viruses

Article

Evaluation of a Revised Point-of-Care Test for the Detection of
Feline Leukaemia p27 Antigen and Anti-p15E Antibodies in Cats

Juliana Giselbrecht 1*{), Stéphanie Jihne !, Michéle Bergmann !, Marina L. Meli 27, Svenja Teichmann-Knorrn 3,
Yury Zablotski 17, Maria-Grazia Pennisi
Regina Hofmann-Lehmann

check for
updates

Citation: Giselbrecht, J.; Jahne, S.;
Bergmann, M.; Meli, M.L.;
Teichmann-Knorrn, S.; Zablotski, Y.;
Pennisi, M.-G.; Layachi, N.; Serra, R ;
Bo, S.; et al. Evaluation of a Revised
Point-of-Care Test for the Detection of
Feline Leukaemia p27 Antigen and
Anti-p15E Antibodies in Cats. Viruses
2024, 16, 614. https://doi.org/
10.3390/v16040614

Academic Editor: Ronald N. Harty

Received: 26 February 2024
Revised: 10 April 2024
Accepted: 11 April 2024
Published: 15 April 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2

3

4(0, Nicolas Layachi >, Rodrigo Serra ¢, Stefano Bo 7,

and Katrin Hartmann !

1 LMU Small Animal Clinic, Centre for Clinical Veterinary Medicine, 80539 Munich, Germany;
steffijaehne@gmail.com (S.].); n.bergmann@medizinische-kleintierklinik.de (M.B.);
y.zablotski@med.vetmed.uni-muenchen.de (Y.Z.); hartmann@Imu.de (K.H.)

Clinical Laboratory, Department of Clinical Diagnostics and Services, and Center for Clinical Studies,
Vetsuisse Faculty, University of Zurich, 8057 Zurich, Switzerland; mmeli@vetclinics.uzh.ch (M.L.M.);
rhofmann@vetclinics.uzh.ch (R.H.-L.)

Veterinary Clinic Oberhaching, 82041 Oberhaching, Germany; teichmann-knorrn@tierklinik-oberhaching.de
Department of Veterinary Sciences, University of Messina, 98168 Messina, Italy; mariagrazia.pennisi@unime.it
Layachi Veterinary Clinic, 33300 Bordeaux, France; layachivet@yahoo.fr

Investigacao Veterinaria Independente, 1700-119 Lisbon, Portugal; rodserra@gmail.com

Ambulatorio Veterinario Bo-Ferro, 10123 Turin, Italy; stefano@veterinariassociati.it

*  Correspondence: juliana.giselbrecht@gmx.at

N o G e W

Abstract: The first point-of-care (PoC) test (v-RetroFel®; modified version 2021) determining the
presence of FeLV p27 antigen and FeLV anti-p15E antibodies has become recently commercially
available to identify different feline leukaemia virus (FeLV) infection outcomes. This study aimed
to assess this PoC test’s performance concerning FeLV p27 antigen and FeLV anti-p15E antibody
detection. Sensitivity, specificity, positive and negative predictive values (PPV, NPV) were assessed
after ten minutes (recommended) and 20 min (prolonged) incubation times. The test results were
evaluated as either positive or negative. Serum samples from 934 cats were included, originating
from Italy (n = 269), Portugal (n = 240), Germany (n = 318), and France (n = 107). FeLV p27 antigen
and anti-p15E antibodies were measured by reference standard ELISAs and compared to the PoC
test results. The PoC test was easy to perform and the results easy to interpret. Sensitivity and
specificity for FeLV p27 antigen were 82.8% (PPV: 57.8%) and 96.0% (NPV: 98.8%) after both, ten
and 20 minues of incubation time. Sensitivity and specificity for anti-p15E antibodies were 31.4%
(PPV:71.6%) and 96.9% (NPV: 85.1%) after ten minutes incubation time; sensitivity was improved by a
prolonged incubation time (20 min) to 40.0% (PPV: 76.3%), while specificity remained the same (96.9%,
NPV: 86.7%). Despite the improved sensitivity using the prolonged incubation time, lower than ideal
sensitivities for both p27 antigen and especially anti-p15E antibodies were found, indicating that the
PoC test in its current version needs further improvement prior to application in the field.

Keywords: feline leukaemia virus; FeLV; PoC test; test performance; v-RetroFel®; progressive
infection; regressive infection; abortive infection; focal infection; antibody detection; in-house testing

1. Introduction

Feline leukaemia virus (FeLV) is a gammaretrovirus with worldwide distribution
and is regarded as one of the most important infectious agents in cats. FeLV can cause
different courses of infection, including progressive, regressive, abortive, and focal (atypical)
infections. Detection of these infection outcomes can be challenging and several tests are
necessary [1-3].

Over the past few decades, FeLV prevalence of progressively infected cats has declined
in many countries due to vaccination programs and improved veterinary care, including
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better diagnostic techniques and testing and separating programs [4-8]. For example, in
Germany, a constant decrease in the FeLV infection rate from 6% to 1% was observed over a
period of ten years [7]. However, more recent studies suggest that the decline in prevalence
has now plateaued in many countries, potentially due to incomplete vaccination coverage,
evolution of the virus itself, and persistence in high-risk groups [8-10]. Therefore, it is
crucial not to neglect awareness about this important feline infection and its prevention.

In progressive FeLV infection, the immune system of affected cats is unable to control
virus replication, and this results in persistent viraemia. During the viraemic phases, free
p27 antigen can be readily detected by commercially available point-of-care (PoC) tests
that are based on enzyme-linked immunosorbent (ELISA) or immunomigration principles.
These PoC tests detect progressive infection as well as some cats with focal and early
regressive infection, but other courses of infection without viraemia (abortive and regressive
infection without viraemia) remain undetected. However, abortive and regressive infections
also play an important epidemiological role. Knowledge of the presence of a regressive
infection is clinically relevant since this form of infection can progress to a progressive
outcome with host immunosuppression. This is one reason why a reliable PoC test would
be useful for rapid identification of regressively infected cats [1-3]. Furthermore, the easy
identification of regressive infection is of particular importance in potential blood donor
cats, as they can transmit FeLV provirus to FeLV-naive cats via blood transfusion [11].
Moreover, the detection of cats previously exposed to FeLV (abortive infection) prior to
vaccination might be helpful in the decision whether to vaccinate cats against FeLV or not.

The FeLV transmembrane protein p15E is located on the surface of infected cells and
enables the virus to enter the host cell. Additionally, it possesses immunosuppressive
properties that can inhibit lymphocyte proliferation and T-cell functions [12,13]. Anti-p15E
antibodies have limited virus-neutralizing properties. Lutz and colleagues (1980) found
that cats that became immune or viraemic after FeLV infection showed elevated levels of
anti-p15E antibodies [12,14,15]. Regardless of whether cats develop immunity (regressive
and/or abortive courses) or remain viraemic following infection (progressive course),
they consistently had elevated levels of antibodies against p15E [14-16]. P15E antibody
testing can therefore be useful to identify different courses of FeLV infection. A PoC test
for the detection of anti-15E antibodies (and FeLV p27 antigen) has been commercially
available since 2018. The performance of this PoC test (in its original version) was evaluated
with samples from 370 naturally infected cats in Australia and Germany [17]. The study
demonstrated the test’s ability to accurately determine the correct FeLV infection status
in 271 out of 370 cases (73.2%). However, it was not able to correctly identify most of
the regressive and abortive infections. With samples from Australia, the sensitivity and
specificity for anti-p15E antibodies were 16.7% and 90.2%, with samples from Germany,
only 8.3% and 93.7%, respectively. Most of the progressively infected cats (92.6%; 25/27)
were identified correctly by detection of p27 antigen. However, none of the samples from
Australia and only one of the samples from Germany (from regressively and abortively
infected cats that tested positive in a laboratory-based anti-p15E ELISA) were identified as
true-positive by the PoC test. Consequently, the authors advised that use of this PoC test
could not be recommended until improvements are made to increase the sensitivity [17].

The aim of the present study was to evaluate the practicability and performance of a
modified new version of the commercially available PoC test (version 2021) detecting FeLV
p27 antigen and anti-p15E antibodies. The evaluation of such a test prior to application in
the field is of importance since clinical decisions including identification of regressively
infected cats, consideration of the need for FeLV vaccination, or the suitability of cats as
blood donors could rely on these test results.
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2. Materials and Methods
2.1. Samples
2.1.1. Experimentally Infected Cats

In total, 30 uninfected specific pathogen-free (SPF) cats and 30 experimentally FeLV-
infected SPF cats (16 progressively and 14 regressively infected cats) were included.
For each cat, p27 antigen, proviral deoxyribonucleic acid (DNA), and anti-p15E-antibodies
in blood were known. All SPF cats included in this study had been part of experimental
studies officially approved by the veterinary office of the Swiss Canton of Zurich (11/2011,
160/2010 and 251/2013).

2.1.2. Naturally Infected Cats

In total, 934 cats from four different European countries (Italy n = 269, Portugal
n = 240, Germany n = 318, France n = 107) were included in this study. Blood samples
were collected from cats that were presented to veterinary clinics for various reasons
from 2019 to 2021. The cats needed to have a minimum body weight of 1 kilogram
(kg) (inclusion criterium). A subset of the blood samples has been used in a previous
epidemiological study [18]. Vaccination status was determined by a survey of the owners
and/or veterinarians. The present study was approved by the ethical committee of the
Centre for Clinical Veterinary Medicine of the LMU Munich, Germany (reference number
142-25-08-2018).

2.2. Laboratory Tests

From each cat, serum and ethylenediaminetetraacetic acid (EDTA) anticoagulated
blood samples were stored at —80 °C for a maximum of 24 months before being sent on dry
ice to the Clinical Laboratory at the Vetsuisse Faculty, University of Zurich, where samples
were tested for p27 antigen, proviral DNA, and anti-p15E antibodies.

2.2.1. Detection of Free FeLV p27 Antigen in Serum

The presence of free p27 antigen in serum samples was evaluated using a sandwich
ELISA as described previously [19]. Each sample was examined in duplicate, and a mi-
croplate reader (Synergy H1, Biotek, Winooski, VT, USA) was used to read the absorbances.
Any value higher than 4% of the positive control (serum samples from cats naturally in-
fected with FeLV) was classified as positive [20]. The ELISA and the monoclonal antibodies
used in this assay have been evaluated and described extensively [21-24]. The ELISA is
able to detect between 100 ng and >2000 ng of FeLV p27 per ml of serum in viraemic cats;
the lower limit of detection corresponds to an absolute amount in a sample of 1 ng [21].
The ELISA is highly specific due to the monoclonal nature of the three antibodies; they
recognized p27 in several hundred FeLV isolates but did not react with any of eight purified
leukaemia viruses other than FelV [22-24].

2.2.2. Detection of FeLV Proviral DNA in Blood

FeLV proviral DNA was determined in all samples by extracting total nucleic acids
(TNA) [25] from 100 pL of EDTA anticoagulated whole blood using the MagNA Pure 96
instrument (Roche Diagnostics AG, Rotkreuz, Switzerland) and the Viral NA SV Kit (Roche
Diagnostics AG, Rotkreuz, Switzerland), following the protocol as described before [17].
The proviral DNA copy number was quantified by real-time quantitative polymerase chain
reaction (qPCR) as described previously [26]. To verify the quality and quantity of the TNA a
qPCR was performed for the detection of feline albumin on all 934 TNA samples as previously
described [27]. In a previous study, it was shown that FeLV provirus quantitative real-time
PCR showed a high analytical sensitivity (detection of 1 copy/PCR) and a high analytical
specificity (detection of all three FeLV subtypes, no false-positive results in SPF cats) [28].
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2.2.3. Detection of FeLV Anti-p15E Antibodies in Serum

An in-house developed ELISA was used for the detection of anti-p15E antibodies in serum
samples [25]. Each assay included positive and negative controls. Negative controls consisted
of sera from SPF cats, while positive controls consisted of pooled serum samples from cats
experimentally infected with FeLV-A /Glasgow-1. The relative optical density (ROD) values
were determined using the formula ROD = [(sample optical density (OD) — negative control
OD)/(positive control OD — negative control OD)]. Samples from experimentally and naturally
FeLV-infected cats with ROD values >4.9% and >16.3%, respectively, compared to the positive
control [25], were considered anti-p15E antibody-positive. In experimentally infected cats, the
p15E ELISA showed a diagnostic sensitivity of 95.7% and a specificity of 100.0%. In naturally
infected cats, the p15E ELISA showed a diagnostic sensitivity of 77.1% and a specificity of 85.6%
when compared to provirus PCR results [25].

2.3. Classification of Courses of Infection and Vaccination Status

The classification of the 934 cats into the different courses of infection is shown in Table 1.

Table 1. Classification of feline leukaemia virus infection status in 934 naturally infected cats of the
present study based on the European Advisory Board on Cat Diseases FeLV diagnostic tool [29].

FeLV Infection p27 Ag Proviral DNA Anti-p15E Ab
Status ELISA PCR * ELISA

Progressive
(n=38)

Regressive
(n =40)

Abortive
(n =108)

+ + +/-2

— + +/-2

Focal

(n=21) Ok - /=2

FeLV unexposed
vaccinated 2 — — +/—
(n=72)

FeLV unexposed not
vaccinated — — —
(n =655)

* FeLV proviral DNA was determined in all samples using a quantitative polymerase chain reaction (qQPCR),
as described before [17,27]. & Of the FeLV-unexposed cats, 72/727 (9.9%) were vaccinated against FeLV. Of the
vaccinated cats, 16/72 (22.2%) tested positive in the p15E ELISA. Five of these cats were vaccinated with Purevax®
FeLV and two cats with Leucogen® ; the manufacturer of the other vaccines was unknown (n = 9). ! Cats with
focal infection tested weakly p27 antigen-positive and proviral DNA-negative. 2 Not all cats with a progressive,
regressive, or focal infection showed antibodies against anti-p15E. The symbol +/— means that, regardless of the
course of the infection, some cats tested positive in the p15E ELISA and others tested negative in the p15E ELISA.
The fields highlighted in grey indicate that the mentioned test was not used for the classification to the specific
course of infection. FeLV, feline leukaemia virus; Ag, antigen; ELISA, enzyme-linked immunosorbent assay;
DNA, deoxyribonucleic acid; Ab, antibody.

2.4. Point-of-Care Test (v-RetroFel®)

The PoC test, an immunochromatographic assay, was coated with antibodies specific to
FelV p27 antigen as well as with an antigen specific for FeLV p15E antibodies. In addition,
the test also provided results for FIV (feline immunodeficiency virus) antibodies; evaluation
of the detection of FIV antibodies was not part of this study. The PoC test was stored
between 18-22 °C and carried out with serum samples according to the manufacturer’s
instructions. All samples were tested with the same batch of the PoC test (ID 25110011221).
Each test was incubated and interpreted according to the manufacturer’s specification
after ten minutes. Additionally, each test was interpreted after a prolonged incubation
period of 20 min. All samples were tested for FeLV p27 antigen and anti-p15E antibodies
using the PoC test by the same investigator (J.G.) who was blinded to the results of the p27
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antigen and anti-p15E antibodies ELISAs. If the result was uncertain, a second independent
person assessed the results (the two investigators always agreed). Once a line was visible,
regardless of the intensity of the colour, the test was considered positive.

Practicability, difficulties in test result interpretation, sensitivity (true positive rate),
specificity (true negative rate), negative predictive value (NPV) (proportion of predicted
negatives that were true negatives), and positive predictive value (PPV) (proportion of
predicted positives that were true positives) were calculated.

2.5. Statistical Analysis

Laboratory data from all cats were analysed using Excel (Microsoft Germany GmbH,
Miinchen, Germany) and R statistical language (version 4.1.2; R Core Team, 2020). To assess
the normality of metric variables for the statistical analysis, Shapiro-Wilk normality test was
conducted. McNemar test was used to compare the results of the point-of-care test after ten and
20 min of incubation time, concerning anti-p15E antibodies. Kruskal-Wallis test (“ggstatsplot”
R package) was used to determine any statistically significant differences between the means
of anti-p15E antibody levels in true positive, true negative, false positive and false negative
samples in PoC test [30]. Holm-Bonferroni was used for the adjustment of the p-values to
correct for multiple comparisons. For all analyses, 95% confidence intervals (CI) were calculated.
A p-value < 0.05 was used to determine statistical significance.

3. Results
3.1. Performance of the PoC Test

The PoC test can be stored at room temperature and was therefore immediately ready
for use. It was easy to perform, without the need for advanced laboratory equipment or
trained personnel. After ten minutes of incubation time, 36.2% (21/58) of the samples
positive in the p15E antibody PoC test strips showed rather faintly coloured test lines
(Figure 1), barely visible and thus difficult to interpret. When the incubation time was
prolonged to 20 min, 13.8% (8/58) of the samples positive in the PoC test showed rather
faintly coloured lines. In contrast, the p27 antigen test strip was easy to interpret for all
samples after both ten and 20 min.

v-RetroFel v-RetroFel
Cc Cc Cc
T T T T M T
v-FeLV(AG) | v-FelV(AB) v-FIvV v-FelLV(AG) | v-FelLV (AB) v-FIV
9 9 % o ) 2
QO sample L. O sample (L. O sample L O sample |l ) sample|L {0 sample
A buffer | ¢ buffer | OO buffer B 1 QOO buffer |1 A buffer |11 OO buffer

Figure 1. Pictures of a point-of-care test (v—RetroFel®, scil animal care company GmbH, Viernheim,
Germany) for the detection of feline leukaemia virus p27 antigen (v-FeLV (AG)), feline leukaemia
virus anti-p15E antibodies (v-FeLV (AB)), and feline immunodeficiency virus antibodies (v-FIV).
The point-of-care tests were carried out with serum samples with an incubation time of ten minutes
each. The pictures show a point-of care tests with a faintly coloured (picture (A)) and a clearly visible
(picture (B)) test line (T) in an enzyme-linked immunosorbent assay anti-p15E antibody-positive
sample (v-FeLV (AB)) as well as clearly visible control lines (C).
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3.2. FeLV p27 Antigen

Among the 60 SPF cats (30 uninfected and 30 experimentally FeLV-infected), the 16 cat
with progressive infection (26.7%) were p27 antigen positive. The prevalence of p27 antigen
(determined by reference standard ELISA) was 6.2% (58/934) in naturally infected cats,
10.0% (27/269) in Italy, 5.4% (13/240) in Portugal, 4.7% (15/318) in Germany, and 2.8%
(3/107) in France. As per definition, the prevalence of antigenemia was 100.0% (38/38) in
progressively infected cats and 100.0% (11/11) in focally infected cats. The prevalence in
regressively, abortively, and FeLV-unexposed cats was 0.0%. The p27 antigen performance
parameters of the PoC test in experimentally infected cats and in naturally infected cats
are summarized in Tables 2 and 3. The p27 antigen performance parameters of the PoC
test considering different courses of infection are given in Table 4. All test results remained
identical after 20 min of incubation time. Thus, all performance parameters remained
unchanged compared to ten minutes of incubation time.

Table 2. Specificity, sensitivity, negative and positive predictive values of the point-of-care test for the
detection of feline leukaemia virus p27 antigen in 60 SPF cats (30 uninfected cats, 16 progressively, and
14 regressively infected) compared to the results of an in-house developed p27 antigen enzyme-linked
immunosorbent assay as a reference standard, taking experimentally infected cats into account.

P27 Antigen

Positive Samples Sensitivity % Specificity % PPV % NPV %
(ELISA) % (95% CI) (95% CI) (95% CI) (95% CI)
6.7 93.8 100.0 100.0 93.3
’ (69.8-99.8) (92.0-100.0) (78.2-100.0) (88.2-99.9)

FeLV, feline leukaemia virus; ELISA, enzyme-linked immunosorbent assay; CI, confidence interval; PPV, positive
predictive value (proportion of predicted positives that were true positives); NPV, negative predictive value
(proportion of predicted negatives that were true positives).

Table 3. Specificity, sensitivity, negative and positive predictive values of the point-of-care test for the
detection of feline leukaemia virus p27 antigen in comparison to the results of an in-house developed
p27 antigen enzyme-linked immunosorbent assay as a reference standard, taking naturally infected
cat populations from different countries into account.

Prevalence of

. Sensitivity %  Specificity % PPV % NPV %
Country l’gf‘s“:)g;“ (95% CI) (95% CI) (95% CI) (95% CI)
0
82.8 96.0 57.8 98.8
All cats 6.2 (70.6-91.4) (94.5-97.2) (46.5-68.6) (97.9-99.4)
Hal 100 92.6 95.0 67.6 99.1
y ' (75.7-99.1) (91.5-97.4) (50.2-82.0) (96.9-99.9)
Portugal 54 84.6 96.9 61.1 99.1
& : (54.6-98.1) (93.8-98.8) (35.8-82.7) (96.8-99.9)
Cerman L7 60.0 96.4 45.0 98.0
y : (32.3-837) (93.6-98.2) (23.1-68.5) (95.7-99.3)
France ”g 100.0 95.2 37.5 100.0
: (29.2-100.0)  (89.1-98.4) (8.5-75.5) (96.3-100.0)

FeLV, feline leukaemia virus; ELISA, enzyme-linked immunosorbent assay; CI, confidence interval; PPV, positive
predictive value (proportion of predicted positives that were true positives); NPV, negative predictive value
(proportion of predicted negatives that were true positives).
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Table 4. Specificity, sensitivity, negative and positive predictive value of the point-of-care test for the
detection of feline leukaemia virus p27 antigen in comparison to the results of a laboratory-based
p27 antigen enzyme-linked immunosorbent assay as a reference standard, taking different courses of
feline leukaemia virus infection into account.

Course of Prevalence
Fel V- of Sensitivity %  Specificity % PPV % NPV %
Infection P27 Antigen (95% CI) (95% CI) (95% CI) (95% CI)
(ELISA) %
82.8 96.0 57.8 98.8
All cats 62 (70.6-91.4) (94.5-97.2) (46.5-68.6) (97.9-99.4)
Progressive 100.0 100.0
nfection | 1000 (90.8.1-100.0) n. d. (90.8-100.0) n. d.
Regressive 100.0 100.0
Infection 2 0.0 n.d. (91.2-100.0) n.d. (91.2-100.0)
Abortive 95.7 100.0
Infection > 00 nd. (85.5-99.5) n-d. (92.1-100.0)
Focal 63.6 100.0
Infection 4 100.0 (30.8-89.1) n.d. (59.0-100.0) n.d.
96.1 100.0
Unexposed 0.0 n. d. (94.5-97.4) n. d. (99.5-100.0)

1 progressively infected cats were defined as follows: p27 antigen-positive and proviral DNA-positive. 2 re-

gressively infected cats were defined as follows: p27 antigen-negative, proviral DNA-positive. ® abortively
infected cats were defined as follows: p27 antigen-negative, proviral DNA-negative, anti-FeLV antibody-positive.
4 focally infected cats were defined as follows: p27 antigen weak positive, proviral DNA-negative. FeLV, feline
leukaemia virus; ELISA, enzyme-linked immunosorbent assay; CI, confidence interval; PPV, positive predictive
value (proportion of predicted positives that were true positives); NPV, negative predictive value (proportion of
predicted negatives that were true positives); n. d., could not be determined as none of the samples tested positive
or negative in the p27 antigen enzyme-linked immunosorbent assay.

3.3. Anti-p15E Antibodies

The prevalence of anti-p15E antibodies in the reference ELISA, when considering
a ROD of >4.9% as positive for experimentally infected cats and >16.3% as positive for
naturally infected cats, was 100.0% in experimentally infected cats and 19.8% (185/934) in
naturally infected cats, 21.1% (57/269) in Italy, 22.5% (54/240) in Portugal, 14.1% (45/318)
in Germany, and 27.1% (29/107) in France. All SPF cats (30/30) tested negative in the
anti p15E antibody ELISA as well as negative in the PoC test. The anti-p15E antibody
performance parameters of the PoC test in experimentally and naturally infected cats are
summarized in Tables 5 and 6. The prevalence of anti-p15E antibodies was 78.9% (30/38)
in progressively infected cats, 65.0% (26/40) in regressively infected, 100.0% (108/108)
in abortively infected, and 23.8% (5/21) in focally infected. Cats unexposed to and not
vaccinated against FeLV showed no anti-p15E antibodies (0.0%; 0/655). In total, 22.2%
(16/72) of FeLV-unexposed cats but previously vaccinated against FeLV showed anti-p15E
antibodies. Four of the vaccinated cats that tested positive in the p15E ELISA also tested
positive in the PoC test (25.0%; 4/16). A summary of the performance parameters of the
PoC test in progressively, regressively, abortively, focally infected, and FeLV-unexposed
cats is shown in Table 7.

After 20 min of incubation, the sensitivity of the POC test for the detection of anti-p15E
antibodies could be increased from 31.4% to 40.0% when considering all serum samples.
The sensitivity was significantly higher after 20 min of incubation compared to ten minutes
(p < 0.001). The specificity remained the same at 96.9%. Performance parameters after
20 min of incubation time for the different countries and the different courses of infection
are summarized in Tables 8 and 9.
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Table 5. Specificity, sensitivity, negative and positive predictive values of the point-of-care test
for the detection of feline leukaemia virus anti-p15E antibodies in 60 SPF cats (30 uninfected, 30
FeLV-infected) in comparison to the results of a laboratory-based anti-p15E antibody enzyme-linked
immunosorbent assay as a reference standard.

Anti-p15E Antibody

Positive Samples Sensitivity % Specificity % PPV % NPV %
0, 0, 0, 0,
(ELISA) % (95% CI) (95% CI) (95% CI) (95% CI)
50.0 100.0 100.0 100.0 100.0
: (88.4-100.0) (88.4-100.0) (88.4-100.0) (88.4-100.0)

FeLV, feline leukaemia virus; ELISA, enzyme-linked immunosorbent assay; CI, confidence interval; PPV, positive
predictive value (proportion of predicted positives that were true positives); NPV, negative predictive value
(proportion of predicted negatives that were true positives).

Table 6. Specificity, sensitivity, negative and positive predictive values of the point-of-care test
for the detection of feline leukaemia virus anti-p15E antibodies in comparison to the results of a
laboratory-based anti-p15E antibody enzyme-linked immunosorbent assay as a reference standard,
taking cat populations from different countries into account.

Prevalence of

. o Sensitivity % Specificity % PPV % NPV %
Country  Anti féi‘fs’?\‘;‘},}:"d‘es (95% CI) (95% CI) (95% CI) (95% CI)
314 96.9 71.6 85.1
All cats 19.8 (24.7-38.6) (95.4-98.0) (60.5-81.1) (82.5-87.4)
Ttal 212 456 94.8 70.3 86.6
y : (32.4-59.3) (90.0-97.4) (53.0-84.1) (81.6-90.7)
27.8 96.7 714 822
Portugal 25 (16.5-41.6) (93.1-98.8) (47.8-88.7) (76.5-87.0)
German 140 20.0 982 64.3 882
y : (9.6-34.6) (95.8-99.4) (35.1-87.2) (84.0-91.6)
France 1 27.6 98.7 88.9 78.6
: (12.7-47.2) (93.1-100.0) (51.8-99.7) (69.1-86.2)

FeLV, feline leukaemia virus; ELISA, enzyme-linked immunosorbent assay; CI, confidence interval; PPV, positive
predictive value (proportion of predicted positives that were true positives); NPV, negative predictive value
(proportion of predicted negatives that were true positives).

Table 7. Specificity, sensitivity, negative and positive predictive value of the point-of-care test for the
detection of feline leukaemia virus anti-p15E antibodies in comparison to the results of a laboratory-
based anti-p15E antibody enzyme-linked immunosorbent assay as a reference standard, taking
different courses of feline leukaemia virus infection into account.

Prevalence of

C"}:‘er\e,_"f Anti-p15E Sensitivity %  Specificity % PPV % NPV %
Infection Antibodies (95% CI) (95% CI) (95% CI) (95% CI)
ec (ELISA) %
314 96.9 71.6 85.1
All cats 198 (24.7-38.6) (95.4-98.0) (60.5-81.1) (82.5-87.4)
Progressive 78.9 86.7 100.0 100.0 66.7
Infection ! : (69.3-96.2) (63.1-100.0) (86.8-100.0) (34.9-90.1)
Regressive 65.0 34.6 85.7 81.8 41.4
Infection 2 : (17.2-55.7) (57.2-98.2) (48.2-97.7) (23.5-61.1)
Abortive 16.7 100.0
Infection 3 100.0 (102-25.1) n.d. (81.5-100.0) n.d.
Focal 238 20.0 100.0 100.0 80.0
Infection * : (0.5-71.6) (79.4-100.0) (2.5-100.0) (56.3-94.3)
un:)?L(\)/se d o 25.0 98.2 79.8 82.3
Vaccifla g : (7.3-52.4) (90.5-99.9) (28.4-99.5) (70.8-90.4)
FeLV
unexposed 0.0 n. d. 7.0 n. d. 100.0
(95.3-98.1) (99.4-100.0)

not vaccinated

1 progressively infected cats were defined as follows: p27 antigen-positive and proviral DNA-positive. ? regressively
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infected cats were defined as follows: p27 antigen-negative, proviral DNA-positive. 3 abortively infected cats were
defined as follows: p27 antigen-negative, proviral DNA-negative, anti-FeLV antibody-positive. * focally infected
cats were defined as follows: p27 antigen weak positive, proviral DNA-negative. FeLV, feline leukaemia virus;
ELISA, enzyme-linked immunosorbent assay; CI, confidence interval; PPV, positive predictive value (proportion
of predicted positives that were true positives); NPV, negative predictive value (proportion of predicted negatives
that were true positives); n. d., could not be determined as none of the samples tested negative in the anti-p15E

antibody enzyme-linked immunosorbent assay.

Table 8. Specificity, sensitivity, negative and positive predictive value of the point-of-care test after
20 min incubation time to detect feline leukaemia virus anti-p15E antibodies compared with the
results of a laboratory-based anti-p15E antibody enzyme-linked immunosorbent assay in cats from
Italy, Portugal, Germany, and France.

Prevalence of

Count Anti-p15E Sensitivity % Specificity % PPV % NPV %
Ty Antibodies (95% CI) (95% CI) (95% CI) (95% CI)
(ELISA) %
40.0 96.9 76.3 86.7
All cats 19.8 (32.9-47.4) (95.4-98.0) (66.6-84.3) (84.3-89.0)
Tl 212 50.9 94.8 725 87.8
y : (37.3-64.4) (90.9-97.4) (56.1-85.4) (82.8-91.7)
407 9.8 78.6 84.9
Portugal 25 (27.6-55.0) (93.1-98.8) (59.1-91.7) (79.4-89.4)
German 142 22 982 66.7 885
y : (11.2-37.1) (95.8-99.4) (38.4-88.2) (84.3-91.8)
France 1 4438 98.7 929 82.8
: (26.5-64.3) (93.1-100.0) (66.1-99.8) (73.6-89.8)

FeLV, feline leukaemia virus; ELISA, enzyme-linked immunosorbent assay; CI, confidence interval; PPV, positive
predictive value (proportion of predicted positives that were true positives); NPV, negative predictive value
(proportion of predicted negatives that were true positives).

Table 9. Specificity, sensitivity, negative and positive predictive value of the point-of-care test after
20 min incubation time to detect feline leukaemia virus anti-p15E antibodies compared with the results
of a laboratory-based anti-p15E antibody enzyme-linked immunosorbent assay, in progressively,
regressively, abortively, focally, and unexposed cats.

Prevalence
Course of Anti-p15E Sensitivity % Specificity % PPV % NPV %
FeLV-Infection Antibodies (95% CI) (95% CI) (95% CI) (95% CI)
(ELISA) %
40.0 96.9 76.3 86.7
All cats 198 (32.9-47.4) (95.4-98.0) (66.6-84.3) (84.3-89.0)
Progressive 789 90.0 100.0 100.0 727
infection ! : (73.5-97.9) (63.1-100.0) (87.2-100.0) (39.0-94.0)
Regressive 65.0 42.3 85.7 84.6 44.4
infection 2 : (23.4-63.1) (57.2-98.2) (54.6-98.1) (25.5-64.7)
Abortive 28.7 100.0
infection 3 100.0 (20.4-38.2) n. d. (88.8-100.0) n. d.
Focal 238 20.0 100.0 100.0 80.0
infection * : (0.5-71.6) (79.4-100.0) (2.5-100.0) (56.3-94.3)
FeLV unexposed 229 313 98.2 83.2 83.5
vaccinated : (11.0-58.7) (90.5-99.9) (35.9-99.6) (72.1-91.4)
FeLV unexposed 97.0 100.0
not vaccinated 0.0 n. d. (95.3-98.1) n. d. (99.4-100.0)

1 progressively infected cats were defined as follows: p27 antigen-positive and proviral DNA-positive.
2 regressively infected cats were defined as follows: p27 antigen-negative, proviral DNA-positive. 3 abortively
infected cats were defined as follows: p27 antigen-negative, proviral DNA-negative, anti-FeLV antibody-positive.
4 focally infected cats were defined as follows: p27 antigen weak positive, proviral DNA-negative. FeLV, feline
leukaemia virus; ELISA, enzyme-linked immunosorbent assay; CI, confidence interval; PPV, positive predictive
value (proportion of predicted positives that were true positives); NPV, negative predictive value (proportion
of predicted negatives that were true positives); n. d., could not be determined as none of the samples tested
negative in the anti-p15E antibody enzyme-linked immunosorbent assay.
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In total, 127 /185 samples that tested positive in the anti-p15E ELISA were not detected
in the PoC test, neither after ten minutes of incubation nor after 20 min. Particularly,
samples (36/185; 19.5%) whose readings were low in the anti-p15E ELISA (close to the cut-
off value; <20.0%) of the anti-p15E ELISA (16.3%) were not detected by the PoC test (32/36;
88.9%) (Figure 2). However, there was no significant difference in antibody concentrations
in the ELISA (median: 24.6%) between false negative samples and true positive samples
(median: 70.4%) in the PoC test.
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Figure 2. Percent deviations of median (red dot) anti-p15E antibody levels in the reference standard
(enzyme-linked immunosorbent assay, ELISA). Violin plots depicting the anti-p15E antibody levels
in percent for true positive, true negative, false positive, and false negative results in the point-of-care
(PoC) test and the significant differences between the groups. For each box-and-whisker diagram, the
solid line within the box represents the median. The lower and upper limits of the box represent the
interquartile range (25th and 75th percentiles). The whiskers delimit the range; green, orange, purple,
and pink dots represent the single cats. Cats with higher anti-p15E antibody levels in the ELISA
(median: 70.4%) had a significantly higher chance to be detected in the PoC test than cats with lower
antibody levels (median: 7.6%). In comparison, cats with low anti-p15E antibody levels in the ELISA
(median: 2.2%) were significantly more often detected as a true negative in the PoC test compared to
cats with higher antibody levels (median: 7.6%).

4. Discussion

Feline leukaemia virus (FeLV) has a worldwide distribution and is one of the most
important infectious agents in cats. Due to the complex pathogenesis and varying courses of
FeLV infection, diagnosis is difficult and often not possible with a single test [1-3]. The current
commercially available PoC tests for the identification of FeLV-infected cats are based on the
detection of p27 antigen and thus only detect progressively infected cats. In previous studies,
it has been shown that anti-p15E antibodies, in contrast to p27 antigen, are formed and can be
detected in blood in most cases after exposure to FeLV regardless of the course of infection
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(progressive, regressive, abortive, focal) [14,18,26]. However, the reference standard (ELISA)
for the detection of anti-p15E antibodies is only performed in specialized laboratories and
is currently offered by only a few institutes, and ELISA results are usually only available
after a few days. Therefore, a PoC test for in-house testing would be an important tool to
diagnose FeLV-exposed cats immediately at the visit at the veterinarian. For potential blood
donor cats, easy identification of regressively infected cats is of particular importance, as they
can transmit FeLV provirus to FeLV-naive cats via blood transfusions [11]. Identification of
regressively infected cats is also important in multi-cat households, as regressive infection
can be reactivated to progressive infection with virus shedding, especially after suppression
of the immune system. In addition, identification of FeLV-exposed cats (abortive infections)
prior to vaccination might be helpful in deciding whether or not to vaccinate cats against
FeLV [1-3]. A PoC test (v-RetroFel®, scil animal care company GmbH, Viernheim, Germany)
for simultaneous detection of p27 antigen and anti-p15E antibody was recently evaluated in
naturally FeLV-infected cats from Australia and Germany [17]. Unfortunately, the results in
this previous study were not very promising concerning the detection of anti-p15E antibodies
within this PoC test. Therefore, modifications were made by the manufacturer to improve the
PoC test for the detection of anti-p15E antibodies.

In the present study, the modified version of the PoC test (v-RetroFel® modified
version 2021) was easy and quick to perform under practical conditions due to storage
at room temperature and easy and few steps required during performance. However, in
approximately one third of the samples (21/58; 36.2%) that tested positive in the PoC test,
the anti-p15E antibody testing resulted in only a faint colour line. A faint colour line can
lead to uncertainty in result interpretation, making it challenging to determine whether
the test is truly positive or negative. Faint colour lines could potentially affect the test’s
accuracy. It is unlikely that the storage time and freezing/thawing of the samples could
have influenced the test performance. The results of a human study showed the stability of
polyclonal antibodies in serum samples during long-term storage at —65 °C and —20 °C,
during multiple freeze/thaw cycles, and during shipping [31].

Regarding the detection of p27 antigen, the PoC test showed a lower sensitivity (82.8%)
when considering all samples compared to the first version of the PoC test (91.3%) [17].
According to the manufacturer, no changes were made in the p27 antigen test components;
nevertheless, a low sensitivity in p27 testing is a disadvantage. Especially in countries with
a high prevalence of FeLV, test performance, particularly sensitivity (the ability to correctly
identify serum samples as positive), is the most important parameter for preventing the
spread of infection by infected cats. Furthermore, cats with false negative results do not
receive the appropriate medical attention and supportive care (e.g., isolation from other
cats, treatment of secondary diseases). In animal shelters and adoption programs, poor test
sensitivity can lead to unrecognized adoption of FeLV-infected cats. This not only puts the
newly adopted cat at risk (higher risk for secondary infections due to immunosuppression)
but can also lead to the unintentional spread of the virus to other cats within the shelter or
adoptive homes. Specificity for p27 antigen was high (96.0%) and thus comparable to the
one of the first version of the PoC test (98.3%) [17].

Regarding anti-p15E antibodies, the sensitivity of the PoC test was increased to 31.4%
compared to the first version of this test, where the sensitivity for Australian samples was
16.7% and for German samples was 8.3% [17]. All samples were interpreted both after
ten minutes (according to the manufacturer’s specification) and after 20 min of incubation
time to see whether an increase in sensitivity regarding anti-p15E antibodies is possible
with a prolonged incubation time. With an extension of the incubation time to 20 min, the
sensitivity regarding the detection of anti-p15E antibodies was increased from 31.4% to
40.0%, which is still low.

The PoC test was not able to detect most regressively, abortively, and focally infected
cats that tested positive in the anti-p15E antibody ELISA (sensitivity 34.6%, 17.0%, and
20.0%). At least in samples from progressively infected cats, the PoC test showed a high
sensitivity of 86.7%. However, detection of progressively infected cats through anti-p15E
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antibody detection is not essential as progressive infection is already detected through
the presence of p27 antigen. One reason for the high sensitivity with respect to anti-
p15E antibodies in progressively infected cats could be that many of these cats had high
antibody concentrations (median 78.6% of positive control) in the reference standard
(laboratory-based ELISA). In the present study, it was shown that cats with higher ELISA
antibody concentrations (median 70.4% of positive control) were detected more reliably
in the PoC test in contrast to cats with low ELISA antibody concentrations (median 24.6%
of positive control). Of the 127/185 false negative samples, 116/127 samples had an
ELISA antibody concentration < 50.0% of the positive control. At this point, it should be
mentioned that experimentally infected cats that tested positive in the anti-p15E antibody
ELISA were also all identified as positive in the PoC test. One possible reason for this
could be that the experimentally infected cats all showed a quite high antibody level of
over 45% of the positive control in the anti-p15E antibody ELISA. Such a high sensitivity
(95.7%) and specificity (100.0%) of the p15E ELISA was already shown in a previous
study [25] and was confirmed again in the present study, in which all experimentally
infected cats tested positive for the presence of anti-p15E antibodies in the p15E ELISA
(sensitivity: 100.0%, specificity: 100.0%). In addition, naturally infected cats could be
infected with FeLV subtypes that are not detected by the PoC test. Both the laboratory-
based ELISA and the PoC test used the transmembrane of FeLV subtype A (GenBank
accession no. AAA93093.1) [25]. In ELISA, a cut-off of >16.3% was used as the reference
standard for the detection of anti-p15E antibodies in naturally infected cats. The same
applies to the PoC test, which is designed to detect samples with an anti-p15E antibody
level of >16.3%. The determined cut-off values of the laboratory-based ELISA might
not be appropriate for all populations or conditions, including samples from different
geographic regions and different breeds or age groups of cats, factors that might have
affected the applicability of the test. Westman and colleagues already suggested that
the cut-off value, which determines whether a sample is considered positive, should be
carefully reevaluated [17].

The specificity of anti-p15E antibody testing was 96.9% in the present study using the
modified new version of the PoC test, comparable to the first version of the PoC test with
a specificity of 90.2% (Australia) and 93.7% (Germany), respectively [17]. In the present
study, a total of 23/934 samples were considered false positive. Contamination of the
sample with substances that mimic anti-FeLV antibodies could result in false positive
results. Another reason for a false-positive result in a PoC test can be the presence of
antibodies against antigens that mimic the FeLV p15E epitopes and therefore cause cross-
reactivity. In addition, previous vaccinations against FeLV can lead to positive results [25].
For this reason, it is important to consider the cat’s vaccination history when interpreting
test results. Nevertheless, it can be concluded that the detection of anti-p15E antibodies
more likely indicates a previous infection rather than vaccination. Similar results were
reported in previous studies, where the majority of vaccinated cats in Switzerland had
lower levels of anti-p15E antibodies than cats previously exposed to FeLV [25]. A recent
study showed that the response of p15E antibodies depended on the type of FeLV vaccine
administered. Cats vaccinated with an inactivated whole-virus FeLV vaccine (Fel-O-Vax®
Lv-K or Fel-O-Vax® 5) more likely had an anti-p15E antibody response compared to those
vaccinated with a subunit vaccine (Leucogen®) [17].

Further research is necessary to understand the clinical relevance of anti-p15E anti-
bodies. Cats with high anti-p15E antibody levels might be protected from FeLV infection.
In a previous study, it was shown that cats immunized with the FeLV transmembrane
protein p15E developed neutralizing anti-p15E antibodies [32]. An experimental study
attempted to include p15E in FeLV vaccines. In three of six cats immunized with p15E and
experimentally infected with FeLV, protection against FeLV antigenemia was observed at
day 960. The remaining three cats immunized with p15E were unprotected and developed
progressive FeLV infection after experimental infection with FeLV [33].
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5. Conclusions

The PoC test (v-RetroFel®; modified version 2021) provides results quickly. Espe-
cially when considering situations such as testing cats before vaccination against FeLV or
screening cats for FeLV before introducing them into a new household with other felids,
a quick and easy performance of the test would be essential. Sensitivity and specificity
of the PoC test for FeLV anti-p15E antibody detection was improved by modifications by
the manufacturer when compared to the first version of the PoC test. Nevertheless, the
sensitivity was still too low. A high sensitivity and a high positive predictive value are
however necessary to correctly identify cats that had contact with FeLV. Therefore, further
modifications of the PoC test should be made to improve sensitivity regarding detection of
anti-p15E antibodies before the test can be recommended for use under field conditions.
Moreover, it would be important to further explore the clinical relevance of anti-p15E
antibodies and to evaluate whether anti-p15E antibody-positive cats are protected against
FeLV infection.

Author Contributions: Conceptualization, K.H., M.B. and R.H.-L.; methodology, ].G., S.J]. and M.B,;
validation J.G.; formal analysis, ].G., M.B., K.H. and R.H.-L. investigation, ].G. and M.B.; resources,
K.H. and R.H.-L.; data curation, J.G., M.L.M. and R.H.-L.; writing—original draft preparation, ].G.;
writing—review and editing, K.H., M.B., S.J., M.LM,, S.T.-K.,, M.-G.P, N.L,, R.S,, S.B. and RH.-L.;
visualization, ].G. and Y.Z.; supervision, M.B., RH.-L. and K.H.; project administration, M.B., R.H.-L.
and K.H.; funding acquisition, K.H. and R.H.-L. All authors have read and agreed to the published
version of the manuscript.

Funding: J.G. was employed as a research assistant at the LMU Small Animal Clinic, Centre for
Clinical Veterinary Medicine, and her salary was paid by Scil. She also received a scholarship from
the DAAD (German Academic Exchange Service: 0001803286) from 1 July 2021 to 31 December 2021,
to support her research visit to the Clinical Laboratory at the Vetsuisse Faculty, University of Zurich.

Institutional Review Board Statement: Animal ethics approval for the sampling of the pet cats in
Germany was approved by the ethical committee (reference number 142-25-08-2018) of the LMU
Small Animal Clinic, Centre for Clinical Veterinary Medicine.

Informed Consent Statement: Informed, written consent was obtained from owners of all cats
participating in the studies as part of animal ethics approval. No animals or people are identifiable
within this publication; therefore, additional informed consent for publication was not required.

Data Availability Statement: All data presented in this paper are available upon request.

Acknowledgments: Scil Animal Care Company kindly donated v-RetroFel® test kits and paid
for J.G.’s employment at the Small Animal Medical Clinic in Munich. The laboratory work was
performed using the logistics and support of the Center for Clinical Studies at the Vetsuisse Faculty
of the University of Zurich.

Conflicts of Interest: The salary for ].G.’s employment as a research assistant at the Small Animal
Medical Clinic, Centre for Clinical Veterinary Medicine LMU Munich was paid by Scil Animal Care
Company. However, the funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.
The University of Zurich holds a patent on feline leukaemia virus (FeLV) transmembrane protein
p15E for the diagnosis of FeLV infection, and E.B. is one of the coinventors of this test.

1.  Hofmann-Lehmann, R.; Hartmann, K. Feline leukaemia virus infection: A practical approach to diagnosis. J. Feline Med. Surg.
2020, 22, 831-846. [CrossRef] [PubMed]

2. Hartmann, K.; Hofmann-Lehmann, R. What’s new in feline leukemia virus infection. Vet. Clin. N. Am. Small Anim. Pract. 2020, 50,
1013-1036. [CrossRef] [PubMed]

3. Little, S.; Levy, J.; Hartmann, K.; Hofmann-Lehmann, R.; Hosie, M.; Olah, G.; Denis, K.S. 2020 AAFP feline retrovirus testing and
management guidelines. J. Feline Med. Surg. 2020, 22, 5-30. [CrossRef] [PubMed]

4. Arjona, A.; Escolar, E.; Soto, 1; Barquero, N.; Martin, D.; Gomez-Lucia, E. Seroepidemiological survey of infection by feline leukemia
virus and immunodeficiency virus in Madrid and correlation with some clinical aspects. J. Clin. Microbiol. 2000, 38, 3448-3449. [CrossRef]

[PubMed]


https://doi.org/10.1177/1098612X20941785
https://www.ncbi.nlm.nih.gov/pubmed/32845225
https://doi.org/10.1016/j.cvsm.2020.05.006
https://www.ncbi.nlm.nih.gov/pubmed/32680664
https://doi.org/10.1177/1098612X19895940
https://www.ncbi.nlm.nih.gov/pubmed/31916872
https://doi.org/10.1128/JCM.38.9.3448-3449.2000
https://www.ncbi.nlm.nih.gov/pubmed/10970400

Viruses 2024, 16, 614 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Bandecchi, P.; Del'Omodarme, M.; Magi, M.; Palamidessi, A.; Prati, M. Feline leukaemia virus (FeLV) and feline immunodefi-
ciency virus infections in cats in the Pisa district of Tuscany, and attempts to control FeLV infection in a colony of domestic cats by
vaccination. Vet. Rec. 2006, 158, 555-557. [CrossRef] [PubMed]

Levy, J.K,; Scott, H.M.; Lachtara, J.L.; Crawford, P.C. Seroprevalence of feline leukemia virus and feline immunodeficiency virus
infection among cats in North America and risk factors for seropositivity. J. Am. Vet. Med. Assoc. 2006, 228, 371-376. [CrossRef]
Gleich, S.E.; Krieger, S.; Hartmann, K. Prevalence of feline immunodeficiency virus and feline leukaemia virus among client-owned
cats and risk factors for infection in Germany. |. Feline Med. Surg. 2009, 11, 985-992. [CrossRef] [PubMed]

Hofmann-Lehmann, R.; Gonczi, E.; Riond, B.; Meli, M.; Willi, B.; Howard, J.; Schaarschmidt-Kiener, D.; Regli, W.; Gilli, U.; Boretti,
F. Feline leukemia virus infection: Importance and current situation in Switzerland. Schweiz. Arch. Tierheilkd. 2018, 160, 95-105.
[CrossRef] [PubMed]

Burling, A.N.; Levy, ] K,; Scott, H.M.; Crandall, M.M.; Tucker, S.J.; Wood, E.G.; Foster, ].D. Seroprevalences of feline leukemia
virus and feline immunodeficiency virus infection in cats in the United States and Canada and risk factors for seropositivity.
J. Am. Vet. Med. Assoc. 2017, 251, 187-194. [CrossRef]

Firth, C.L.; Mostl, K. A survey of feline leukaemia virus antigenaemia among cats in eastern Austria: A retrospective analysis of
serum samples routinely tested between 1996 and 2011. ]. Feline Med. Surg. Open Rep. 2015, 1, 2055116915598336. [CrossRef]
Nesina, S.; Katrin Helfer-Hungerbuehler, A.; Riond, B.; Boretti, ES.; Willi, B.; Meli, M.L.; Grest, P.; Hofmann-Lehmann, R.
Retroviral DNA-the silent winner: Blood transfusion containing latent feline leukemia provirus causes infection and disease in
naive recipient cats. Retrovirology 2015, 12, 105. [CrossRef] [PubMed]

Haraguchi, S.; Good, R.A.; Day-Good, N.K. A potent immunosuppressive retroviral peptide: Cytokine patterns and signaling
pathways. Immunol. Res. 2008, 41, 46-55. [CrossRef] [PubMed]

Rojko, J.; Kociba, G. Pathogenesis of infection by the feline leukemia virus. J. Am. Vet. Med. Assoc. 1991, 199, 1305-1310. [CrossRef]
[PubMed]

Lutz, H.; Pedersen, N.; Higgins, J.; Huibscher, U.; Troy, F.A.; Theilen, G.H. Humoral immune reactivity to feline leukemia virus
and associated antigens in cats naturally infected with feline leukemia virus. Cancer Res. 1980, 40, 3642-3651. [PubMed]
Langhammer, S.; Fiebig, U.; Kurth, R.; Denner, J. Neutralising antibodies against the transmembrane protein of feline leukaemia
virus (FeLV). Vaccine 2005, 23, 3341-3348. [CrossRef] [PubMed]

Mehrotra, S.; Mishra, K.P; Yadav, V.S.; Bhattacharya, M.; Pandey, D.; Haq, W.; Singh, V.K. Inmunomodulation by peptide analogs
of retroviral envelope protein. Peptides 2003, 24, 979-985. [CrossRef] [PubMed]

Westman, M.E.; Giselbrecht, J.; Norris, ].M.; Malik, R.; Green, J.; Burton-Bradley, E.; Cheang, A.; Meili, T.; Meli, M.L.; Hartmann, K.
Field Performance of a Rapid Test to Detect Progressive, Regressive, and Abortive Feline Leukemia Virus Infections in Domestic
Cats in Australia and Germany. Viruses 2023, 15, 491. [CrossRef] [PubMed]

Giselbrecht, J.; Jahne, S.; Bergmann, M.; Meli, M.L.; Pineroli, B.; Boenzli, E.; Teichmann-Knorrn, S.; Zablotski, Y.; Pennisi, M.-G.; Layachi,
N. Prevalence of Different Courses of Feline Leukaemia Virus Infection in Four European Countries. Viruses 2023, 15, 1718. [CrossRef]
[PubMed]

Lutz, H.; Pedersen, N.; Theilen, G. Course of feline leukemia virus infection and its detection by enzyme-linked immunosorbent
assay and monoclonal antibodies. Am. J. Vet. Res. 1983, 44, 2054-2059.

Hofmann-Lehmann, R.; Tandon, R.; Boretti, ES.; Meli, M.L.; Willi, B.; Cattori, V.; Gomes-Keller, M.A.; Ossent, P.; Golder, M.C.; Flynn,
J.N.; et al. Reassessment of feline leukaemia virus (FeLV) vaccines with novel sensitive molecular assays. Vaccine 2006, 24, 1087-1094.
[CrossRef]

Lutz, H. Die Infektion mit Felinem Leukdmievirus: Immunologie und Serodiagnostik als Grundlage der Infektionsbekampfung.
Schweiz. Arch. Tierheilkd. 1984, 126, 91-109.

Lutz, H. Feline Leukaemia Virus. In Methods of Enzymatic Analysis Third Edition—Volume X Antigens and Antibodies I; Bergmeyer,
H.U., Ed.; Verlagsgesellschaft: Weinheim, Germany, 1986; Volume 19, p. 322.

Lutz, H.; Jarrett, O.; Suter, P. A one-step ELISA for the rapid detection of feline leukemia virus infection using monoclonal
antibodies: Further investigations. In Immunoenzymatic Techniques; Elsevier: Amsterdam, The Netherlands, 1983; pp. 363-368.
Lutz, H.; Pedersen, N.C.; Durbin, R.; Theilen, G. Monoclonal antibodies to three epitopic regions of feline leukemia virus p27 and
their use in enzyme-linked immunosorbent assay of p27. J. Immunol. Methods 1983, 56, 209-220. [CrossRef]

Boenzli, E.; Hadorn, M.; Hartnack, S.; Huder, J.; Hofmann-Lehmann, R.; Lutz, H. Detection of antibodies to the feline leukemia
Virus (FeLV) transmembrane protein p15E: An alternative approach for serological FeLV detection based on antibodies to p15E.
J. Clin. Microbiol. 2014, 52, 2046-2052. [CrossRef] [PubMed]

Tandon, R.; Cattori, V.; Gomes-Keller, M.A.; Meli, M.L.; Golder, M.C.; Lutz, H.; Hofmann-Lehmann, R. Quantitation of feline
leukaemia virus viral and proviral loads by TagMan real-time polymerase chain reaction. J. Virol. Methods 2005, 130, 124-132.
[CrossRef] [PubMed]

Helfer-Hungerbuehler, A K.; Widmer, S.; Hofmann-Lehmann, R. GAPDH pseudogenes and the quantification of feline genomic
DNA equivalents. Mol. Biol. Int. 2013, 2013, 587680. [CrossRef]

Gomes-Keller, M.A.; Gonczi, E.; Tandon, R.; Riondato, F.; Hofmann-Lehmann, R.; Meli, M.L.; Lutz, H. Detection of feline leukemia
virus RNA in saliva from naturally infected cats and correlation of PCR results with those of current diagnostic methods. J. Clin.
Microbiol. 2006, 44, 916-922. [CrossRef]


https://doi.org/10.1136/vr.158.16.555
https://www.ncbi.nlm.nih.gov/pubmed/16632529
https://doi.org/10.2460/javma.228.3.371
https://doi.org/10.1016/j.jfms.2009.05.019
https://www.ncbi.nlm.nih.gov/pubmed/19616984
https://doi.org/10.17236/sat00146
https://www.ncbi.nlm.nih.gov/pubmed/29386166
https://doi.org/10.2460/javma.251.2.187
https://doi.org/10.1177/2055116915598336
https://doi.org/10.1186/s12977-015-0231-z
https://www.ncbi.nlm.nih.gov/pubmed/26689419
https://doi.org/10.1007/s12026-007-0039-6
https://www.ncbi.nlm.nih.gov/pubmed/18506644
https://doi.org/10.2460/javma.1991.199.10.1305
https://www.ncbi.nlm.nih.gov/pubmed/1666072
https://www.ncbi.nlm.nih.gov/pubmed/6254637
https://doi.org/10.1016/j.vaccine.2005.01.091
https://www.ncbi.nlm.nih.gov/pubmed/15837241
https://doi.org/10.1016/S0196-9781(03)00189-X
https://www.ncbi.nlm.nih.gov/pubmed/14499276
https://doi.org/10.3390/v15020491
https://www.ncbi.nlm.nih.gov/pubmed/36851705
https://doi.org/10.3390/v15081718
https://www.ncbi.nlm.nih.gov/pubmed/37632060
https://doi.org/10.1016/j.vaccine.2005.09.010
https://doi.org/10.1016/0022-1759(83)90413-1
https://doi.org/10.1128/JCM.02584-13
https://www.ncbi.nlm.nih.gov/pubmed/24696026
https://doi.org/10.1016/j.jviromet.2005.06.017
https://www.ncbi.nlm.nih.gov/pubmed/16054243
https://doi.org/10.1155/2013/587680
https://doi.org/10.1128/JCM.44.3.916-922.2006

Viruses 2024, 16, 614 15 of 15

29.

30.
31.

32.

33.

ABCD. ABCD Diagnostic Tool. Available online: https://www.abcdcatsvets.org/wp-content/uploads/2022/11/TOOL_FeLV_
Feline_leukemia_virus_2020_EN.pdf (accessed on 10 May 2023).

Patil, I. Visualizations with statistical details: The’ggstatsplot’approach. J. Open Source Softw. 2021, 6, 3167. [CrossRef]
Hendriks, J.; Stals, C.; Versteilen, A.; Mommaas, B.; Verhoeven, M.; Tirion, F.; Haak, M.t.; Ribbens, W.; Bosch, M.; Trommel, M.
Stability studies of binding and functional anti-vaccine antibodies. Bioanalysis 2014, 6, 1385-1393. [CrossRef] [PubMed]
Langhammer, S.; Fiebig, U.; Kurth, R.; Denner, J. Increased neutralizing antibody response after simultaneous immunization with
leucogen and the feline leukemia virus transmembrane protein. Intervirology 2011, 54, 78-86. [CrossRef]

Langhammer, S.; Hubner, J.; Jarrett, O.; Kurth, R.; Denner, J. Inmunization with the transmembrane protein of a retrovirus, feline
leukemia virus: Absence of antigenemia following challenge. Antivir. Res. 2011, 89, 119-123. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.abcdcatsvets.org/wp-content/uploads/2022/11/TOOL_FeLV_Feline_leukemia_virus_2020_EN.pdf
https://www.abcdcatsvets.org/wp-content/uploads/2022/11/TOOL_FeLV_Feline_leukemia_virus_2020_EN.pdf
https://doi.org/10.21105/joss.03167
https://doi.org/10.4155/bio.14.96
https://www.ncbi.nlm.nih.gov/pubmed/24958122
https://doi.org/10.1159/000318892
https://doi.org/10.1016/j.antiviral.2010.11.011

	Introduction 
	Materials and Methods 
	Samples 
	Experimentally Infected Cats 
	Naturally Infected Cats 

	Laboratory Tests 
	Detection of Free FeLV p27 Antigen in Serum 
	Detection of FeLV Proviral DNA in Blood 
	Detection of FeLV Anti-p15E Antibodies in Serum 

	Classification of Courses of Infection and Vaccination Status 
	Point-of-Care Test (v-RetroFel®) 
	Statistical Analysis 

	Results 
	Performance of the PoC Test 
	FeLV p27 Antigen 
	Anti-p15E Antibodies 

	Discussion 
	Conclusions 
	References

