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Abstract

Background: B-cell proliferative disorders, such as post-transplant lymphoproliferative disease (PTLD), are increased
among persons afflicted by T-cell compromise. Most are Epstein—Barr virus (EBV) 4 and can first present with a focal
lesion. Direct introduction of oncolytic viruses into localized tumors provides theoretical advantages over chemo-
therapy, immunotherapy and radiation therapy by reducing systemic toxicity. Despite extensive study as a vehicle
for gene therapy, adeno-associated viruses (AAV) have rarely been applied to human cancer research due to techni-
cal and theoretical obstacles. Moreover, human B-cells have historically been described as resistant to AAV infec-
tion. Nonetheless, advances using different recombinant (r)AAV serotypes with unique tropisms to deliver cytotoxic
therapy suggested a localized anti-tumor approach was feasible.

Methods: As a prelude to the development of a therapeutic vehicle, the ability of fifteen distinct EGFP-bearing rAAV
serotypes to transduce human B-cells, including primary, immortalized, and B-cell tumor lines + EBV was assessed by
confocal microscopy, flow cytometry and subsequently cell viability assay.

Results: Rank order analysis revealed augmented transduction by rAAV6.2 and closely related virions. EBV infec-
tion of EBV-negative B-cell tumor lines and EBV immortalization of primary B-cells increased susceptibility to rAAV6.2
transduction. As a proof of concept, transduction by rAAV6.2 encoding herpes simplex virus type 1 (HSV1)-thymidine
kinase (TK) eliminated TK-negative rhabdomyosarcoma cells and diminished viability of transduced B-cell lines upon
incubation with ganciclovir.

Conclusions: rAAV serotypes differentially transduce human B-cell lines reversing the dogma that human B-cells
are refractory to AAV infection. EBV 4 B-cells display increased susceptibility to rAAV6.2 infection, uncovering a new
method for improved nucleic acid transfer into transfection-resistant B-cell lines. The introduction of a functional
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suicide gene into the rAAV6.2 genome identifies a candidate vector for the development of rAAV-based oncolytic
therapy targeting focal EBV-bearing B-lymphoproliferative disorders.

Keywords: rAAV, EBV, B-cells, Focal tumors, PTLD, Mononucleosis, Suicide gene, Transfection

Background

B-cell proliferative disorders, such as post-transplant
lymphoproliferative disease (PTLD) and certain B-cell
lymphomas, occur with increased frequency among per-
sons with T-cell compromise. These disorders are pri-
marily Epstein—Barr Virus (EBV)+and can first present
with a focal lesion accessible to direct inoculation of ther-
apeutic agents [4, 7]. Target tissues frequently include
Waldeyer’s tonsillar ring, B-cell-associated lymphoid tis-
sues of transplanted organs, solitary lymph nodes, and
central nervous system lesions. Direct introduction of
oncolytic viruses into localized tumors provides theoreti-
cal advantages over chemotherapy, immunotherapy and
radiation therapy by reducing systemic toxicity to which
the immunocompromised host is especially vulnerable
[8].

Although widely studied as a safe vehicle for gene ther-
apy, adeno-associated viruses (AAV) have infrequently
been applied to treat cancers [14]. Moreover, early work
indicated human B-cells were poor targets for AAV [9,
16, 26]. Consequently, little is known about AAV infec-
tion of human B-cell tumors, despite widespread deriva-
tion in recent years of AAV recombinants (rAAV) with
altered tropisms [5, 25].

Unlike oncolytic viruses, recombinant (r)AAV is non-
pathogenic, does not independently replicate nor inte-
grate into host cell DNA. The rAAV genome is eventually
eliminated, reducing the risk of inadvertent spread to
normal cells. Genes, including gene regulatory products
engineered to eliminate only tumor cells, can be intro-
duced into the AAV genome [20]. Although an immune
response to AAV-infected cells can impede gene therapy;,
this may prove advantageous in the setting of short-term
anti-tumor therapy [21], as often required for the spec-
trum of PTLD-associated tumors.

Herein, we examined and compared the in vitro abil-
ity of fifteen select recombinants derived from a well-
characterized self-complementary (sc)rAAV plasmid
vector that encodes enhanced green fluorescent protein
(EGFP) [16] to transduce human B-cells. The focus was
on B-cells infected and immortalized with EBV. A rank
order analysis of serotypes revealed rAAV6.2 transduc-
tion consistently supported EGFP expression in human
B-cells and that the percentage of fluorescing cells was
highest among B-cells bearing EBV. When herpes sim-
plex virus type 1 (HSV1)-thymidine kinase (TK) was
introduced into the rAAV6.2 genome, transduced human

TK negative rhabdomyosarcoma cells were eliminated
upon exposure to ganciclovir, and the viability of trans-
duced B-cell tumor cells was reduced, providing sup-
port for development of rAAV-based oncolytic therapy.
This proof-of-concept study demonstrates AAV sero-
types such as rAAV6.2 preferentially transduce human
EBV + B-cells and can support the expression of suicide
genes, highlighting the potential for developing selective
rAAV-mediated treatment of focal EBV + proliferative
disorders.

Methods

Source of rAAV virions

Fifteen distinct serotypes of a single self-complemen-
tary rAAV-EGFP plasmid vector [28] were produced by
differential expression of capsid proteins at the Horae
Gene Therapy Center of the University of Massachusetts
Medical School. The parent rAAV-EGFP plasmid vector
encodes a cytoplasmic enhanced green fluorescent pro-
tein (EGFP) driven by a hybrid CMV enhancer/chicken
B-actin promoter [27]. Following transduction, EGFP
fluorescence can be directly visualized in cells by micros-
copy (confocal microscopy, flow cytometry) and protein
expression can be detected with specific antibodies (see
below). Each of the fifteen rAAV serotypes (Table 1) were
synthesized in modified human HEK293 cells, extracted,
purified, isolated, analyzed for genome content and
titered as described [25]. Production details for each
of the fifteen serotypes are available through the Horae
Gene Therapy Center.

Source of cells

B-cell lines used in this study are listed in Table 2
together with their source. Primary B-cells were isolated
from human spleen samples obtained from the New Eng-
land Organ Bank in accordance with the policies of the
Institutional Review Boards of the NEOB and of the Uni-
versity of Massachusetts Medical School. Primary B-cell
isolation was performed by negative selection using the
EasySep Direct Human B Cell Isolation Kit (STEMCELL
Technologies) according to the manufacturer’s direc-
tions. Greater than 90% purity of the B-cell population
was verified by flow cytometry using the monoclonal
antibodies: APC-conjugated anti-CD20 (BioLegend) and
FITC-conjugated anti-CD19 (BioLegend). All B-cells
were maintained in RPMI-1640 (Sigma-Aldrich) sup-
plemented with 10% heat-inactivated fetal calf serum
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Table 1 rAAV EGFP Serotypes

rAAV EGFP serotypes Titer (GC/mL)
AAV1 1.8E+13
AAV2 1.0E412
AAV3b 6.0E+12
AAV4 1.2E4+13
AAV5 14E413
AAVE 8.0E+12
AAV6.2 8.0E+12
AAVETM 8.0E+12
AAV7 1.5E4+12
AAV8 70E412
AAV9 20E+13
AAVrh8 8.0E+12
AAVrh10 8.0E+12
AAVrh39 1.0E413
AAVrh43 6.0E+12

Fifteen distinct serotypes of rAAV, including four serotypes derived from
rhesus monkeys (rh) were obtained according to procedures developed in

the Horae Gene Therapy Center at the University of Massachusetts Medical
School (Methods). Virions were produced in HEK293 cells (Methods). Virus titer
was expressed as genome copies per ml (GC/ml). Titers were subsequently
normalized for comparative transduction assays

(HyClone), 100 U/ml penicillin, and 100 pg/ml strepto-
mycin (Cellgro) at 37 °C in a 5% CO, incubator.

Table 2 Sources of Human B-cells
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Transduction procedures and confocal microscopy

To compare the transduction efficiency of each of the fif-
teen rAAV serotypes in each of the human B-cell lines,
cells grown to mid-log phase were seeded in 24-well
plates at a density of 2 x 10° cells per well. Twenty-four
hours later, cells were transduced with an rAAV serotype
at an MOI of 10°. Forty-eight hours post-infection, fluo-
rescence mediated by EGFP expression was captured by
a ZEISS LSM 700 confocal microscope.

Transduction procedures and flow cytometry

B-cells from each of the described sources (Table 2) were
grown to mid-log phase and then plated (3 x 10° cells/
well) in 24-well plates. The cells were then transduced
with each of the 15 rAAV serotypes at an MOI of 10° in
independent experiments that were repeated in triplicate,
n=3. At 48 h post-infection, the cells were harvested,
washed with PBS, fixed with 2% paraformaldehyde and
analyzed by flow cytometry on an LSRII flow cytometer
(BD Biosciences). The BD FACSDiva' " Software (BD Bio-
sciences) was used to quantify the percentage of fluores-
cent (EGFP-expressing) cells.

Synthesis and production of rAAV6.2 encoding HSV1-TK

The rAAV-based plasmids encoding EGFP-HSV1-TK
and HSV1-TK alone were synthesized by Gene Univer-
sal (Newark, Delaware). The respective genomes are
displayed in Fig. 4a. The source of the inserts (EGFP-
HSV1-TK and HSV1-TK) was previously described [6].

Cell type Source

Description

Primary cells

Primary B-cell EBV-

B-LCL

Newly EBV-infected primary B-cell

New England Organ Bank

Standard B-lymphoblastoid cell line

B95-8 ATCC-CRL-1612

EBV+ Burkitt lymphoma lines

P3HR1 ATCC-HTB-62
Daudi ATCC-CCL-213
Raji ATCC-CCL-86

EBV-Burkitt lymphoma lines
Ramos ATCC CRL-1596
BL41 ATCC-ACC160
In vitro-infected EBV + Burkitt's ymphoma lines
Ramos/B95-8

BL41/B95-8

In vitro infection with B95-8 virus strain

Fred Wang and Elliot Kieff Harvard University
Fred Wang and Elliot Kieff Harvard University

Human spleen

Human spleen

Marmoset B-cells, immortalized with the prototype B95-8
EBV strain

Burkitt lymphoma derived from Jijoye Burkitt lymphoma
Burkitt lymphoma
Burkitt lymphoma

Burkitt lymphoma
Burkitt lymphoma

In vitro EBV-infected Burkitt lymphoma line
In vitro EBV-infected Burkitt lymphoma line

Cell lines included two EBV—, five EBV+ Burkitt lymphoma lines, and two EBV-immortalized lymphoblastoid cell lines (LCLs), as well as primary B-cells

ATCC American Type Culture Collection (Manassas, Virginia)
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Each genome was encapsidated to yield the rAAV6.2
serotype and produced for transduction experiments in
the Horae Gene Therapy Center as described above.

The 143BTK- human rhabdomyosarcoma cell line,
which lacks human TK-1 expression (ATCC), was pre-
selected for bromodeoxyuridine resistance. Cells were
maintained in DMEM (Corning) supplemented with
10% heat-inactivated fetal calf serum (HyClone), 100 U/
ml penicillin, and 100 pg/ml streptomycin (Cellgro) at
37 °C in a 5% CO, incubator. 143BTK cells were plated
and transduced with either rAAV6.2-EGFP-HSV1-TK or
rAAV6.2 HSV1-TK as described above for confocal anal-
ysis of B-cell lines.

Immunoblot confirmation of HSV1-TK protein expression
in transduced cells

Selected B-cell lines grown to mid-log phase were
seeded in 24-well plates at a density of 2 x 10° cells per
well. Twenty-four hours later, cells were transduced with
an rAAV6.2 serotype encoding HSV1-TK at an MOI of
10°. Forty-eight hours after transduction, cells were har-
vested, lysed in RIPA buffer and quantified by Bradford
assay. Total cellular protein (20 pg per lane) was sepa-
rated by NuPAGE Bis—Tris (4—12%) polyacrylamide gel
electrophoresis (Thermo Fisher Scientific) in MOPS
buffer under reducing conditions. Protein was trans-
ferred onto a nitrocellulose membrane that was blocked
with 5% skimmed milk in TBST for one hour prior to
antibody incubation, five membrane washes and final
detection with the ECL chemiluminescent detection kit,
Clarity Max Western ECL Substrate (Bio-Rad).

The primary antibody rabbit polyclonal anti-HSV1-
TK was generously provided by Dr. William Summers
of Yale University. HRP-labeled goat anti-rabbit second-
ary antibody was used for final detection (Santa Cruz
Biotechnology).

The primary antibodies, mouse anti-EGFP and mouse
anti-GAPDH, were obtained from Santa Cruz Biotech-
nology, as were HRP-labeled goat anti-mouse IgG sec-
ondary antibodies used for chemiluminescent detection.

Sensitivity of HSV1-TK-transduced cells to GCV

Confocal images of 143BTK- cells transduced with
rAAV6.2 HSV1-TK or with EGFP-HSV1-TK were col-
lected using a ZEISS LSM 700 confocal microscope.
Pictures were analyzed using the ZEN lite software. All
pictures were taken at the same magnification (scale
bar =50 pm). Images were collected before and then 72 h
after incubation with 10 uM ganciclovir. The concentra-
tion of ganciclovir displayed was established by a dose—
response curve during prior experiments.
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MTT viability analysis of rAAV6.2 HSV1-TK transduced
B-cells incubated with ganciclovir

Selected B-cell lines (2 x 10° cells/ml) were cultured in 96
well microplates for 24 h at 37 °C. Cells were then trans-
duced by rAAV6.2-HSV1-TK for 48 h. Transduced cells
were incubated with 10 uM GCV or placebo (no GCV)
for three days. After visualization by microscopy, twenty
microliters of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide) solution (5 mg/ml) was
added to each well and incubated with the cells for four
hours. The accumulated formazan product was solubi-
lized by adding 40 pl of DMSO. The optical absorption
of the reaction product was measured at 570 nm. The
percentage of surviving cells was calculated by measur-
ing the mean absorbance of treated cells over the mean
absorbance of untreated cells. Untreated cells were 100%
viable. Results were represented as mean+ SD (n=3).

Statistical analysis

Statistical analysis of fluorescence data generated by flow
cytometry was performed with GraphPad Prism 8 soft-
ware (GraphPad, San Diego, CA). Because there was
minimal variation within conditions, we assumed all data
followed a normal distribution. Values from independent
experiments were reported as mean =+ SD.

Ethical approval

This study was performed in accordance with the poli-
cies of the Institutional Review Boards of the NEOB and
of the University of Massachusetts Medical School (IRB
#H00004283).

Results
Examination of ten human B-cell lines + EBV infection
with fifteen distinct recombinant self-complementary
adeno-associated viral vectors
Although primary human B-cells have been described
as poor targets for founder AAV vectors [17], little is
known about their susceptibility to infection by rAAV
serotypes that display novel tropisms. Even less is known
about the susceptibility of human B-cell tumor lines to
the spectrum of rAAV serotypes. To address the potential
of rAAV vectors to mediate anti-tumor therapy, fifteen
distinct rAAV candidates [25] encoding EGFP were ana-
lyzed (Table 1) for their ability to infect ten human B-cell
lines. These lines included two EBV-, five EBV + Burkitt
lymphoma lines, and two EBV-immortalized lympho-
blastoid cell lines (LCLs), as well as primary B-cells
(Table 2).

Upon titer normalization (10° genome copies/ml), each
of the rAAV serotypes listed in Table 1 was indepen-
dently transduced into each of the human B-cell sources
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under study (Table 2). Detection of EGFP fluorescence
in the respective cellular targets was initially assessed
by confocal microscopy (Fig. 1). Although variation in
fluorescence was observed in relation to the rAAV vec-
tor of origin as well as the target B-cell (Fig. 1), overall,
the rAAV6.2 serotype resulted in the highest percentage
of B-cells that expressed EGFP irrespective of the cell
line source. Similar patterns of fluorescence were noted
among the serotypes most closely related to 6.2 (AAV6,
AAV6TM, AAV2) as indicated by a vertical red line in the
right margin of Fig. 1.

Tumor and immortalized B-cells were more susceptible

to rAAV6.2 transduction than primary B-cells

To quantitate percent EGFP fluorescence in primary
cells compared to immortalized and tumor cell lines
and to more precisely determine whether EBV infection
altered EGFP detection, transduction studies were next
performed using flow cytometry for analysis (Fig. 2a—f).
EGFP fluorescence in primary B-cells was minimal irre-
spective of the transduced rAAV serotype, consistent
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with previous reports that founder AAV vectors do not
infect normal human B-cells (Fig. 2a). A modest increase
in EGFP was detected 48 h after EBV infection of primary
cells (1-10%) (Fig. 2b). Fluorescence increased to~50%
of cells in the prototype EBV immortalized cell line
B95-8 after transduction of rAAV6.2 and closely related
serotypes (Fig. 2c). Infection of three naturally occurring
EBV + Burkitt lymphoma lines revealed EGFP expression
in each line with rAAV6.2 infection yielding the highest
percentage of EGFP-producing cells per line. However,
whereas the percent of fluorescent cells was 60—80% fol-
lowing rAAV6.2 transduction of Raji (Fig. 2d) and P3HR1
(Fig. 2e), only~7% of cells revealed detectable EGFP in
Daudi (Fig. 2f). It is known from prior DNA sequence
analysis (NCBI) that each of these EBV+tumor lines
contains distinct deletions and mutations relative to the
prototype B95-8 genome. Clones of Daudi, in particular,
have been shown to vary in the expression of the major
EBV protein LMP1 [11]. As EBV products promote spe-
cific phenotypic changes in infected cells [2], comparative
analysis of the respective genomes may uncover B-cell

Primary B-cell EBYV infected B-cell B95-8

rAAV1

—
rAAV2

rAAV6 rAAVS rAAV4 rAAV3b

rAAV6.2

rAAVETM

rAAV7

BLA1 BLA41/B95-8 Ramos/B95-8

Fig. 1 Visualization of EGFP fluorescing B-cells following rAAV transduction. Human B-cells derived from ten distinct sources (Table 2) were
individually transduced with each of the fifteen rAAV serotypes encoding EGFP as displayed in Table 1. Transduction of cells was performed using
standard procedures at a MOI of 10° (Methods). Fluorescent cells were visualized 48 h after transduction by confocal microscopy (Methods). The
nine rAAV serotypes that produced B-cell fluorescence are displayed. The serotypes that produced the highest percentage of fluorescent cells
across all B-cell sources are indicated by a vertical red line in the left margin of the figure
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Fig. 2 Flow cytometric analysis of EGFP fluorescing B-cells following rAAV transduction. a—c Bar graphs demonstrating the percentage of
EGFP-expressing cells (y-axis) following transduction of different rAAVs (x-axis) as detected by flow cytometry in a uninfected primary B-cells,
b primary B-cells 48 h after EBV infection, and ¢ B-cells stably immortalized by the prototype EBV B95-8 virus, d—f Bar graphs demonstrate the
percentage of EGFP-expressing cells (y-axis) detected in three different EBV + Burkitt lymphoma cell lines: d Raji, @ P3HR1, and f Daudi as assessed
by flow cytometry 48 h after transduction of different rAAV serotypes (x-axis). The EBV genomes of the respective tumor lines vary based on
mutation, deletion and inversions. The bar graphs display mean & SD, n =3 independent experiments. A rank order of the serotypes producing the
highest percentage of fluorescent cells is displayed under each histogram

modifications associated with efficient rAAV6.2 trans-
duction, as discussed below.

EBV “superinfection” of EBV-negative Burkitt tumor lines
increased susceptibility to rAAV6.2

To further address whether EBV infection facilitates
B-cell transduction by rAAV6.2, two EBV-negative
Burkitt lymphoma lines BL41 and Ramos that are sta-
bly “superinfected” with the EBV B95-8 strain were
transduced with each of the fifteen rAAVs described
in Table 1. Superinfection with the B95-8 prototype

virus is known to elicit phenotypic changes in EBV-
negative Burkitt lines. In fact, BL41/B95-8 was previ-
ously shown to display phenotypic changes typical of
those that occur upon antigen activation of primary
B-cells [2]. After transduction of rAAV6.2 (and related
serotypes), the percentage of fluorescing cells in BL41
compared with BL41/B95-8 increased from less than
10% to greater than 50% (Fig. 3a, b). EGFP expression
after AAV6.2 infection of Ramos/B95-8 was likewise
increased (Fig. 3c, d) though the difference was less
than in the BL41-derived line.
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rAAV6.2 encoding HSV1-TK transduced tumor cells were
eliminated upon incubation with ganciclovir

Treatment of EBV PTLD typically involves exposure
to systemic agents that can compromise the survival
of transplant recipients and are required even when
PTLD presents as a localized growth. Thus, precision
approaches are needed. Expression of HSV1-TK in cells
specifically converts the nucleoside analog ganciclo-
vir to ganciclovir triphosphate, promoting nucleotide
incorporation into cellular DNA and apoptosis [12]. The
subsequent release of ganciclovir triphosphate into the
tumor microenvironment results in preferential uptake
by actively proliferating adjacent tumor cells causing

bystander killing [19]. These findings suggested rAAV
serotypes, such as rAAV6.2 bearing HSV1-TK, could
contribute to eliminating B-cell tumor cells upon direct
injection [18] of rAAV into lesions. Although HSV1-TK
potently phosphorylates ganciclovir, nucleoside kinases
that are activated in rapidly growing tumor cells can
also phosphorylate ganciclovir, though to lesser degrees.
First, to confirm the ability of rAAV6.2 encoding HSV1-
TK to eliminate transduced tumor cells, the prototype
TK negative human rhabdomyosarcoma cell line, 143B
TK- [22] followed by a subset of B-cell lines +=EBV were
evaluated for response to ganciclovir. This was achieved
through sequential experiments, including modification
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of the rAAV6.2 genome to express fused EGFP-HSV1-TK
(Fig. 44, left-hand side) or HSV1-TK alone (Fig. 4a, right
hand side). Infection was demonstrated by detection of
EGFP-HSV1-TK and HSVI1-TK protein in transduced
cells by immunoblot and (Fig. 4b) by selective elimination
of transduced HSV1-TK expressing cells in the presence
of ganciclovir.

A diagrammatic representation of the rAAV6.2
genomes modified to express either a fusion of EGFP-
HSV1-TK or HSV1-TK alone is displayed in Fig. 4a.
Co-expression of EGFP and HSV1-TK, as well as unique
expression of HSV1-TK, was confirmed upon immu-
noblot of transduced cell lines (Fig. 4b). Of note, there
was a quantitative correlation between cell lines that
displayed the highest percentage of EGFP fluorescence
in Figs. 1 and 2 and those in which HSV1-TK protein
was most abundantly detected (Fig. 4b), underscoring
the reproducibility of serotype transduction. Confo-
cal analysis (Fig. 4c) demonstrated that incubation of
143B TK negative cells transduced by AAV6.2 EGFP-
HSV1-TK (left panels) or AAV6.2 HSV1-TK (right pan-
els) with ganciclovir resulted in the elimination of most
143B TK-expressing cells, confirming the functionality
of HSV1-TK. Transduction of AAV6.2 HSV1-TK into
representative B-cell lines incubated with ganciclovir
likewise resulted in loss of cell viability as measured by
the tetrazolium dye MTT 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay (Fig. 4d).
The comparative loss of viability among EBV + B-cell
populations assayed by MTT (Fig. 4d) inversely corre-
lated with the percentage of fluorescent cells following
rAAV6.2 EGFP transduction (Figs. 1 and 2), again under-
scoring the reproducibility of transduction mediated by
rAAV6.2.

Discussion

Among the most devastating consequences of success-
ful hematologic and solid organ transplant is the devel-
opment of PTLD. PTLD is a consequence of T-cell
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suppression required for engraftment of foreign cells
and primarily results in uncontrolled outgrowth of EBV-
bearing B-cells that run the gamut from normal appear-
ing activated lymphocytes to aggressive clonal B-cell
malignancies. Persons with other causes of T-cell defi-
ciency (iatrogenic, AIDS, congenital diseases) are also at
increased risk of these EBV-associated disorders. Rarely,
PTLD can present as an EBV + T-cell outgrowth or an
EBV +leiomyosarcoma. While aggressive surgery, chem-
otherapy, immunotherapy and radiation therapy vari-
ably control disease, therapy is often poorly tolerated by
persons who are already profoundly immunosuppressed.
PTLD may originate as a local growth—in Waldeyer’s
ring, especially after a primary infection, in the B-cell
associated infiltrate of an allograft, or as an isolated
lymph node or a CNS lesion. Focused therapy that pre-
cisely targets individual lesions could significantly reduce
treatment-based morbidity and mortality.

Among the severe manifestations of primary EBV
infection is acute infectious mononucleosis (AIM) com-
plicated by airway obstruction. This is caused by the
exuberant proliferation of lymphocytes in the vicinity of
Waldeyer’s ring. High-dose steroid therapy, while often
effective, eliminates not only the EBV + B-cells but also
other immune cells required to resolve the infection and
thereby causes a clinical conundrum. rAAV administra-
tion raises the prospect of focused, effective therapy.

AAV as a therapeutic modality has been predominantly
associated with gene replacement. In recent years, multi-
ple innovations affecting the structure and content of the
viral genome, the ability to alter and re-direct tropism by
capsid mutation as well as utilization of new techniques
that augment manufacturing [25] has sparked interest
in applying rAAVs to precision cancer therapy — sys-
temic and targeted [14]. Because initial studies indicated
human B-cells were not susceptible to AAV infection,
little published information was available relevant to
cancers of B-cell origin. Nevertheless, current innova-
tions suggested application of new rAAV variants to the

(See figure on next page.)

lines

Fig. 4 Evaluation of rAAV-CMV-EGFP-HSV1-TK and rAAV-CMV-HSV1-TK in vitro. a Diagrammatic representation of rAAV6.2 expressing HSV1-TK.
rAAV-CMV-EGFP-HSV1-TK (left) and rAAV-CMV-HSV1-TK (right) plasmids were constructed as described (Methods). rAAV6.2 expressing the
respective plasmids was produced by the Horae Gene Therapy Center. b Detection of EGFP and HSV1-TK proteins by immunoblot. rAAV6.2 bearing
EGFP-HSV1-TK (top) or HSV1-TK alone (bottom) versus no virus control was used to infect the indicated B-cell lines as listed in the right margin
GAPDH was used as a loading control. EGFP and HSV1-TK were coordinately expressed (top) when rAAV6.2-EGFP-TK was transduced. The pattern
of TK1 expression was unchanged when rAAV6.2TK1 alone was transduced. The quantity of EGFP protein detected in each line by immunoblot
paralleled the relative fluorescence of the same lines (Figs. 1, 2), highlighting the reproducibility of rAAV6.2 transduction. ¢ Functionality of rAAV6.2
encoding HSV1-TK. 143B TK cells transduced with either rAAV6.2 HSV1-TK or rAAV6.2 EGFP-HSV1-TK (top panels) were visualized by confocal
microscopy. Cells were next incubated with 10uM ganciclovir for 72 h (bottom panels) and again visualized. The bottom left panel shows that
only rounded and dying cells remain. The bottom right panel confirms that virtually all fluorescent cells have been eliminated. d Loss of viability
among rAAV6.2 HSV1-TK transduced cells incubated with ganciclovir. Representative B-cell lines and 143B TK-cells (control) were transduced with
rAAV6.2-HSV1-TK. Twenty-four hours later cells were incubated with 10uM ganciclovir for 72 h at which time an MTT-based assay was performed
to measure cell viability. Results are displayed as percent survival (y-axis) of representative B-cell lines (x-axis). Inverse correlation of viability with
percentage fluorescence of the identical cell lines displayed in Figs. 1, 2 underscores the reproducibility of rAAV6.2 transduction of specific B-cell
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treatment of B-cell tumors with emphasis on focal lesions
amenable to direct introduction of comparatively small
quantities of virus, would be valuable.

Results of the current proof-of-concept analysis
revealed that among the fifteen rAAV serotypes evalu-
ated, rAAV6.2 and those rAAVs closely related to 6.2
(rAAV6, rAAV6TM), based on capsid sequence, were
most efficient in virus transduction. All fifteen rAAV
candidates contained identical EGFP-encoding genomes,
implicating differential encapsidation as the likely source
of altered transduction efficiency. Although the percent-
age of cells transduced by rAAV6.2 varied between B-cell
sources, transduction efficiency was highly reproduc-
ible in different assays and even when genome content
was altered by the introduction of HSV1-TK. Primary
B-cells were minimally transduced by all fifteen rAAV
serotypes, though rAAV6.2 was most effective on a com-
parative basis. This result was entirely consistent with
older observations that primary B-cells were not viable
targets for AAV transduction. In contrast, B-cells that
contained intact EBV genomes were among the most
effectively transduced cells. Infection of primary B-cells
and EBV negative cell lines by the prototype EBV B95-8
virus uniformly increased their susceptibility to rAAV6.2
transduction.

In addition to demonstrating the utility of rAAV6.2 as a
therapeutic, these findings highlight the potential of this
rAAV serotype to introduce nucleic acids into difficult to
transfect human B-cell tumor lines to uncover oncogenic
mechanisms. Optimization of transfection efficiency
for each of the respective lines could be individually
achieved.

The latent cycle EBV-encoded proteins, latent mem-
brane proteins LMP-1 and LMP-2, mediate B-cell trans-
formation upon B-cell activation of two main pathways,
one that mimics T-cell stimulation of B-cells via CD40
and IL-4 (LMP-1), the other by mimicry of IgM receptor
signaling (LMP-2) [3, 10]. As a consequence, many B-cell
surface antigens present at low levels on primary resting
B-cells are upregulated or exposed, potentially increasing
the access of rAAV6.2. While limited in number, studies
by two groups lend weight to the hypothesis that a related
activation event is key. Serial experiments conducted by
the Hallek laboratory (2002-2004) using rAAV2 to trans-
duce B-CLL cells showed that pre-incubating these cells
with complexed CD40L, with anti-IgM (and to a lesser
extent with CpG oligos) augmented rAAV2 transduction
[26]. Consistent with these observations, in 2018, Hung
et al. showed that incubating primary human B-cells with
a “B-cell activation cocktail” consisting of CD40L trimers,
CpG and the interleukins-2, 10, 15 augmented rAAV6
transduction [9]. Comparative analysis of eight rAAVs
encoding EGFP (rAAV1, 2, 2.5, 5, 6, 8, 9, D-]), conducted
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by Hung et al. showed rAAV6 transduced 40% of cells,
rAAV2 30%, and all others<10%. Taken together, these
disparate observations highlight a key role for CD40 sign-
aling in regulating rAAV6.2-mediated B-cell transduction
(though other activation signals may also contribute).
The precise mechanism through which CD40 ligation
augments subsequent transduction by these serotypes
remains unknown. Modulation of a specific B-cell sur-
face receptor (upregulation, altered access) or possibly an
intracellular transit pathway is suggested on the basis of
capsid specificity.

What does this mean for capsid specificity? Capsid
sequence variation typically occurs on the external sur-
face in hypervariable regions that comprise approxi-
mately 19% of the overall protein and determine tropism
[24]. Although tropism primarily reflects attachment
to a cellular receptor(s), it can also comprise post-entry
events that affect intracellular capsid stability, transport
and nuclear delivery. While rAAV6.2 transduction was
most efficient, the closely related serotypes rAAV6 and
rAAV6TM capsids (clade A) were also effective. The
AAV6.2 serotype was created by mutating the phenyla-
lanine (F) residue at position 129 in the VP1 protein of
AAVE6 to leucine (L) and had also been found to increase
transduction of other human cell types, such as human
airway epithelium [15]. To date, the precise mechanism
by which transduction is enhanced is not known. The
rAVV6TM (TM=triple mutant) capsid contains three
mutations Y731F/Y705F/T492V that remove residues
implicated in phosphorylation-dependent proteasomal
degradation, an event with potential to impede nuclear
delivery [23]. However, the 6TM mutated capsid was
not more efficient at human B-cell transduction. Similar
to older studies, rAAV2 (clade B) ranked next in human
B-cell transduction efficiency, though once again the
mechanism remains unresolved.

The incorporation of HSV1-TK into the rAAV6.2 vec-
tor genome and successful demonstration of its activity
post-transduction paves the way for exploration of addi-
tional suicide effectors as well as select EBV promoter/
enhancer elements (e.g., EBV nuclear antigen-1, EBNA-
1) that drive suicide effectors in a manner that guaran-
tees expression only in targeted EBV+B-cell tumors
[13]. The observation that primary resting B-cells are
not transduced is a plus. However, because rAAV6.2 has
been shown to transduce other human cells, including
certain cancers, a demonstration of selective tropism will
be required for clinical translation. Further mutational
analysis of the rAAV6.2 capsid to identify amino acid
substitutions that confer selective tropism will, there-
fore, be necessary. Libraries of singleton mutations in the
hypervariable region of the rAAV6 capsid are available
for initial screening [24], but multiple exchanges may be
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required. An approach that combines both vector and
capsid alterations to create a highly selective rAAV6.2
variant has the potential to transform the treatment of
localized EBV disease.

While development of a suitable in vivo model of focal
EBV disease in rodents would confirm these results
(despite caveats concerning EBV-rodent models) [1], the
observation that multiple murine cell types are suscep-
tible to rAAV6.2 [23] makes such an endeavor impracti-
cable at this time. As discussed above, the development
of a highly EBV-specific promoter able to activate a sui-
cide gene or capsid mutations that produce exquisite cell
specificity will be required.

Conclusions

The dogma that human B-cells cannot be transduced
by AAV is upset. Specific rAAVs are able to transduce
human B-cells, especially when activated in the form of
tumor cell lines. EBV infection of B-cells increases sus-
ceptibility to transduction by specific rAAVs. rAAV6.2
displayed maximal transduction efficiency among the 15
serotypes examined in this study, establishing the util-
ity of rAAV6.2 and related serotypes for transduction of
human B-cell lines that are often difficult to transfect.
Vector support of suicide gene (HSV1-TK) expression
and demonstration of subsequent cell killing provides
a preliminary basis for development of rAAVs that,
because of their unique properties, could eradicate focal
forms of PTLD and related lesions limiting the need for
toxic therapies.

Abbreviations

PTLD: Post-transplant lymphoproliferative disease; AAV: Adeno-associated
virus; rAAV: Recombinant adeno-associated virus; sSCAAV: Self-complementary
adeno-associated virus; EBV: Epstein—Barr virus; HSV1: Herpes simplex virus
type 1;TK: Thymidine kinase; IM: Infectious mononucleosis; EBNA-1: Epstein—
Barr virus nuclear antigen 1; LMP-1: Latent membrane protein-1; LMP-2: Latent
membrane protein-2; CNS: Central nervous system; EGFP: Enhanced green
fluorescent protein; LCLs: Lymphoblastoid cell lines.

Acknowledgements

We thank Professor William Summers (Yale University) for providing rabbit
anti-HSV1 TK antibody. We thank Dr. Melanie Trombly for administrative assis-
tance (UMASS Medical School).

Authors’ contributions

E.A. designed and performed experiments, acquired and analyzed the data,
wrote the paper. M.R. conceived the study design, supervised the project,
discussed and reviewed the manuscript. J.F. directed the overall project, con-
ceived the strategy, supervised the studies, and wrote, reviewed and edited
the manuscript. J.X. and G.G. contributed materials, reagents, analysis tools
and strategy, discussed and reviewed the manuscript. M.Z. discussed results
and conclusions and reviewed the manuscript. R.P, S.S.J,, and SK.G. designed
and performed experiments and reviewed the manuscript. All authors read
and approved the final manuscript.

Funding
This research was supported by reagents and expertise provided by the
University of Massachusetts Medical School Division of Infectious Diseases

Page 11 of 12

and Immunology, the Horae Gene Therapy Center at the University of Mas-
sachusetts Medical School, the Faculty of Medical Sciences of Tarbiat Modares
University, Tehran, Iran, and the Prevent Cancer Foundation.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author and first author on reasonable request.

Declarations

Ethics approval and consent to participate

Normal discarded and unidentified human splenic B-lymphocytes that were
consented for research were obtained from New England Organ Bank. The
tissues were obtained in accordance with the policies of the Institutional
Review Board (IRB) of the New England Organ Bank and the University of
Massachusetts Medical Center under an IRB-approved protocol (H00004283,
Dr. Fingeroth). The work performed with the NEOB discarded and deidenti-
fied human cells was deemed not human research by the UMMS IRB and the
NEOB approved this distinction.

Consent for publication

Not applicable, this manuscript does not contain any identifiable patient infor-
mation that requires consent. All human cell lines were either obtained from
the NEOB as deidentified and discarded cells or from commercial vendors.

Competing interests
The authors declare that they have no competing interests to this work.

Author details

'Department of Virology, Faculty of Medical Sciences, Tarbiat Modares
University, PO. Box 14155-331, Tehran, Iran. ?Division of Infectious Diseases
and Immunology, Department of Medicine, University of Massachusetts
Medical School, 364 Plantation Street, Worcester, MA 01605, USA. *Horae Gene
Therapy Center, University of Massachusetts Medical School, 364 Plantation
Street, Worcester, MA 01605, USA. *Department of Molecular, Cell and Cancer
Biology, University of Massachusetts Medical School, 364 Plantation Street,
Worcester, MA 01605, USA. > Alborzi Clinical Microbiology Research Center,
Namazi Hospital, Shiraz University of Medical Sciences, Shiraz, Iran.

Received: 30 July 2021 Accepted: 5 November 2021
Published online: 18 November 2021

References
Balfour HH, Schmeling DO, Grimm-Geris JM. The promise of a prophylac-
tic Epstein—Barr virus vaccine. Pediatr Res. 2020;87:345-52.

2. Carter KL, Cahir-McFarland E, Kieff E. Epstein—Barr virus-induced changes
in B-lymphocyte gene expression. J Virol. 2002;76:10427-36.

3. Cen O, Longnecker R. Latent Membrane Protein 2 (LMP2). Curr Top Micro-
biol Immunol. 2015;391:151-80.

4. Fingeroth J. Epstein—Barr Virus. In: Richman DD, Whitley RJ, editors.
Richman clinical virology. 4th ed. Washington, DC: American Society for
Microbiology; 2017.

5. Gao GP, Alvira MR, Wang L, Calcedo R, Johnston J, Wilson JM. Novel
adeno-associated viruses from rhesus monkeys as vectors for human
gene therapy. Proc Natl Acad Sci USA. 2002;99:11854-9.

6.  Gill MB, Murphy JE, Fingeroth JD. Functional divergence of Kaposi's
sarcoma-associated herpesvirus and related gamma-2 herpesvirus
thymidine kinases: novel cytoplasmic phosphoproteins that alter cellular
morphology and disrupt adhesion. J Virol. 2005;79:14647-59.

7. Green M, Michaels MG. Epstein—Barr virus infection and posttransplant
lymphoproliferative disorder. Am J Transpl Off J Am Soc Transpl Am Soc
Transpl Surg. 2013;13(Suppl 3):41-54.

8. Harrington K, Freeman DJ, Kelly B, Harper J, Soria JC. Optimizing
oncolytic virotherapy in cancer treatment. Nat Rev Drug Discovery.
2019;18:689-706.

9. Hung KL, Meitlis I, Hale M, Chen CY, Singh S, Jackson SW, Miao CH, Khan
IF, Rawlings DJ, James RG. Engineering protein-secreting plasma cells by



Ahmadi et al. Virology Journal

20.

(2021) 18:223

homology-directed repair in primary human b cells. Mol Ther J Am Soc
Gene Ther. 2018;26:456-67.

Kieser A, Sterz KR. The Latent Membrane Protein 1 (LMP1). Curr Top
Microbiol Immunol. 2015;391:119-49.

. Kuhn-Hallek |, Sage DR, Stein L, Groelle H, Fingeroth JD. Expression of

recombination activating genes (RAG-1 and RAG-2) in Epstein-Barr virus-
bearing B cells. Blood. 1995;85:1289-99.

Ladd B, O'Konek JJ, Ostruszka LJ, Shewach DS. Unrepairable DNA double-
strand breaks initiate cytotoxicity with HSV-TK/ganciclovir. Cancer Gene
Ther.2011;18:751-9.

Leight ER, Sugden B. EBNA-1: a protein pivotal to latent infection by
Epstein—Barr virus. Rev Med Virol. 2000;10:83-100.

Li C, Bowles DE, van Dyke T, Samulski RJ. Adeno-associated virus vec-
tors: potential applications for cancer gene therapy. Cancer Gene Ther.
2005;12:913-25.

Limberis MP, Vandenberghe LH, Zhang L, Pickles RJ, Wilson JM. Transduc-
tion efficiencies of novel AAV vectors in mouse airway epithelium in vivo
and human ciliated airway epithelium in vitro. Mol Ther J Am Soc Gene
Ther. 2009;17:294-301.

. McCarty DM. Self-complementary AAV vectors; advances and applica-

tions. Mol Ther J Am Soc Gene Ther. 2008;16:1648-56.

. Rohr U, Kronenwett R, Haas R (1999) Transduction efficiencies of primary

normal and malignant cells using a recombinant AAV-2 vector depend
on cell type and cell cycle, Blood. AMER SOC HEMATOLOGY 1200 19TH
ST, NW, STE 300, WASHINGTON, DC 20036-2422 USA, pp 181A-181A.

. Rubin JD, Nguyen TV, Allen KL, Ayasoufi K, Barry MA. Comparison of gene

delivery to the kidney by adenovirus, adeno-associated virus, and lentivi-
ral vectors after intravenous and direct kidney injections. Hum Gene Ther.
2019;30:1559-71.

. Rubsam LZ, Boucher PD, Murphy PJ, KuKuruga M, Shewach DS. Cytotoxic-

ity and accumulation of ganciclovir triphosphate in bystander cells
cocultured with herpes simplex virus type 1 thymidine kinase-expressing
human glioblastoma cells. Can Res. 1999,59:669-75.

Salva MZ, Himeda CL, Tai PW, Nishiuchi E, Gregorevic P, Allen JM, Finn

EE, Nguyen QG, Blankinship MJ, Meuse L, Chamberlain JS, Hauschka

SD. Design of tissue-specific regulatory cassettes for high-level

22.

23.

24,

25.

26.

27.

28.

Page 12 of 12

rAAV-mediated expression in skeletal and cardiac muscle. Mol Ther J Am
Soc Gene Ther. 2007;15:320-9.

. Santiago-Ortiz JL, Schaffer DV. Adeno-associated virus (AAV) vec-

tors in cancer gene therapy. J Control Rel Off J Control Release Soc.
2016;240:287-301.

Skovgaard T, Rasmussen LJ, Munch-Petersen B. Thymidine kinase 1 defi-
cient cells show increased survival rate after UV-induced DNA damage.
Nucleosides, Nucleotides Nucleic Acids. 2010;29:347-51.

van Lieshout LP, Domm JM, Rindler TN, Frost KL, Sorensen DL, Medina

SJ, Booth SA, Bridges JP, Wootton SK. A novel triple-mutant AAV6 capsid
induces rapid and potent transgene expression in the muscle and res-
piratory tract of mice. Mol Ther Methods Clin Dev. 2018;9:323-9.
Vandenberghe LH, Breous E, Nam HJ, Gao G, Xiao R, Sandhu A, Johnston
J, Debyser Z, Agbandje-McKenna M, Wilson JM. Naturally occurring sin-
gleton residues in AAV capsid impact vector performance and illustrate
structural constraints. Gene Ther. 2009;16:1416-28.

Wang D, Tai PWL, Gao G. Adeno-associated virus vector as a platform for
gene therapy delivery. Nat Rev Drug Discov. 2019;18:358-78.

Wendtner CM, Kofler DM, Mayr C, Bund D, Hallek M. The potential of gene
transfer into primary B-CLL cells using recombinant virus vectors. Leuk
Lymphoma. 2004;45:397-904.

Xu L, Daly T, Gao C, Flotte TR, Song S, Byrne BJ, Sands MS, Parker Ponder K.
CMV-beta-actin promoter directs higher expression from an adeno-asso-
ciated viral vector in the liver than the cytomegalovirus or elongation
factor 1 alpha promoter and results in therapeutic levels of human factor
Xin mice. Hum Gene Ther. 2001;12:563-73.

Zhang H, Yang B, Mu X, Ahmed SS, Su Q, He R, Wang H, Mueller C, Sena-
Esteves M, Brown R, Xu Z, Gao G. Several rAAV vectors efficiently cross
the blood-brain barrier and transduce neurons and astrocytes in the
neonatal mouse central nervous system. Mol Ther J Am Soc Gene Ther.
2011;19:1440-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Serotype-dependent recombinant adeno-associated vector (AAV) infection of Epstein–Barr virus-positive B-cells, towards recombinant AAV-based therapy of focal EBV + lymphoproliferative disorders
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Source of rAAV virions
	Source of cells
	Transduction procedures and confocal microscopy
	Transduction procedures and flow cytometry
	Synthesis and production of rAAV6.2 encoding HSV1-TK
	Immunoblot confirmation of HSV1-TK protein expression in transduced cells
	Sensitivity of HSV1‐TK‐transduced cells to GCV
	MTT viability analysis of rAAV6.2 HSV1-TK transduced B-cells incubated with ganciclovir
	Statistical analysis
	Ethical approval

	Results
	Examination of ten human B-cell lines ± EBV infection with fifteen distinct recombinant self-complementary adeno-associated viral vectors
	Tumor and immortalized B-cells were more susceptible to rAAV6.2 transduction than primary B-cells
	EBV “superinfection” of EBV-negative Burkitt tumor lines increased susceptibility to rAAV6.2
	rAAV6.2 encoding HSV1-TK transduced tumor cells were eliminated upon incubation with ganciclovir

	Discussion
	Conclusions
	Acknowledgements
	References


