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ABSTRACT

Objectives: Recombinantly-engineered versions of the oncolytic virus VSV
are currently under clinical investigation for the treatment of several
different types of cancer. Here we aim to enhance the cancer-killing
oncolytic phenotype of VSV-1'GFP toward human malignant meningioma
cells using a directed evolution approach.

Material and Methods: Two independent trials of repeated growth of
VSV-1'GFP on cultures of meningioma IOMM-Lee cells were performed.
This adaptation procedure allows for the selection of viral mutants that
display an enhanced oncolytic phenotype. A fluorescent viral plague assay
was used to measure changes in plaque size indicative of enhanced viral
growth on these cancer cells. Sanger sequencing was used to identify the
viral mutations responsible.

Results: Adapted VSV-1'GFP from each of the growth trials yielded larger
fluorescent plaques than control virus, indicating the emergence of viral
mutants with increased growth on these meningioma cells. Plaques from
adapted virus were 184%+9% (Trial 1) and 166%+7% (Trial 2) larger than
control (n=60; p<0.001; ANOVA). Sequencing determined that adapted
virus from Trial 1 harbored 3 mutations: a silent mutation Y178Y in the M
gene, an E92K mutation in the G gene, and a K152R mutation in the L
gene. Trial 2 yielded 3 mutations in the G gene: N36T, E92K, and E254K.
Conclusion: The E92K mutation of the viral G-protein emerged
independently in both growth trials, suggesting that this change may play
a role in producing the enlarged-plaque phenotype and enhanced
oncolytic propagation in IOMM-Lee cells. Further investigations of the
prospect for treating malignant meningiomas using VSV-based oncolytic
virotherapy appear warranted and, to the best of our knowledge, the
present study appears to be the first directed evolution experiment
involving an oncolytic virus adapted to human meningioma cells.
Keywords: Vesicular stomatitis virus, oncolytic virus, meningioma,
mutagenesis

oz

Amag: Onkolitik virlis VSV’'nin rekombinant olarak tasarlanmis gesitleri
birkag farkl kanser turlintin tedavisi igin klinik olarak arastiriimaktadir. Bu
galismada, yonlendirilmis evrim yaklasimi kullanarak VSV-1’GFP’ nin insan
malign meninjiyom hiicrelerine yonelik kanser 6lduriicti onkolitik fenotipi-
ni gelistirmek hedeflenmektedir.

Gereg ve Yontemler: Meninjiyom IOMM-Lee hicrelerinin klturleri Gize-
rinde VSV-1’GFP’nin tekrarlanan biyimesine iliskin iki bagimsiz deneme
gergeklestirildi. Bu adaptasyon prosedurt, gelismis bir onkolitik fenotip
gosteren viral mutantlarin segimine olanak tanir. Bu kanser hicrelerinde
viral bllyimenin arttigini gosteren plak boyutundaki degisiklikleri 6lgmek
icin bir floresan viral plak tahlili kullanildi. Sorumlu viral mutasyonlari
tanimlamak igin Sanger dizilimi kullanildi.

Bulgular: Bliyime denemelerinin her birinden uyarlanmis VSV-1'GFP,
kontrol viristiinden daha buytk floresan plaklar verdi; bu, meninjiyom
hiucrelerinde artan buylme ile viral mutantlarin ortaya ¢iktigini gosterir.
Uyarlanmig virusten alinan plaklar kontrolden (n=60; p<0,001; ANOVA)
%184+%9 (Deneme 1) ve %1661%7 (Deneme 2) daha buyuktd. Dizileme,
Deneme 1'den uyarlanan viriisiin 3 mutasyon barindirdigini belirledi: M
geninde sessiz bir Y178Y mutasyonu, G geninde bir E92K mutasyonu ve L
geninde bir K152R mutasyonu. Deneme 2, G geninde 3 mutasyon ortaya
¢ikardi: N36T, E92K ve E254K.

Sonug: Viral G-proteininin E92K mutasyonu, her iki bllyime denemesinde
de bagimsiz olarak ortaya cikti; bu degisiklik, IOMM-Lee hiicrelerinde
genislemis plak fenotipinin ve gelismis onkolitik yayilimin tGretilmesinde rol
oynayabilecegini dustindirmektedir. Malign meninjiyomlarin VSV bazli
onkolitik viroterapi kullanilarak tedavi edilmesi olasiligina iliskin daha fazla
arastirma gerekli gortlmektedir ve bilgimiz dahilinde, mevcut galisma,
insan meninjiyom hicrelerine uyarlanmis bir onkolitik virisii iceren ilk
yonlendirilmis evrim deneyi olarak literattire katki sunmaktadir.

Anahtar Kelimeler: Vezikiller stomatit virts, onkolitik virus, meninjiom,
mutagenez
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INTRODUCTION

Oncolytic viruses are a heterogenous collection of recombi-
nant viruses that have been engineered to selectively target,
infect, and ultimately kill cancer cells; hence the term oncolytic
(onco=cancer; lytic=lysis) that is commonly used to describe
them (1, 2). Several different oncolytic viruses are currently
under investigation for clinical application in the treatment
of cancer (1, 2). In these experimental oncolytic virotherapy
treatment regimens, the virus is typically injected directly into
the solid tumor mass, where it initially infects a small frac-
tion of tumor cells. Over the course of several hours, the virus
replicates and new daughter viruses are released from these
infected cells to continue further cycles of viral infection and
replication throughout the tumor mass. Since the virus seizes
control of all the intracellular translation machinery to make
more copies of itself, infected cancer cells ultimately die (on-
colysis). Recombinantly-engineered poliovirus, measles, and
herpes simplex viruses have all been the focus of clinical trials
aimed at examining the safety and efficacy of these agents
in targeting and eliminating glioblastoma, multiple myeloma,
and melanoma, in addition to several other types of cancer
(3-5). In 2015, the Food and Drug Administration (FDA) of the
United States approved the first oncolytic virus, talimogene
laherparepvec (T-Vec), for use in the treatment of inoperable
late-stage melanoma (6). Another oncolytic virus with ther-
apeutic prospects that has been the focus of much interest
is vesicular stomatitis virus (VSV) (7, 8). VSV is an enveloped,
non-segmented ssRNA(-) virus from the family Rhabdoviridae
with human infections generally presenting as either asymp-
tomatic or with mild flu-like symptoms (Figure 1) (9). To date,
a wide assortment of recombinant VSVs have been generated
and tested for their oncolytic properties in vitro, with several
showing therapeutic potential in vivo using both immune-com-
promised animals implanted with human tumors and immune-
competent (syngeneic) animal tumor models (10-14). Efforts
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Figure 1: Molecular characteristics of vesicular stomatitis virus
(VSV). Illustration showing molecular anatomy of VSV particles
(top) and organization of VSV genome (below)

have also been made to exploit the highly-mutagenic nature of
this class of ssRNA(-) virus by adapting recombinant oncolytic
VSVs for growth on cultures of specific types of cancer cells, e.g.
pancreatic cancer, breast cancer, and glioblastoma cells (15-18).
These directed evolution strategies of viral mutagenesis aim to
select mutant cancer-specific variants of VSV that exhibit an
enhanced oncolytic phenotype targeting the cancer of interest.

Here we describe a directed evolution experiment utilizing the
recombinant oncolytic virus VSV-1'GFP to target cultures of the
immortalized human malignant meningioma cell line IOMM-
Lee. Meningiomas are the most frequently encountered type of
primary brain tumor and although the majority of these tumors
are benign, a small subset is highly-aggressive and result in
significant morbidity (19, 20). Several genes have been identi-
fied as playing a role in meningioma oncogenesis and include
NF2, TRAF7, KLF4, AKT1, among others (21, 22). The IOMM-Lee
cell line utilized in the present study was initially established
from a freshly-resected intraosseous malignant meningioma
of the skull taken from a 61-year old male (23, 24). Multiple
passages of VSV-1'GFP on cultures of these cells resulted in the
emergence of an enhanced oncolytic phenotype accompanied
by several mutations of the viral genome that were identified
through Sanger sequencing.

MATERIALS and METHODS

Cell cultures and recombinant virus

The human malignant meningioma IOMM-Lee cell line utilized
in the present study was a kind gift from the laboratory of M.
Gunel (Yale University School of Medicine). Cells were cultured
using Dulbecco’s Modified Eagle Medium cat no. 11965-092
(Gibco/ThermoFisher Scientific, Waltham, MA, USA) supple-
mented with 10% FBS cat no. 16000-044 (Gibco) and 1% Pen-
Strep solution cat no. 15140-122 (Gibco) (23-25). Cultures were
maintained in an incubator with a humidified atmosphere at
37°C supplemented with 5% CO,.

The recombinant oncolytic virus VSV-1'GFP was a kind gift from
the laboratory of S. Whelan (Washington University School of
Medicine in St. Louis). This virus was engineered to expresses
green fluorescent protein (GFP) from the first (1’) genomic po-
sition. Virus was grown and harvested as described previously
(26, 27).

Repeated passage experiments

The day before infection, IOMM-Lee cells were seeded into 35
mm dishes or wells at a density of 5.0 x 10°. The following day,
nearly confluent cultures were inoculated with virus and incu-
bated 1 hr to allow time for viral adsorption and infection. After
incubation, the inoculum was removed, the cells were washed
with PBS, and fresh medium was added before returning the
cultures to the incubator. After 24 hrs, cultures were observed
under fluorescent microscopy and a sample of media contain-
ing newly generated viral progeny was drawn and used as in-
oculum to infect a fresh set of cultures. Remaining medium was
harvested and stored at -80 °C for later analysis. This repeated
passage procedure was continued for 22-24 cycles of infection.
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The initial VSV-1'GFP inoculum used to infect the first culture
(pO) consisted of a 15 pL volume containing 2.4x10°infectious
virions. In subsequent passages, the volume of viral inoculum
was varied in response to the observed viral propagation of
the previous passage.

Plaque-size assay and fluorescent imaging

VSV-1'GFP expresses GFP as a reporter protein, thus, fluores-
cent imaging was used to determine the size of viral plaques
that develop on infected cell monolayers in a plaque assay (12,
28). Briefly, confluent monolayers of IOMM-Lee cells grown in
6-well plates were inoculated using 1 mL volumes of serially-
diluted virus and allowed to incubate at 37 °C for one hour.
After adsorption, the viral inoculum in each well was aspirated
and cell monolayers were overlaid with 2 ml of 0.5% (wt/vol)
Ultrapure GPG/LE agarose cat no. ABO0972 (American Bioana-
lytical, Natick, MA, USA) that had been melted and mixed with
growth medium. After 3-5 min of solidification, the overlaid
plates were returned to the 37 °C incubator for 24 hrs to allow
time for viral plaque development.

Visualization of fluorescent plaques and infected cell monolay-
ers was performed using an inverted IX71 fluorescent micro-
scope system (Olympus, Tokyo, Japan) fitted with a GFP filter
set. Images were captured using a SPOT digital camera (Di-
agnostic Instruments, Sterling Heights, MI, USA) and further
processed using Adobe Photoshop 7.0 (Adobe Systems, San
Jose, CA, USA). Individual fluorescent plaques were measured
across their diameter directly from a computer monitor and
60 plaques were randomly measured from each experimental
condition to determine the mean plaque-size of the population.

Viral genome sequencing

Viral genomic RNA for sequencing was isolated from the culture
medium of infected cells using the QlAamp Viral RNA Mini Kit
cat no. 52904 (QIAGEN, Germantown, MD, USA). This RNA was
then used as template for generating cDNAs in a reverse-tran-
scription reaction with SMARTScribe Reverse Transciptase cat
no. 639537 (Takara Bio, San Jose, CA, USA). The oligos AF00001
and DF04742 were used in these reactions (RT1, RT2). Viral
genomic cDNAs were then used to generate a series of seven
overlapping PCR products (A, B, C, D, E, F, and G), covering the
length of the VSV-1’GFP genome. These PCR products ranged
in size from 1.5 — 2.3 kb and were generated using the Phusion
High-Fidelity PCR Master Mix kit cat no. M0531S (New England
Biolabs, Ipswich, MA, USA). The annealing temperatures used
for Phusion High-Fidelity PCR were calculated using the online
NEB Tm Calculator at the New England Biolabs website (tmcal-
culator.neb.com). After amplification, PCR products were puri-
fied using the QlAquick PCR Purification kit cat no. 28104 (QIA-
GEN), mixed with sequencing primer, then submitted to the
Keck DNA Sequencing Facility (Yale University School of Medi-
cine, New Haven, CT, USA) for automated DNA sequencing. All
oligos were synthesized by IDT (Integrated DNA Technologies,
Inc., Research Triangle Park, NC, USA) . The numbering associ-
ated with each oligo is indicative of the nucleotide position in
the original recombinant VSV genome (29). Recombinant VSV

reference sequence used in the design of oligos and primers
was obtained from plasmid # 31833 available on the Addgene
website (www.addgene.org). VSV glycoprotein sequence of the
wild-type Orsay strain of Indiana serotype VSV was obtained
from GenBank Accession: M11048 (30). Initial sequencing of
the G gene of the founder stock of VSV-1'GFP immediately af-
ter arrival in the lab found that there are five variations in the
founder sequence relative to the GenBank M11048 sequence,
i.e. c.3918A>G, (p.GIn26Arg); c.4115A>G, (p.Lys92Glu);
c.4440C>T, (p.Thr200Met); c.5022T>C, (p.Leu394Ser) and
€.5247T>G, (p.Phe469Cys). At this time, it is unclear whether
these variations were present in the original VSV-1'GFP plasmid
construct used to generate the virus or emerged later during
standard harvesting and maintenance of viral stocks.

Statistical analysis

Fluorescent plaque-size data were compared using a one-way
Analysis of Variance statistical model (ANOVA), followed by
post-hoc analysis (Bonferroni’s test) and were computed using
the InStat version 3.0b software package (GraphPad Software,
Boston, MA, USA). P-values <0.05 were considered significant.

RESULTS

Repeated passage of virus using IOMM-Lee cells

Cultures of human malignant meningioma IOMM:-Lee cells
were inoculated with VSV-1'GFP and incubated for 24 hrs to
allow time for viral propagation (Figure 2). Since VSV-1'GFP
expresses green fluorescent protein (GFP) as a reporter mol-
ecule, the extent of viral infection in IOMMe-Lee cultures was
easily monitored using fluorescent microscopy. After 24 hrs,
a sample of inoculum containing newly generated viral prog-
eny was collected and used to infect fresh IOMM-Lee cultures
(Figure 2). Two independent trials (performed serially) of this
repeated passage procedure were conducted with Trial 1 con-
sisting of 24 passages and Trial 2 consisting of 22. During the

repeated passage of virus on IOMM-Lee cells
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Figure 2: Directed evolution of VSV-1'GFP by repeated passage.
Diagram depicting inoculation of IOMM:-Lee cells with virus
and transfer of newly generated viral progeny to fresh cultures
after 24 hrs
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course of these trials, robustly infected cultures prompted the
use of smaller volumes of inoculum (one-half to one-third) in
the next subsequent passage (Figure 3, left). Likewise, weakly
infected cultures prompted the use of greater volumes of in-
oculum (Figure 3, center). The rationale behind this strategy
was aimed at maximizing the potential number of cycles of
viral replication per passage. A culture that becomes fully in-
fected within the first few hours after inoculation leaves few
remaining host cells available for infection and further cycles of
viral replication. Thus, an oversupply of infectious virions at the
outset of a passage might be expected to slow the emergence
of new mutations and their fixation within the viral population.

cDNAs. The first cDNA (RT 1) included the GFP reporter gene
and the viral N, P, M, and G genes. The second cDNA (RT 2)
contained the viral polymerase L gene. RT 1 cDNA was then
used as template to generate 3 overlapping PCR products (A,
B, C) spanning the length of RT 1; RT 2 was used as template
for 4 PCR products (D, E, F, G). Sanger sequencing was then
used to sequence all PCR products. After assembly and inspec-
tion of the sequencing chromatograms, several mutations were
identified in the genomes of the late-passage virus from both
trials (Figure 6). Late-passage virus (p24) in Trial 1 harbored
3 mutations: a silent mutation Y178Y in the M gene and two
amino acid altering mutations, E92K in the G gene and K152R

Figure 3: Infection of IOMM-Lee cells with VSV-1’GFP. Phase-contrast (above) and fluorescent images
(below) of infected cultures. Highly infected culture (left) displays numerous rounded cells due to cel-
lular cytopathic effects (CPE) of infection. Less infected culture (center) displays fewer CPE and fewer
GFP positive cells. Uninfected culture (right) included as control

Altered phenotype: Viral plaque-size

The application of a semi-solid agarose overlay restricts the
diffusion of newly generated viral progeny to an area imme-
diately surrounding the initial infected host cell and, over the
course of hours, results in the development of a viral plaque
or circular-shaped area of robustly infected cells (28). Using
confluent cultures of IOMM-Lee cells, we compared the size
of fluorescent viral plaques that developed after infection with
early- (p1) and late- (p24 and p22) passage viral inoculum har-
vested from both repeated passage trials (Figure 4). In both
Trial 1 and Trial 2, late-passage virus yielded larger fluorescent
plagues than early-passage virus; late-passage plaques were
184% + 9% and 166% + 7% larger, respectively (n=60; p<0.001;
ANOVA).

Altered genotype: VSV-1’GFP mutations

Next we decided to perform whole viral genome sequencing
to determine what mutations had emerged in VSV-1’GFP that
might account for the enlarged fluorescent plaque phenotype
(Figure 5). Viral genomic RNA was extracted from both early-
(p1) and late- (p24 and p22) passage virus from both trials
and reverse-transcribed into two overlapping single-stranded

in the L gene. Trial 2 late-passage virus (p22) also harbored 3
mutations that all altered amino acids within the G gene: N36T,
E92K, and E254K. Sequences of the early-passage (p1) virus
from both trials matched each other and pre-existing sequence
of the original founder stocks. Interestingly, some regions of
the late-passage genomic sequence from both trials appeared
to harbor what may be additional mutations that have not yet
become genetically fixed in the viral population (e.g. Figure 6
p22 in K152R column). However, it is unclear from the sequenc-
ing chromatograms alone what fraction of the virions in the
population may possess these types of alterations.

DISCUSSION

A common feature among RNA viruses is their ability to mutate
very quickly (31). This high frequency of mutagenesis is under-
stood to arise from a lack of proof-reading activity by the virally-
encoded RNA polymerases responsible for replicating the viral
genome (32, 33). For VSV, this RNA polymerase is encoded by
the L gene and has been estimated to yield mutation rates as
high as one mutation per genome per replication cycle (34,
35). Additionally, measurements of recombinant VSV growth
kinetics in vitro indicate that the time between initial cellular
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Figure 4: Viral plaque-size assay of early- and late-passage VSV-1'GFP. Fluorescent plaques were imaged 24 hrs after infection
and agarose overlay of IOMM:-Lee cells. Trials 1 and 2 are shown (left and right, respectively). Plaques from later passages (p24,
p22; bottom) are larger than initial passage (p1; top). Size measurements (n=60 plaques per condition) indicate a significant
increase (p<0.001; ANOVA) in plaque size. Circles depict mean plaque-size with standard error (small projection) and histograms

depict plaque-size distribution (red markers indicate mean)
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Figure 5: PCR-based VSV-1'GFP sequencing strategy.
Illustration (top) shows VSV RNA genome, cDNA products (#1
and #2 generated by reverse-transcription with oligos AF00001
and DF04742, respectively), and resulting PCR products (A, B,
C, D, E, F, G) generated using high-fidelty PCR. PCR reactions
and conditions are listed (center). Agarose gel of purified PCR
products (bottom)

infection and release of new viral progeny (the latency period)
ranges from 2-3 hrs (12, 36). Thus, over the course of a 24 hr
period, one might expect 8 to 12 cycles of VSV replication to
occur. Finally, single cell analysis suggests that, after infection
and prior to cell death, nearly 1,000-2,000 new progeny VSV
virions can be released from a single infected host cell (37). The
high VSV mutation rate, fast replication kinetics, and robust
release of progeny virions all contribute to the production of
a genetically diverse VSV population that is highly adaptable

and amenable to experiments involving artificial selection, as
demonstrated by the directed evolution experiment of the
present study.

Of the four amino acid altering mutations that emerged in VSV-
1’GFP after repeated passage on IOMM-Lee cultures, three
(N36T, E92K, and E254K) were localized to the G gene, with the
E92K mutation emerging twice, independently in both trials.
While cross-contamination between cultures and experiments
is always a concern, this explanation for the presence of E92K
in both trials can be excluded due to the presence of the silent
Y178Y mutation found in the M gene from Trial 1, yet absent
from the sequence of Trial 2. Despite being conducted serially
rather than in parallel, if cross-contamination between the tri-
als had somehow occurred, then this silent mutation from the
first trial would also have been carried over into the second tri-
al. Thus, the E92K mutation appears to have emerged indepen-
dently in both trials and may be playing a role in producing the
enlarged-plague phenotype observed in the plaque-size assay.

The VSV glycoprotein or G-protein encoded by the G gene is an
integral membrane protein localized to the plasma membrane
enveloping the VSV virion. This protein is responsible for the
initial attachment and fusion of the virus with the host cell and is
critical to host cell entry, infection, and continued propagation (9,
38). Since the G-protein plays such an integral role in the VSV rep-
lication cycle, even minor changes to the amino acid sequence
might be expected to measurably influence the growth and size
of viral plaques in the context of a plaque-size assay. Interestingly,
the wild-type sequence of the Orsay strain of Indiana serotype
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Figure 6: Mutations identified in late-passage VSV-1'GFP genomes. Diagram showing genomic location
of mutations that emerged after repeated passage in each trial (top left). Sequence chromatograms
(bottom left) from wild-type and late-passage virus covering each mutation site. Nucleotides and amino
acids differing from wild-type are highlighted in magenta. Sequences of oligos used for RT, PCR, and

automated DNA sequencing are also listed (right)

VSV (GenBank Accession: M11048) from which the VSV-1'GFP
G-protein is derived, codes for a lysine (K) at codon 92, the same
as that found in both of our IOMM-Lee derived late-passage mu-
tants. Initial sequencing of the G-protein in the founder stock of
VSV-1'GFP immediately after arrival in the laboratory indicated
several deviations from the M11048 sequence (see Methods),
one of which was the substitution of glutamate (E) at codon 92.
At this time, it is unclear whether these variations were present
in the original VSV-1'GFP plasmid construct used to first gen-
erate the virus, or emerged some time later during standard
maintenance of viral stocks. To replenish viral stocks, VSV is most
frequently grown and harvested from infected cultures of BHK-
21 cells (baby hamster kidney cells) or Vero cells (African green
monkey kidney cells). Both of these cell lines harbor defects of
their innate immune system, making them highly permissive cel-
lular hosts suitable for the maintenance propagation of viruses
(39, 40). One possibility is that VSV-1’GFP was originally gen-
erated using the wild-type K92 codon and, through repeated
maintenance propagation on either BHK-21 or Vero cells lack-
ing a functional innate immune system, mutated to become the
E92 variant found in our VSV-1'GFP founder stocks. Repeated
passage on IOMM-Lee cells, which appear to display at least a
partially functional innate immune response, may have simply
re-introduced a wild-type selection pressure that shifted the vi-
ral population back to the original wild-type codon of K92 (41).
Further work will be necessary to determine what role, if any,
innate immune effects might play in the emergence, or loss, of
the E92K mutation.

Recently, a directed evolution experiment involving two differ-
ent oncolytic VSVs (VSV-p53wt and VSV-p53-CC) was reported
in which 33 repeated passages were used to adapt each virus to
pancreatic cancer cells (18). Interestingly, after sequencing each
of the adapted viral genomes, a pair of G-protein mutations
(K174E and E238K) were found to have emerged in both of

these independently adapted viruses. Whereas, in the context
of this single study, one might argue that a pair of mutations in-
volving the same two amino acids, i.e. glutamate (E) and lysine
(K), may simply be a coincidence, this same reasoning becomes
less plausible when we also consider the E92K and E254K mu-
tations found in our IOMM-Lee adapted VSV-1'GFP. The Orsay
VSV G-protein is assembled from 511 amino acids, of which
26 (5.1%) are glutamate (E) and 30 (5.9%) are lysine (K). Given
a single E or K residue taken from a pool of the 511 Orsay G-
protein residues, the probability of randomly drawing a second
E or Kis 55/510 or 10.8%. The probability of randomly drawing
a pair of E or K residues from two duplicate pools in only two
draws from each pool is [(56/511) (55/510)]% or 0.0014%. At
neutral pH, both glutamate and lysine are charged molecules
with glutamate being negative (-E) and lysine positive (+K).
It has been suggested that the K174E and E238K mutations
might improve virus entry into pancreatic cancer cells due to
their proximity to the region of the G-protein that undergoes
a large conformational rearrangement during the process of
virion fusion with the endosomal membrane (17). A similar
argument could potentially be made for the E92K and E254K
mutations and IOMM:-Lee cells. Since this fusion event is trig-
gered by acidification of the endosome, mutations in this region
of the G-protein that result in a substitution with an oppositely
charged amino acid (e.g. -E = +K) may influence the sensitiv-
ity of this triggering mechanism (42, 43). Taken together, the
finding that cells from two very different types of cancer, i.e.
pancreatic cancer and malignant meningioma, both yielded
pairs of E/K mutations localized to the same region of a single
protein warrants further investigation. Additional work exam-
ining the influence of extracellular pH on these, and similar
G-protein mutants may prove informative.

Finally, the N36T mutation of the G-protein in Trial 2 and the
K152R mutation of the L-protein in Trial 1 appear to have no
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obvious basis for comparison in the literature. However, the
sequencing chromatogram for the K152R site from Trial 2 is
suggestive of a heterogenous population of virions, some with
the K152R mutation and some without (Figure 6 p22 in K152R
column). This apparently mixed population of mutant and wild-
type virions may indicate the initial emergence of the K152R
mutation in Trial 2, prior to becoming genetically fixed in the
viral population, as it has in Trial 1. Newly-engineered recom-
binant VSVs (reverse-genetics) will be required to investigate
which of the 4 amino acid altering mutations of the present
study are necessary and sufficient for the production of the
enlarged-plaque phenotype.

CONCLUSION

The present study demonstrates that in vitro directed evolution
techniques can be applied to adapt mutation-prone oncolytic
viruses for improved growth on cultures of human meningioma
cells. After adaptation on IOMM-Lee cells in two independent
trials, VSV-1'GFP was found harboring 3 non-synonymous muta-
tions (N36T, E92K, E254K) of the glycoprotein (G) responsible
for viral entry and 1 non-synonymous mutation (K152R) of the
RNA polymerase protein (L) responsible for RNA synthesis and
replication of the viral genome. One of these mutations (E92K)
was found to have emerged independently in both adaptation
trials, thus suggesting a role for this mutation in the production
of the enlarged plaque-size phenotype found on IOMM-Lee
cells. Further investigations of the prospect for treating ma-
lignant meningiomas using VSV-based oncolytic virotherapy
appear warranted.
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