIVA BLOOD SALIVA BLOOD SALIVA

Sensitivity 63 (51–74) 54 (35–73) 57 (46–68) 54 (35–73) 57 (46–68) 54 (35–73)
(P  = 0.39) (P = 0.78) (P = 0.57)

Specificity 94 (92–96) 100 98 (97–99) 100 98 (97–99) 100
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(P  = 0.70) 

onfidence intervals (95%) are given in brackets.

 sample may  have so much anti-mouse activity that it overrides
he correction reagent and gives a false-positive result [32].

Using two different p27 kits in parallel, as some authors have
ecommended [9], increased PPV and should be considered in cases
here an urgent diagnosis is necessary or where PCR testing is
navailable. Parallel testing, however, did not completely eliminate
he occurrence of false-positive p27 results in 4–8 FeLV-uninfected
ats (depending on the combination of test kits employed). Con-
ideration of other pertinent details, including lifestyle (e.g. higher
eLV risk in fighting cats, multi-cat households and shelters prac-
icing group housing), age (younger cats were more likely to be
rogressively FeLV-infected, older cats were more likely to return

 false-positive p27 result) and clinical signs of FeLV-related dis-
ase (e.g. macrocytic anaemia, aplastic anaemia, lymphoma) will
ncrease a clinician’s index of suspicion for FeLV-infection further.
onetheless, confirmatory PCR testing is still recommended for
ny cat (healthy or sick) that tests p27 positive with a PoC kit, as
ecisions regarding treatment or euthanasia will be much better

nformed by the PCR result.
The impact of regressive FeLV infections on the health of cats

s largely unknown. Some authors have suggested regressively
nfected cats have a similar life-expectancy to cats never exposed
o FeLV and do not develop FeLV-associated disease [3,33]. How-
ver, reactivation of regressive FeLV infection contained in the bone
arrow has been demonstrated experimentally, following admin-

stration of corticosteroids [34]. Furthermore, research in Australia
nd Canada has suggested a correlation between regressive FeLV
nfection and the occurrence of lymphoma [35,36], and regres-
ively infected cats are capable of transmitting active FeLV infection
o recipient cats by blood transfusion [37]. Several studies have
eported populations of regressively FeLV-infected cats, including
–10% of cats tested in Switzerland (24/445 and 6/597, respec-
ively), 10% in UK (45/465), 3% (2/75) in Australia and 1% in Germany
6/495) [4,13,21,26,38]. Future research needs to identify regres-
ively infected client-owned cats and follow them longitudinally to
nvestigate health impacts in the field. Regressively FeLV-infected
ats eliminate the viraemia within 2–16 weeks of exposure, and a
imitation of our study was  that some of the cats defined as pro-
ressively infected may  have been in the process of clearing the
iraemia, thereby becoming regressively infected. This limitation
ould be overcome in the future by serial p27 testing. Veterinarians
hould consider the CT value from FeLV qPCR testing as a possible
redictor of cats more likely to become regressively infected; our
esults showed that cats with progressive FeLV infections had a
ower median CT value (i.e.  higher proviral load), with 40/45 pro-
ressive infections recording a CT value < 30. It must be stressed,
owever, that until the role of regressive infections in disease is
xplored further we do not recommend solely using qPCR testing
or FeLV diagnosis or FeLV screening, and instead a combination of
27 antigen and proviral PCR testing should be undertaken in all

ases.

FeLV proviral PCR testing was chosen as the gold standard as
t can detect very low levels of nucleic acid from progressive and
egressive infections [10,13]. Nevertheless, PCR testing is not with-
(P = 0.73) (P = 0.71)

out its challenges. Since it is able to detect as little as 1 to 10 copies
of provirus in a given sample extreme care must be taken in the
laboratory to avoid DNA contamination and false-positive results
[39], while primer design must allow detection of FeLV −A, −B
and −C sequences to ensure FeLV-infected cats do not test provirus
PCR-negative [19,21]. It is possible in the current study that some
false-positive p27 results occurred in truly infected cats with dif-
ferent LTR sequences to the primers chosen. Future studies could
consider repeating proviral PCR testing at another facility with a
methodologically distinct assay, or performing VI in these cases.
Furthermore, it is possible that some FeLV qPCR-negative cats con-
sidered to have false-positive p27 results, in particular the 10 cats
that returned positive p27 results with multiple kits, may  have
actually represented false-negative qPCR results owing to focal
FeLV infections (FeLV sequestered in non-myeloid cells outside the
bone marrow, e.g.  mammary tissue), as suggested by others [6,40].
To explore this possibility further would require following false-
positive cases longitudinally and performing extensive molecular
analysis of a variety of tissues at necropsy [41].

It could be argued that it was  unreasonable for this study to
record a false-negative p27 result using proviral qPCR as the bench-
mark, thereby lowering test kit sensitivity, when by definition there
was no FeLV antigen present to detect (i.e. that it was unfair to
include regressive infections in the analysis). We  contend that the
purpose of PoC test kits is to screen for FeLV infection, and therefore
the sensitivities reported (Table 5) highlight the inability of test kits
to identify a potentially important subcategory of FeLV infection. A
recent study also used proviral PCR testing as the diagnostic gold
standard and reported comparable sensitivities for SNAP Combo
and Anigen Rapid (53% and 40%, respectively) to the current study
[10].

The performance of all three FeLV test kits using saliva as the
diagnostic specimen was  comparable to testing with blood, in dis-
agreement with the 2008 AAFP guidelines [16]. When venipuncture
is not possible without skilled physical restraint or sedation, col-
lecting and testing saliva for the presence of FeLV p27 antigen
should be considered. In one study, saliva testing was actually
considered to have identified seven FeLV-infected cats with FeLV-
related disease that tested FeLV-negative with serum; although
definitive FeLV diagnosis was not pursued in these cats, it was
proposed that the cats were truly infected and the discordant test
results were due to viral replication being higher in salivary glands
than other tissues such as blood [12]. This potential added bene-
fit of saliva testing was  replicated in the current study in one cat
with a Witness test kit, using both methods of saliva testing. No
false-positive results were recorded with any of the FeLV test kits
using saliva, but of concern were 3/17 (18%) false-negative FeLV
results that occurred with each kit in progressively infected cats.
Although the lower sensitivity of p27 saliva testing compared to
p27 blood testing was  not statistically significant, we  suspect with

a larger study the trend for saliva to have increased specificity at
the expense of reduced sensitivity (compared with blood) would
become further apparent. Until further research is conducted, we
remain cautious as to the usefulness of p27 testing using saliva,



Micro

a
q

5

t
f
fi
o
t
e
o
F
p
t
w
I
p
s
c
i
F
m
s

A

i
W
k
o
w
E
a
M
c
F
w
H

A

i
0

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

M.E. Westman et al. / Comparative Immunology, 

nd recommend p27 testing using whole blood (with confirmatory
PCR testing) for screening of large numbers of cats (e.g. in shelters).

. Conclusion

PoC FeLV p27 antigen testing using whole blood remains jus-
ifiable since it is inexpensive and produces rapid results which
acilitate clinical decision making while waiting for definitive con-
rmatory testing at a PCR facility. Where PCR testing is unavailable,
r rapid confirmation of a positive p27 result is required, repeat p27
esting with a different PoC kit reduces (but doesn’t completely
liminate) the occurrence of false-positive results. Consideration
f the patient’s age may  help direct clinical judgment (progressive
eLV infections were more common in younger cats, false-positive
27 results were more common in older cats), while requesting
he proviral qPCR CT value may  provide another indication as to
hether the infection is progressive (CT < 30) or regressive (CT > 30).

n addition to confirming a positive p27 result, PCR testing for FeLV
rovirus should also be undertaken to investigate animals with
igns consistent with FeLV-related disease that test p27 negative, in
ase a regressive infection is present and contributing to the clin-
cal picture. All blood donor cats should be screened by qPCR for
eLV provirus. Although saliva testing with PoC kits shows promise,
ore research is needed before it can be recommended as a reliable

creening tool for detecting FeLV infection.
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