Effects of physiologic concentrations of L-lysine
on in vitro replication of feline herpesvirus 1
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Objective—To evaluate the effects of various concentrations of L-lysine on in vitro replica-
tion of feline herpesvirus 1 (FHV-1).

Sample—Cultures of Crandell-Rees feline kidney (CRFK) cells.

Procedures—CRFK cells were inoculated with FHV-1 and maintained in media with 20
combinations of L-arginine and L-lysine concentrations. Changes in cell viability were moni-
tored by continuous measurement of electrical impedance of cultured cells and by observa-
tion of viral cytopathic effects. Viral load was determined by use of quantitative PCR assay
in supernatants obtained from infected cultures at specified time points.

Results—Increases in L-lysine concentration had no effect on the kinetics of cell death in
FHV-1-infected cultures. There was also no significant effect (©» < 0.1) on viral DNA load for
L-arginine concentrations > 12 pg/mL There was a significant effect of increases in L-lysine
concentration on viral DNA load in media supplemented with 6 pg of L-arginine/mL (mean
+ SD slope, 4,641 + 1,626 units; adjusted r? = 0.45). However, the difference between
the lowest (1 X 10528 copies/ulL) and highest (1 X 105% copies/uL) FHV-1 DNA load in these
media was < 1 logarithm.

Conclusions and Clinical Relevance—The difference in FHV-1 DNA load was unlikely to
be biologically important. Various L-lysine concentrations did not inhibit in vitro replication of
FHV-1 at L-arginine concentrations sufficient to maintain cell growth. This conclusion was
consistent with results of other studies in which investigators have not detected a consis-
tently beneficial effect when L-lysine is administered to FHV-1-infected cats. (Am J Vet Res
2014,75:572-580)

ABBREVIATIONS
Cell index
Cytopathic effect

Feline herpesvirus 1 is classified in the family Her-
pesviridae, subfamily Alphaherpesvirinae, and ge-
nus Varicellovirus within the newly established order  cpg

Herpesvirales.! Infections with FHV-1 are common  CREK Crandell-Rees feline kidney

among cats throughout the world.>> Primary FHV-1 = DEF GM  L-lysine- and L-arginine—deficient growth
infections may not cause clinical signs or can result medium

in clinical disease of differing severity, particularly in DMEM Dulbecco modified Eagle medium
young animals.*® The most common clinical manifes-  FHV Feline herpesvirus

tations of FHV-1 infection are rhinitis, conjunctivitis, HSV Herpes simplex virus

and keratitis. Clinical signs in affected kittens include =~ NLFK Northern line feline kidney

fever, lethargy, anorexia, rhinotracheitis with serous to ~ gPCR Quantitative PCR

mucopurulent ocular and nasal discharges, sneezing,
and sometimes coughing. The virus is shed in oropha-
ryngeal and ocular secretions for up to 1 to 3 weeks.*’
Uncomplicated FHV-1 disease typically resolves within
1 to 2 weeks after infection. However, the virus estab-

cats presumably remain infected for life.>'° Such cats
may periodically have recrudescence of latent FHV-1 in-
fection, which may or may not be accompanied by clin-

lishes latency in neuronal tissues, and FHV-1-infected
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ical disease. The most serious consequence of FHV-1
recrudescence is development of ocular lesions.*!!

The idea of treating herpesvirus infections with
orally administered r-lysine originated in the mid-
1970s when it was suggested that 1-lysine might be a
treatment for HSV infections in humans.!* The prem-
ise for treatment with r-lysine was the finding that the
titer for HSV grown in esophageal epithelial cells was
> 5-fold as high as when the virus was cultivated in
Eagle medium supplemented with 70 pg of L-lysine/mL
versus 180 pg of L-lysine/mL." In that same study,” the
authors suggested that L-lysine was not essential for the
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growth of human HSV in vitro. In fact, the lysine-free
medium supported growth of the virus better than did
complete Eagle medium when either was added to a
monolayer of Minn EE cells 48 to 72 hours after inocu-
lation. In contrast, omission of L-arginine or histidine
from the culture media profoundly inhibited viral repli-
cation in the same experiment.

Because of the similarities between pathogenesis of
FHV-1 infections in cats and HSV infections in humans,
the data obtained with HSV were anecdotally extrapo-
lated to FHV-1."* Conclusions reached for a subsequent
in vitro study' appeared to support the notion that
a high concentration of r-lysine might inhibit FHV-1
replication. In the experience of the authors, this has
resulted in the subsequent use of L-lysine for treatment
of FHV-1-associated diseases by a number of veterinar-
ians. However, in vivo studies”'®! conducted to ex-
amine the effects of 1-lysine supplementation on the
severity of rhinitis and conjunctivitis in cats or FHV-1
shedding have provided inconsistent results, without a
strong support for the use of r-lysine treatment. Simi-
lar studies on the efficacy of L-lysine supplementation
on HSV lesions in human populations have yielded
conflicting results, with some authors finding a benefi-
cial effect?®* and others failing to detect a beneficial
effect.>*

The main drawback of 1 in vitro study® is that the
viability of cells grown under various culture condi-
tions was not reported. Hence, it is difficult to differ-
entiate between the direct effects of various amino acid
deficiencies on the growth of the virus and the indirect
effects mediated by the influence of the media on the
metabolism and viability of cells in which the virus is
grown. Because viruses use the cellular machinery for
their replication, it is difficult to separate these direct
and indirect effects.

To provide support for the in vivo use of r-lysine
supplementation for treatment of FHV-1 infections, in-
formation on the in vitro effects of 1-lysine on FHV-1
replication in healthy, viable cells would be most rel-
evant. Inhibition of viral replication would be expected
if the cell culture environment does not adequately
support cell growth. To illustrate this point, viability of
CRFK cells grown in various combinations of r-lysine
(0, 200, and 300 pg/mL) and r-arginine (0, 2.5, and 5
png/mL) concentrations was < 50%, compared with vi-
ability for cells grown in the control medium, and no cells
were viable in medium without i-lysine and r-arginine
supplementation.” The titer of FHV-1 grown in all of the
L-lysine- and L-arginine—supplemented media that sup-
ported cell growth was reduced, compared with the titer of
FHV-1 grown in control medium (DMEM containing 84
ug of L-arginine/mL and 146 pg of L-lysine/mL). However,
although virus replication in media containing 2.5 ug of
L-arginine/mL was reduced with increasing concentra-
tions of L-lysine, this relationship was reversed in media
containing 5 ug of L-arginine/mL."

In clinically normal cats, mean plasma concen-
trations of 1-lysine are between 11.7 and 16.8 pug/mlL,
whereas those of L-arginine are between 17.1 and 25.1
pg/mL.'%1%* Dietary supplementation of r-lysine re-
sults in mean plasma concentrations between 42 and
97 pg/mL, depending on the supplementation regimen

used.”'*?* Although these values are extracellular rath-
er than intracellular concentrations of r-lysine, they
provide guidance as to the physiologic range within
which in vitro amino acid concentrations have rel-
evance for potential in vivo effects. Hence, the ranges
of L-lysine and 1-arginine concentrations reported in 1
study’ were outside the physiologic ranges expected to
be achievable in vivo.

Therefore, the objective of the study reported here
was to examine the effects of L-lysine and r-arginine on
in vitro replication of FHV-1. Specifically, we intended
to determine whether there was significant inhibition of
FHV-1 replication when the concentrations of L-lysine
and L-arginine were within the range required to sup-
port cell growth in vitro and within the range achiev-
able in vivo.

Materials and Methods

Cell culture—Crandell-Rees feline kidney cells or
NLFK cells were used for propagation of FHV-1. Cells
initially were maintained in growth medium that con-
sisted of advanced minimal essential medium?* supple-
mented with 4% (vol/vol) fetal bovine serum,’ 1% (vol/
vol) r-alanyl-1-glutamine dipeptide,® and 1% (vol/vol)
penicillin-streptomycin solution® (final concentration,
100 U of penicillin/mL and 100 pg of streptomycin/
mL). Cells were cultured in accordance with standard
cell culture protocols.”

Preparation of virus stock—A New Zealand field
isolate (V060996) of FHV-1 was purified by use of the
limited dilution method in NLFK cells. Briefly, superna-
tants from the highest dilution of the virus that caused
viral CPE in NLFK cells was collected and used to inoc-
ulate tissue culture flasks seeded with fresh NLFK cells.
Flasks were maintained at 37°C in a 5% CO, humidified
atmosphere and observed daily for viral CPE. When
100% of the cells had viral CPE, the flasks were sub-
jected to 2 freeze-thaw cycles; supernatants then were
collected, clarified by means of low-speed centrifuga-
tion (300 X g for 10 minutes), divided into aliquots, and
stored at —80°C for further use. One aliquot of the virus
was thawed and titrated in accordance with standard
methods.*

Propagation of FHV-1 in media with various con-
centrations of L-arginine and L-lysine—The DEF GM
consisted of DMEM¢? supplemented with 10% (vol/vol)
fetal bovine serum, 1% (vol/vol) r-alanyl-L-glutamine
dipeptide, and 1% (vol/vol) penicillin-streptomycin
solution. To assess the effect of various L-lysine and
L-arginine concentrations on viral growth, DEF GM
was supplemented with defined concentrations of
L-lysine¢ and r-arginine® (Appendix). Routine mainte-
nance of cells was achieved with DEF GM supplement-
ed with 126 g of L-arginine/mL and 320 ug of L-lysine/
mL. All experiments were performed with CRFK cells;
the cells were maintained in accordance with standard
cell culture protocols.”

Experiment 1—Seven 96-well tissue culture plates
were used in the experiment; 6 plates were used for col-
lection of samples and determination of DNA load, and
the other plate was used for real-time cell monitoring.!
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On each plate, all wells in 6 columns received an al-
iquot (0.1 mL) of medium with a low concentration
of r-arginine (36 pg/mL), and the other 6 columns
received an aliquot of medium with a high concentra-
tion of r-arginine (252 pg/mL). The concentration of
L-lysine in the medium differed across rows. The media
added to columns 1 through 6 of each of the low— and
high-1-arginine wells also contained serial concentra-
tions of 1-lysine (20, 40, 80, 160, 320, and 640 pg/mL).
Crandell-Rees feline kidney cells grown in mainte-
nance media were passaged, collected, and resuspend-
ed at a concentration of 4 X 10° cells/fmL of DEF GM
and added (50 uL) to each well of the plates. Finally,
50 uL of virus suspension containing 2 X 10° TCID,  of
FHV-1 was added to each well in rows 1 through 4 of
each plate, and 50 UL of DEF GM (cell control samples)
was added to each well in rows 4 through 8 of each
plate. Thus, each well contained 2 X 10* cells mixed
with 2 X 10° TCID,, of FHV-1 (moiety of infection, 0.1)
in DEF GM supplemented with r-arginine to achieve a
final concentration of 18 pg/mL (low arginine) or 126
pg/mL (high arginine) and final L-lysine concentrations
of 10, 20, 40, 80, 160, and 320 ug/mL for columns 1
through 6, respectively, for each of the low— and high—
L-arginine media. Plates were incubated at 37°C in a
5% CO, humidified atmosphere for a predetermined
amount of time. The plate used for real-time cell moni-
toring was incubated under the same conditions as for
the tissue culture plates but in a separate incubator.

Experiment 2—Experiment 2 was performed as
described for experiment 1, with 2 modifications. For
the first modification, each well in 6 columns of the
plates received an aliquot of DEF GM supplemented
with 12 pg of r-arginine/mL (low arginine; final con-
centration, 6 ug/mL), whereas each well in the other 6
columns of the plates received an aliquot of DEF GM
supplemented with 24 pg of L-arginine/mL (high argi-
nine; final concentration, 12 ug of L-arginine/mL). For
the second modification, 2 X 10* TCID, of FHV-1 (moi-
ety of infection, 1) was added to each well in rows 1
through 4 of each plate.

Verification of free amino acid concentrations—
To determine the accuracy of the amino acid dilutions,
concentrations of L-lysine and r-arginine were measured
in selected aliquots of media collected 6 hours after the
start of incubation and stored at —20°C. Eight media
were selected, with concentrations ranging from 10 to
320 pg of 1-lysine/mL and 6 to 126 pg of rL-arginine/
mL. Concentrations of free amino acids were assayed
in thawed aliquots by use of high-performance liquid
chromatography at a commercial laboratory.®

Assessment of viral growth and cell viability—At
predetermined time points (6, 12, 24, 48, and 72 hours
after inoculation with FHV-1), one of the tissue culture
plates was removed from the incubator and used for
processing. The plate was examined for evidence of vi-
ral CPE by visual observation of cells with an inverted
microscope ocular.

Cell viability in FHV-1-infected cells and uninfect-
ed control cells grown under the same conditions in the
designated plate was monitored by use of a real-time

system' and analyzed with proprietary software." The
system measured the electrical impedance created by a
monolayer of cells grown on the base of the gold-coated
culture well. The higher the number of cells present on
the base of the well, the larger the impedance between
electrodes in the base of the culture well and the culture
media. Changes in cell number, morphology, adhesion,
or viability can result in changes in impedance. A unit-
less variable termed the CI was derived to measure the
relative change in electrical impedance over time. Mea-
surements were collected for the cell-monitoring plate
at 15-minute intervals for 72 hours.

Collection of samples—At each predetermined
time point (6, 12, 24, 48, and 72 hours after inoculation
with FHV-1), cell culture supernatants, which included
detached cells, were collected from 1 of the 6 replicate
96-well plates. Collected supernatants were stored at
—20°C until further use. Extractions of DNA were per-
formed with a commercial kit,! which was used in ac-
cordance with the manufacturer’s instructions; DNA
extractions were used for determination of viral load.

qPCR assay—A qPCR assay was used to enumer-
ate the FHV-1 DNA load over time, which was used as a
marker for virus replication. A subset of uninfected con-
trol cells was included as a negative control sample. The
DNA extracted from cell culture supernatants was used
as a template in the qPCR assay at a dilution of 1:10. The
qPCR assay was performed with primers and a probe
as described elsewhere.!! The reaction mixture (final
volume, 10 puL) contained 0.4uM of each primer (FHV
forward: 3’-AGAGGCTAACGGACCATCGA-5" and
FHV reverse: 5-GCCCGTGGTGGCTCTAAA C-3'),
80nM of FHV TagMan probe (FAM-TATATGTGTC-
CACCACCTTCAGGATCTACTGTCGT-TAMRA) in a
reaction mix,) and 2 UL of template DNA. Samples were
subjected to an incubation step with uracil N-glycosyl-
ase (2 minutes at 42°C), followed by an initial dena-
turation—enzyme activation step (5 minutes at 95°C)
and then by 45 cycles (denaturation for 3 seconds at
95°C and annealing-extension for 30 seconds at 60°C,
with acquisition of fluorescence at the end of each an-
nealing-extension step). Quantitative FHV-1 standards
were prepared by cloning gel-purified FHV-1 PCR assay
product (81 bp) into a plasmid vector® in accordance
with the manufacturer’s instructions. The plasmid-con-
taining FHV-1 DNA was linearized by digestion with
a restriction endonuclease' and serially diluted (range,
107 to 10° copies of FHV-1 DNA/UL). Negative (unin-
fected CRFK cells) and nontemplate (water or elution
buffer) control samples were included in each run of
the assay. All assays were performed in triplicate. The
concentration of FHV-1 DNA in each sample was cal-
culated on the basis of the standard curve computed
by use of software supplied with the real-time instru-
ment™; results were expressed as the number of FHV-1
copies/UL of template.

Statistical analysis—All data were tested for nor-
mality with the Anderson-Darling test. Data that were
not normally distributed were logarithmically trans-
formed, which normalized the data. The association be-
tween Cl and L-lysine concentration was tested for each
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L-arginine concentration by use of linear regression. The
CI for each 1-lysine concentration was compared be-
tween L-arginine concentrations with a 1-way ANOVA
followed by a Tukey multiple comparison test. To eval-
uate the effect of increases in 1-lysine concentration on
viral replication, the association between viral DNA
load and r-lysine concentration was tested for each
concentration of L-arginine by use of linear regression.
Linear regression also was used to compare planned
amino acid concentrations with measured concentra-
tions. Significance was defined as values of P < 0.05.

Results

Effect of various L-lysine and r-arginine concen-
trations on cell growth—The CI curves of uninfected
cells cultured in media with various r-arginine and
L-lysine concentrations were determined throughout
the 72-hour culture period. Increasing the 1-lysine
concentration did not significantly affect cell growth
(adjusted r* < 0.3) for cells grown in media with 12
and 18 ug of r-arginine/mL (Figure 1). Increasing the
L-lysine concentration significantly decreased the CI
of cells grown in media with 6 ug of r-arginine/mL
(mean =+ SD slope, —0.003152 + 0.000639; adjusted r* =
0.53; P < 0.001) and, to a lesser degree, the CI of cells
grown in media with 126 ug of r-arginine/mL (mean
slope, —0.001949 + 0.000538; adjusted r* = 0.37; P =
0.002). The CI of cells grown in media with 6 ug of
L-arginine/mL was significantly less than the CI of cells

1"l'|'I'l'l'l'l'l'l'rl'l'l'l'ﬂ'l'l'l'rl'l'l'l'ﬂ'l'l'l'|'l'l'l

0 100 200 300
Lysine (ng/mL)

Figure 1—Viability for uninfected CRFK cells seeded at 2 X 10*
cells/well and cultured for 72 hours in media with various concen-
trations of L-lysine and t-arginine in experiment 1 (final L-arginine
concentrations, 18 ug/mL [black triangles and dashed black line]
and 126 ug/mL [white triangles and solid black line]) and experi-
ment 2 (final L-arginine concentrations, 6 pg/mL [gray circles and
solid gray line] and 12 ug/mL [gray circles and dashed gray line]).
The Cl is proportional to the confluence of the cells. Increasing
the L-lysine concentration significantly decreased the Cl of cells
grown in media with 6 pg of L-arginine/mL (mean + SD slope,
—-0.003152 + 0.000639; adjusted r2 = 0.53; P< 0.001) and 126 pg
of L-arginine/mL (mean slope, -0.001949 + 0.000538; adjusted r2
=0.37; P=0.002). The CI of cells grown in media with 6 ug of L-
arginine/mL was significantly (P < 0.05) lower than the Cl of cells
grown under all other conditions, except for L-lysine concentra-
tions of 20 and 40 ug/mL.

grown under all other conditions, although this differ-
ence was not significant for media with 20 and 40 pg of
L-lysine/mL. The CI of cells in those wells was not sig-
nificantly different from the CI of cells grown with the
corresponding L-lysine concentrations in media supple-
mented with 12 ug of r-arginine/mlL. Thus, increasing
the L-lysine concentration had some inhibitory effect
on cell growth, which was most evident for cells grown
in media with an 1-arginine concentration of 6 pg/mL
and an 1-lysine concentration > 80 ug/mL.

Effect of changes in i-lysine and L-arginine con-
centrations on viability of FHV-1-infected cells—In
contrast to the CI curves of uninfected cells, the CI
curves of cells infected with FHV-1 reached a peak at
approximately 15 and 19 hours after initiation of cul-
ture in experiments 1 and 2, respectively. This was fol-
lowed by a rapid decrease of the CI because of death
of infected cells, which corresponded with the first ap-
pearance of typical herpesvirus CPE in replicate cell
cultures. There was no significant difference between
the CIs of FHV-1-infected cells grown in media with
various concentrations of r-arginine and r-lysine. The
medium that yielded the highest CI curve over time
was 0 [g of L-arginine/mL and 320 ug of r-lysine/mL,
whereas the medium that yielded the lowest CI curve
over time was 6 ug of r-arginine/mL and 10 ug of
L-lysine/mL (Figure 2). All other CI curves from both
experiments were between those 2 CI curves.

Effect of various L-lysine and r-arginine concen-
trations on FHV-1 DNA load—The number of viral
DNA copies increased rapidly during culture. The
kinetics of FHV-1 DNA load in cells grown in media
supplemented with the lowest (6 pg/mL) and highest
(126 pg/mL) concentrations of L-arginine and various
concentrations of L-lysine were determined (Figures 3
and 4). The maximum viral DNA load was detected at
48 to 72 hours after inoculation; values ranged from 5.3

Time (h)

Figure 2—Representative Cl curves for cells inoculated with
FHV-1 and cultured for 72 hours in experiment 2. The CRFK cells
were seeded (2 X 10* cells/well) and inoculated with FHV-1 (time
0; moiety of infection, 1). The Cl was determined at 15-minute in-
tervals for each of quadruplicate wells, and the mean Cl was cal-
culated. Data represent the mean (solid line) and SEM (dashed
lines) for wells that yielded the highest ClI curve (6 pg of t-argi-
nine/mL and 320 pg of t-lysine/mL [black lines]) and lowest ClI
curve (6 pug of L-arginine/mL and 10 pug of L-lysine/mL [gray lines]).
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X 10° copies/UL to 9.3 X 10° copies/UL for experiment
1 and from 3.0 X 10° copies/UL to 7.3 X 10° copies/uUL
for experiment 2. The numbers of viral DNA copies per
microliter of supernatant after culture for 72 hours in
all 24 media were determined (Figure 5). At that time
point, there was no significant effect of increasing the
media concentration of L-lysine on the viral DNA load

108
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B2 108
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© T -&- Lysine 40
S o 104 -¥- Lysine 80
4 -+ Lysine 160
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0 12 24 36 48 60 72
Time (h)

Figure 3—Change in FHV-1 DNA load over time in experiment 1.
The CRFK cells were seeded (2 X 10* cells/well) and inoculated
with FHV-1 (time 0; moiety of infection, 0.1). Cells were grown
in media supplemented with L-arginine at 126 pg/mL and various
concentrations of L-lysine (10 to 320 ug/mL). Data represent the
mean + SEM for triplicate wells.

when L-arginine was supplemented at 12, 18, and 126
pug/mL (* < 0.1; all P > 0.3). There was a significant
effect of increasing the concentration of L-lysine on the
viral DNA load in media supplemented with 6 pg of
L-arginine/mL (mean + SD slope, —4,641 + 1,626; ad-
justed r* = 0.45; P = 0.017). However, the difference be-
tween the lowest (10%%® copies/uL) and highest (10
copies/uL) FHV-1 DNA load in media supplemented
with 320 or 10 pg of r-lysine/mL, respectively, was
only 0.58 log. In addition, at each concentration of
L-lysine, the number of viral DNA copies at the 72-
hour time point was similar (within 1 log) in media
supplemented with all 4 r-arginine concentrations.
At the 48-hour time point, there was no signifi-
cant effect of increasing the media concentration of
L-lysine on viral DNA load when L-arginine was sup-
plemented at 6 pug/mL and 12 pg/mL (r* < 0.2; all
P > 0.2). There was a small but significant effect of
increasing the concentration of L-lysine on viral DNA
load in media supplemented with 18 pg of L-arginine/
mL (mean slope, —1.599 X 10° + 0.645 X 10° r* = 0.28;
P =0.02). In addition, a slightly higher viral DNA load
was detected in wells with higher 1-lysine concentra-
tions than in wells with lower 1-lysine concentrations
in media supplemented with 126 pg of L-arginine/mL
(mean slope, 2.173 X 10° + 0.537 X 10% r* = 0.51; P <
0.001). However, the difference in viral load detected
at various L-lysine concentrations for these 2 1-arginine
concentrations was < 0.5 log and thus not likely to be
biologically important. All uninfected control cells had
negative results when tested for FHV-1 DNA.

Measurement of amino acid concentrations—Free
amino acid (i-lysine and r-arginine) concentrations

Figure 4—Change in FHV-1 DNA load over time in experiment 2.
The CRFK cells were seeded (2 X 10* cells/well) and inoculated
with FHV-1 (time O; moiety of infection, 1). Cells were grown
in media supplemented with L-arginine at 6 ug/mL and various
concentrations of L-lysine (10 to 320 ug/mL). Data represent the
mean + SEM for triplicate wells.
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Figure 5—The FHV-1 DNA load in supernatants collected after
0 12 24 36 48 60 72 C%FK cells were cultured for 72 hourspin 24 media with various
Time (h) concentrations of L-lysine and L-arginine in experiment 1 (final
L-arginine concentrations, 18 and 126 pg/mL) and experiment 2
(final L-arginine concentrations, 6 and 12 ug/mL). Increasing the

concentration of L-lysine had a significant effect on the viral DNA
load in media supplemented with 6 ug of L-arginine/mL (mean
+ SD slope, —4,641 + 1,626; adjusted ? = 0.45; P = 0.017, al-
though this effect was most likely not biologically important. Data
represent the mean + SEM for triplicate wells. See Figure 1 for
remainder of key.
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Figure 6—Correlation between planned concentrations of L-lysine
and L-arginine in the cell culture media and measured concentra-
tions of these 2 amino acids after CRFK cells were cultured for 6
hours with or without FHV-1. Data were not normally distributed;
thus, the data are reported as the log, of the concentration. The
regression line (r? = 0.99; P< 0.001; n = 11 amino acid concentra-
tions) was defined by the equation y = 0.9139x + 0.2565.

were assayed in supernatant obtained from selected
wells representing 8 cell culture conditions, which in-
cluded 4 wells infected with FHV-1 and the correspond-
ing 4 control (uninfected) wells. There was a strong
correlation between measured and planned amino acid
concentrations (Figure 6).

Discussion

Since the early 2000s, 1-lysine has been recom-
mended as an orally administered treatment to reduce
respiratory tract or ocular disease and shedding of
FHV-1 in cats infected with the virus. The underlying
premise for that recommendation is the 2000 study"
in which investigators determined that replication of
FHV-1 was inhibited in vitro when cell culture media
were supplemented with extra 1-lysine. However, viral
growth in that study® was suppressed in media supple-
mented with 200 or 300 ug of r-lysine/mL only in the
presence of 2.5 g of L-arginine/mL but not in the pres-
ence of 5 pug of L-arginine/mL. In addition, viability of
cells in all tested media was poor. This highlighted the
finding that alterations in culture conditions could have
a direct effect on cells, independent of any effect on the
inoculated virus. In fact, only approximately 10% of
cells grown under conditions that were most suppres-
sive to FHV-1 replication were viable. Similar to results
described in that 2000 study," growth of cells in media
supplemented with the lowest amount of L-arginine (6
pg/mL) in the present study was reduced in comparison
with that in media with a higher 1-arginine concentra-
tion. Thus, the reduction in viral titers in cells grown
in media suboptimal for supporting cell growth could
simply have reflected lower numbers of cells available
for virus infection and replication, rather than direct
inhibition of viral growth.

The intent of the present study was to reevaluate
the in vitro effects of various concentrations of L-lysine

and r-arginine but with concentrations that were with-
in the range necessary to support cell growth. Under
the experimental conditions described for the present
study, various concentrations of i-lysine (10 to 320
png/mL) and r-arginine (6 to 126 pug/mL) had no effect
on kinetics of FHV-1-induced cell death in FHV-1-in-
fected cells. When the L-arginine concentration was be-
tween 18 and 126 pg/mL, there was no effect of L-lysine
on the viral DNA load. Although there was a significant
reduction in the viral DNA load in wells containing
media supplemented with 6 ug of L-arginine/mL, the
difference in viral DNA copy number was only 0.58 log
over the entire range of 1-lysine concentrations tested,
and thus this difference was unlikely to be biologically
important. Additionally, it is worth mentioning that the
reduction in FHV-1 load paralleled the reduction in cell
viability, as assessed by the shape of CI curves. There-
fore, as mentioned previously, the observed effects may
simply be explained by poorer support of FHV-1 repli-
cation by cells with poorer viability.

A novel method for measuring cytotoxic effects
was used in the present study. We used a real-time
analysis system developed to improve testing of cyto-
toxic effects; details of the system have been described
elsewhere.”” The system allows continuous monitoring
of cell adhesion, proliferation, spreading, death, and
detachment, thus creating a kinetic description of the
cellular effects of viral infection. The system is sensitive
enough to detect small differences in cellular responses
to noxious stimuli that may not be detected by conven-
tional endpoint assays.”® We chose to use this system
for the experiments to maximize the chance of detect-
ing differences in cellular changes induced by viral
replication throughout the entire 72 hours of the pres-
ent study, rather than detecting differences only at pre-
selected time points. However, we did not detect effects
of changes in concentrations of 1L-lysine or L-arginine on
the kinetics of FHV-1—-infected cell death as determined
by serial measurements of the CI.

In a 1964 study,”> HSV replication was inhibited
when the 1-lysine concentration was increased from 70
to 180 ug/mL in Eagle medium (which contains 126 ug
of L-arginine/mL), although the difference in viral titer
between the 2 media was only 0.75 log. We did not find
this to be the case for FHV-1 replication in the pres-
ent study, despite the fact we evaluated higher 1-lysine
concentrations at the same concentration of L-arginine.
Possible explanations for the difference in these find-
ings include differences in sensitivity to L-lysine among
herpesviruses, cell culture systems, or viral detection
methods used (DNA quantification vs determining the
number of plaque-forming units).

Genomes of the alphaherpesviruses, including
FHV-1, are similar, and several viral proteins have been
described.” All 20 common amino acids, including
L-lysine and r-arginine, are used in FHV-1 proteins.3
Plasma concentrations of r-lysine and r-arginine in
healthy cats are between 12 and 16.2 pug/mL for 1-lysine
and between 12.2 and 17.4 ug/mL for L-arginine.?* Di-
etary supplementation can increase mean plasma con-
centrations of 1-lysine to 42 pg/mL, but higher 1-lysine
concentrations in the diet cause a reduction in food
intake.?* Tt is difficult to compare in vitro cell culture
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media concentrations to in vivo plasma concentrations
because plasma concentrations are physiologically
regulated, whereas media concentrations gradually de-
crease unless the media are replenished. For this rea-
son, concentrations of amino acids in media used for in
vitro cell culture are typically much greater than plasma
concentrations of the same amino acids. For example,
DMEM contains 146 pg of r-lysine/mL and 84 pg of
L-arginine/mL, respectively.

It is even more difficult to relate extracellular con-
centrations of L-lysine and L-arginine to intracellular
concentrations of these amino acids, although it is the
latter that are used by the replicating virus. The same
pathway is used for transport of L-lysine and 1-arginine
into mammalian cells, which creates a potential for com-
petition between the 2 amino acids.” Thus, it has been
suggested that the ratio of L-lysine to L-arginine, rather
than the concentration of each amino acid, is critical
in achieving an inhibitory effect on viral replication.*
Investigators in 1 study" evaluated ratios of L-lysine to
L-arginine as high as 120 (300 pug of t-lysine/mL to 2.5
ug of L-arginine/mL). At that ratio, there was a nonsig-
nificant reduction in the titer for FHV-1, compared with
the titer for FHV-1 in the control medium. Although
the authors of that study' stated that the reduction in
FHV-1 titer was > 50%, actual titers were not reported.
Therefore, the biological importance of this reduction is
uncertain. By comparison, the reduction in viral titers
observed in the present study for FHV-1 grown in me-
dia supplemented with 6 pg of r-arginine/mL was also
> 50% between wells with 10 ug of r-lysine/mL (7.3 X
10° TCIDsymL) and wells with 320 pg of r-lysine/mL
(1.9 X 10¢ TCIDSO/mL). However, this corresponded to
a difference of only 0.58 log, which is unlikely to be
biologically important. The maximum ratio of r-lysine
to L-arginine tested in the present experiments was
53.3 (320 ug of t-lysine/mL to 6 ug of L-arginine/mL).
If a higher ratio is needed before there is inhibition of
FHV-1, it is difficult to imagine how that could be
achieved in vivo. Plasma 1-arginine concentrations may
decrease to < 6 pug/mL in cats from which food is with-
held after being fed a diet devoid of L-arginine; this is as-
sociated with a severe risk of hyperammonemia and en-
cephalopathy?*?* Similarly, dietary supplementation of
L-lysine that resulted in plasma concentrations > 42 ug/
mL also reduced food intake.?* Thus, it would be diffi-
cult to obtain a plasma concentration ratio of 1-lysine to
L-arginine > 50 in healthy cats in vivo.

In the present study, a qPCR assay was used to
quantify viral replication. It is possible that not all vi-
ral DNA was derived from infectious virions. Conse-
quently, we cannot fully exclude the possibility that
altering the ratio of L-lysine to L-arginine had an effect
on replication of the infectious virus without alter-
ing the amount of viral DNA production. Titration of
the infectious virus in cell culture supernatants could
have been used to test this hypothesis, but this was
not performed as part of the present study. However,
real-time impedance data did not reveal obvious differ-
ences in the kinetics of cell death among the various
media formulations, which suggested that production
of defective viruses was not a likely explanation for
the results.

A lack of in vitro effects does not exclude the possi-
bility of an in vivo effect. In an evaluation of cutaneous
HSV-1 infection, guinea pigs were inoculated cutane-
ously with HSV-1 at the same time as direct application
of L-lysine or placebo solutions.* Placebo-treated guin-
ea pigs developed typical cutaneous lesions, but the
L-lysine—treated group did not. In addition, HSV-1 was
recovered from the skin of all guinea pigs, regardless
of clinical signs, but HSV-1 was recovered only from
the dorsal root ganglia of the L-lysine—treated group but
not from the dorsal root ganglia of the placebo-treated
group. The authors of that study® suggested that the
presence of L-lysine at the site of infection altered the
tropism for the dorsal root ganglia and prevented the
development of local lesions through an immunomod-
ulatory effect. Macrophage function is affected by the
availability of L-arginine, which is required for nitric
oxide production and for lipopolysaccharide-induced
intracellular signaling.’**” However, a direct role for
L-lysine in affecting immune responses has not been re-
ported to our knowledge. In poultry, a dietary excess of
L-lysine increases renal arginase activity and can lead
to sufficient loss of L-arginine as to cause arginine de-
ficiency*® Suppression of growth has been detected in
dogs fed high concentrations of r-lysine.** However,
at the doses achievable for healthy cats, increasing the
L-lysine intake did not significantly suppress plasma
L-arginine concnetrations.”* We cannot exclude that
these relationships are altered in ill cats. For example,
human patients with sepsis have reduced plasma con-
centrations of L-arginine.*** By extrapolation, the rela-
tive ratio of plasma concentrations of L-lysine to L-argi-
nine may be higher in diseased cats than in healthy cats,
and dietary supplementation with the same amount of
L-lysine may yield different biological effects for differ-
ent physiologic conditions.

The efficacy of oral administration of supplemen-
tary L-lysine to cats with various stages of FHV-1 in-
fection has been evaluated.”'*" In 1 study,' cats in a
treatment group received 600 mg of L-lysine twice daily
as a bolus beginning 6 hours prior to inoculation with
FHV-1; this resulted in a mean plasma L-lysine concen-
tration of 97 pg/mL. All cats, regardless of whether they
received supplementary L-lysine, developed clinical
signs of ocular or respiratory tract disease after inocu-
lation with FHV-1. Although clinical scores were re-
duced in cats receiving L-lysine, compared with clinical
scores for the control group, there was no difference
in viral shedding between the 2 groups.” In another
study,” administration of a once-daily bolus of 400 mg
of L-lysine to cats previously infected with FHV-1 re-
sulted in peak plasma L-lysine concentrations of 65 ug/
mL and reduced viral shedding but had no effect on
clinical signs. In that study,” most cats remained healthy
regardless of L-lysine administration despite an attempt
to recrudesce latent FHV-1 infection by the administra-
tion of corticosteroids. Thus, these results of controlled
studies provide little support for the use of supplemen-
tary L-lysine as an aid to reduce clinical disease or virus
shedding following FHV-1 infection.

Effects of supplemental r-lysine on ocular and re-
spiratory tract disease in naturally infected cats has been
evaluated.'*""Resultsofthesestudiesshouldbeinterpret-
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ed with caution because FHV-1 is not the only pathogen
involved in infectious rhinitis and conjunctivitis in cats
under natural conditions. Nonetheless, incorporation of
L-lysine into a basal diet of cats from a research colony
affected by endemic rhinitis and conjunctivitis did not re-
duce clinical signs in the treated group.'® Indeed, signs of
ocular and respiratory tract disease were detected in 22 of
25 (88%) cats fed a lysine-supplemented diet, compared
with only 15 of 25 (60%) cats in the control group. Of 7 cats
that seroconverted to FHV-1 during the study, 6 were in the
L-lysine—supplemented group. The mean serum concen-
tration of r-lysine was 43 pg/mL for the supplemented
group, compared with 14 pg/mlL for the control group.'

Similarly, we are not aware of beneficial effects of
supplemental 1-lysine on the prevalence of respira-
tory tract and ocular disease in shelter populations of
cats. In 1 study,'” there was no difference in the rates of
development of mild rhinitis or conjunctivitis be-
tween cats receiving an L-lysine-supplemented diet
and control cats for a period of 4 weeks. However,
moderate to severe disease was more common in the
L-lysine—supplemented group during week 4 than in
the control group, and FHV-1 DNA was detected more
commonly in ocular swab specimens obtained from
L-lysine—treated cats than from control cats. In that
study,' L-lysine was added (1.7% [wt/wt]) to a basal diet
of the supplemented group, which resulted in a mean
plasma concentration of 36 pug/mL at the end of the
4-week study. In another study,'® healthy cats and kittens
were assigned to receive no treatment or a daily bolus of
L-lysine (500 or 250 mg) over a period of 5 months.
Plasma L-lysine concentrations were not measured, but
the treatment did not reduce the frequency or severity
of clinical signs in the L-lysine—treated animals (n = 144
cats or kittens), compared with results for the untreated
control cats or kittens (147). The conclusions of the au-
thors of that study'® were that lysine supplementation
may not be effective in preventing upper respiratory
tract infections in cats in a stressful shelter situation
and that time, staffing, and money may be better spent
developing infection control practices, limiting fomite
transmission, and generally reducing stress. The results
of the in vitro investigation reported here supported the
conclusions from in vivo studies.

The data reported here provided an extension of a
previous study.”” Although in some aspects, the data for
the present study were similar to those reported in that
other study,” our interpretation of these data and our
conclusions differed from those reported previously. We
tested the hypothesis that increasing the concentrations
of L-lysine in media supplemented with r-arginine at
concentrations compatible with supporting cell growth
would inhibit FHV-1 replication in vitro. We rejected
that hypothesis and therefore find that the premise for
administering supplemental r-lysine is false. The lack
of evidence for benefits of supplemental L-lysine on the
outcome of FHV-1 infection in vivo is consistent with
data for the present study. Thus, data from the present
study were in agreement with the notion that, contrary
to popular belief, there is currently little scientific merit
in recommending 1-lysine treatment to cats for control
of upper respiratory tract disease attributable to infec-
tion with FHV-1.
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