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Abstract

In the present study, a novel adeno-associated virus (AAV) vector-mediated gene delivery approach was taken to improve
the reconstitution of functional CD8" T cells in humanized mice, thereby mimicking the human immune system (HIS).
Human genes encoding HLA-A2 and selected human cytokines (A2/hucytokines) were introduced to an immune-deficient
mouse model [NOD/SCID/IL2ry™" (NSG) mice] using AAV serotype 9 (AAV9) vectors, followed by transplantation of human
hematopoietic stem cells. NSG mice transduced with AAV9 encoding A2/hucytokines resulted in higher levels of
reconstitution of human CD45" cells compared to NSG mice transduced with AAV9 encoding HLA-A2 alone or HLA-A2-
transgenic NSG mice. Furthermore, this group of HIS mice also mounted the highest level of antigen-specific A2-restricted
human CD8* T-cell response upon vaccination with recombinant adenoviruses expressing human malaria and HIV antigens.
Finally, the human CD8* T-cell response induced in human malaria vaccine-immunized HIS mice was shown to be functional
by displaying cytotoxic activity against hepatocytes that express the human malaria antigen in the context of A2 molecules.
Taken together, our data show that AAV vector-mediated gene delivery is a simple and efficient method to transfer multiple
human genes to immune-deficient mice, thus facilitating successful reconstitution of HIS in mice. The HIS mice generated in
this study should ultimately allow us to swiftly evaluate the T-cell immunogenicity of various human vaccine candidates in a
pre-clinical setting.
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Introduction natural killer cells [7,8], HSCs can be engrafted without
encountering xenograft rejection [7-9]. However, for HSCs to
develop into human CD45" cells and become fully functional
. A ; . ’ human lymphocytes in mice, human-specific growth factors and
tant human pathogel?s, 1nc11.4d1ng humfm 1mn.1unodeﬁc1ency virus cytokines (such as GM-CSF, IL-3, and IL-15) are required [10,11].
(HIV> an‘?‘ dengue virus, display {roptsm unique to humans. In In addition, expression of human-specific major histocompatibility
addition, in the host, the protective immune responses between complex (MHQ) [i.e., human leukocyte antigens (HLAs)],
h“maTl and non—human specics show sign ificant dl.sc.repan.cy. l?u.e particularly in the thymus, is essential for human T cells to be
to ethical constraints and the hlgh.cost qf human clinical tr1als,. itis properly educated and for their successful development and
necessary to st?arch for an alternatn‘re animal model that can mimic differentiation [4].

hur.nans, particularly the human immune system <HIS,>' In fa.cl, Currently, there are a few ways to facilitate the development of
various attempts have been made to establish humanized mice HIS from HSCs engrafied in immune-deficient mice. The first

that can mount a human immune response, termed HIS mice [1- b imolant h h der the kid 1
5]. HIS mice have been generated by engrafting human CD34" approachi Is to imprant human thymus under the gdney capsule,
| HE on 8¢ Yy eng S along with human fetal liver and bone marrow. These are called

hematopoietic stem cells (HSCs) derived from various sources [6] BLT (bone marrow-liver-thymus) mice [12,13]. Among the several

. . . . null
Eﬁ]; é;hl[};]lﬂ;ﬁlgg;l;f;%clg /Iﬁléi’y (S:,Iiﬁ]h (;IS Ol\é}?]?n/icsfl[g]/llg‘i‘rzuse types of humanized mice developed, the BLT mouse model is by

these highly immune-deficient mice lack almost the entire mouse-
derived immune system, including murine B cells, T cells, and

Small animal models have widely been employed in medical
research and drug/vaccine development. However, some impor-

far the most complete and well explored humanized mouse model
available to date. This model provides high levels of human stem
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cell engraftment, allowing development of human myeloid and
lymphoid lineages as well as high functional T-cell responses [12—
22]. However, establishment of the BLT mouse model requires the
availability of bone marrow, liver, and thymus from the same
human donor, which must be transplanted into mice surgically.
The high costs and technical demands of this system considerably
increase the research cost, and are sometimes comparable to the
expense of studies using non-human primates. Finally, because
each mouse needs to be surgically implanted with human thymus,
there is always significant variation among BLT mice regarding
the degree of HIS re-population.

The second approach is to introduce human genes into NSG/
NOG mice or Rag2 ™"~ TL2ry™" mice by transgenesis or knock-in
[4,11,23-29]. However, embryos and embryonic stem (ES) cells
derived from NOG/NSG mice are not suitable for transgenesis
and knock-in purposes, respectively, due to the lack of genomic
information. Currently, the only way to generate transgenic or
knock-in NSG/NOG mice is to generate a transgenic or knock-in
mouse for each human gene one at a time in a C57BL/6 or 129
background, and then backcross to NSG/NOG mice for at least
10 generations. Because there are so many HLA genes/human
cytokine genes to be introduced into NSG/NOG mice, this
approach would be extremely laborious, time consuming, and
expensive. In this regard, it is noteworthy that human cytokines
knock-in Rag2 ™"~ TL2ry™" mice have been generated [23], and
this technology solved the backcrossing issue. In the case of human
cytokine expression, it is ideal that the level of transgenic
expression of the human cytokine genes can be shut off when
they are no longer needed, which is difficult to do in a transgenic
or knock-in mouse model.

An alternate approach would be to use a viral vector to
introduce the human gene of interest. Adeno-associated virus
(AAV), a single-stranded virus that belongs to the Parvoviridae
family, is characterized by safety, low toxicity, and ability to confer
stable expression with very low immunogenicity. Therefore, AAV
is considered an interesting candidate vector for gene delivery.
AAV infects both dividing and non-dividing cells, and persists in
an extra-chromosomal state without integrating into the genome
of host cells [30]. In fact, an AAV vector has been used to deliver a
gene encoding a monoclonal antibody [31-34], and more recently,
hepatitis B virus DNA [35]. There are more than 10 serotypes of
AAV. In this study, we have chosen AAV serotype 9 (AAVY)
because compared to the other serotypes, AAV9 has additional
advantages of transducing high degrees of transgenes into the host
cells as well as being capable of infecting a wide range of different
animal tissues [36].

In the current study, we used a novel AAV9 vector-mediated
gene delivery system to introduce human genes encoding HLA-A2
(A2) and selected human cytokines (IL-3, IL-15, and GM-CSF) in
an effort to facilitate and improve the repopulation of HIS upon
HSCs transplantation. We confirmed that immunizing our HIS
mice with adenoviral vaccines expressing antigens of human
pathogens successfully induced a high level of antigen-specific A2-
restricted human CD8* T-cell responses. Furthermore, A2-
restricted CD8" T-cell responses induced in our HIS mice
immunized with a human malaria vaccine were shown to exert
in vitro and i viwo cytotoxic activity against malaria antigen-
expressing A2-positive hepatocytes.

Materials and Methods

Ethics statement
All animal experiments were carried out in strict accordance
with the Policy on Humane Care and Use of Laboratory Animals
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of the United States Public Health Service. The protocol was
approved by the Institutional Animal Care and Use Committee
(IACUC) at The Rockefeller University (Assurance # A3081-01).
CO, was used for euthanasia, and all efforts were made to
minimize suffering. Human fetal liver samples were obtained via a
non-profit partner (Advanced Bioscience Resources, Alameda,
CA) without any information that would identify the subjects from
whom they were derived and did not require IRB approval for its
use, as previously described [37].

Mice

NOD.Cg-Prkdc™ IL21g™"7"/Sz (NSG) mice and HLA-A2.1/
HHD transgenic NSG (A2-Tg NSG) mice were purchased from
The Jackson Laboratories and maintained under specific patho-
gen-free conditions in the animal facilities at Comparative
Bioscience Center of The Rockefeller University.

Generation of AAV vectors

The HLA-A2.1 (HHD) gene, encoding an interspecies hybrid
MHC class I gene [38] (consisting of the alphal and alpha2
domains of the HLA-A2.1 gene and alpha3, and the cytoplasmic
and transmembrane domains of the murine H-2D” gene),
covalently linked to a human PB2-microglubulin (hf32m), was
cloned from A2-Tg NSG mice using PCR. HLA-A2.1 is herein
designated HLA-A2 or A2 throughout the text. Human GM-CSF,
IL-3, IL-4, IL-7, and IL-15 cDNA were purchased from OriGene.
Human IL-15 was modified by replacing with the bovine
preprolactin signal peptide [39], leading to efficient secretion of
human IL-15. Human IL-3, IL-4, IL-7, IL-15, GM-CSF, and
HLA-A2 ¢cDNAs were subsequently subcloned into pAAV CMV
plasmids (Stratagene La Jolla, CA). For production of AAV9
pseudo-typed vectors, each of the vector genome plasmids was co-
transfected with pAAV2/9 (encoding the AAV2 replicase and
AAV9 capsid sequence [40]) and the helper plasmid pAdAF6 (an
Ad helper plasmid that provides Ad helper functions of E2; E4,
and VA RNA [41]). This resulted in recombinant AAV9 encoding
GFP and luciferase (AAV9-GFP-Luc), human GM-CSF (AAV9-
GM-CSF), human IL-3 (AAV9-IL-3), human IL-4 (AAV9-1L-4),
human IL-7 (AAV9-IL-7), human IL-15 (AAV9-IL-15), and HLA-
A2 (AAVI-A2). AAVY vectors were purified by filtration cascade,
followed by iodixanol step gradient centrifugation and titration as
described previously [42]. Plasmid pAAV-CMV was used as the
standard for quantifying the titer of AAV9 encoding HLA-A2 or
AAV9 encoding each of the human cytokines using real-time

PCR.

Evaluation of in vitro expression of human cytokines and
HLA-A2 mediated by AAV9 vectors

The production of human cytokines, encoded by AAV9Y vectors,
was determined by infecting a murine macrophage cell line,
MC57G (CRL2295TM - American Type Culture Collection,
Manassas, VA), with the AAV9 vectors, followed by collecting the
culture supernatant and performing ELISAs. Briefly, one day after
plating MC57G cells in tissue culture plates, cells were infected
with serially diluted AAV9 vectors encoding the respective human
genes. Forty-eight hours after infection with AAV9 encoding each
of the human cytokines, secretion of GM-CSF, IL-3, IL-4, IL-7,
and IL-15 into the culture supernatant was determined using
ELISAs [43]. Similarly, 48 hours after infecting MC57G cells with
AAV9-A2, the level of A2 expression by the transduced MC57G
cells was determined by FACS, using antibodies against HLA-A2
(clone BB7.2 - BioLegend, San Diego, CA) and h32m (Clone 2M2 -
BioLegend)[35,44].
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Luciferase expression using noninvasive bioluminescent
imaging

NSG mice were injected intrathoracically or i.v. with 1x10"
genomic copies (GC) of each of AAVI-GFP-Luc. Two weeks later,
luciferase expression in the mice was monitored using Caliper Life
LifeSciences TVIS®Lumina/Living Image (Caliper LifeScience,
Hopkinton, MA). Briefly, after anesthetizing the mice, 200 pL
15 mg/mL D-luciferin (Gold Biotechnology, St. Louis, MO, USA)
was injected i.p., and whole body in vivo imaging analyses were
performed for 30 sec to 2 min using an @ viwo imaging system
(IVIS®Lumina) as previously described [45].

Monitoring in vivo expression of human cytokines and
HLA-A2 mediated by AAV9 vectors

NSG mice were intravenously (i.v.) given 5x10? GC of AAV9-
GM-CSF, AAV9-1L-3, AAV9-1L-4, AAV9-IL-7, or AAV9-IL-15.
In some experiments, 1x10° GC/mouse of AAV9I-GM-CSF was
also administered by 1.v. Sera were collected after 1, 2, 4, 10, and
16 weeks, and the levels of the respective human cytokines
produced in the sera of AAV-transduced NSG mice were
determined by using ELISAs (BioLegend). Another groups of
NSG mice were administered 5x10'° GC by intrathoracically and
5x10'"" GC by i.v. of AAV9-A2. Four wecks later, the thymus was
collected from the injected mice, and co-expression of HLA-A2/
hB2m was determined by FACS and immunohistochemical
analyses as described elsewhere in the Materials and Methods
section.

Thymus immunohistochemistry

Immunohistochemical analyses of the thymus collected from
AAV9-A2-injected NSG mice were performed as described [46].
Briefly, after collecting thymus from AAV9-A2-injected NSG
mice, they were washed and embedded in compound 4583 (Tissue
Tek) and frozen in a bath of ethanol and dry ice. Blocks were
sliced into 8 to 12 nm thick slices using a microtome (Microm
HM500 OM cryostat), and were fixed in 4% formaldehyde
solution for 10 min. The slides were blocked for 1 hour with PBS
buffer containing a cocktail of 5% normal goat sera and 5%
normal mouse sera. After washing three times with PBS, the slides
were incubated for overnight at 4°C with the purified anti-mouse
CD326 (BioLegend) and anti-HLA-A2.1 antibodies (BioLegend),
followed by three washes and incubation for 1 hour at room
temperature in the dark with the secondary antibodies Alexa Fluor
555-labeled goat anti-rat IgG (BioLegend) and Alexa Fluor 488-
labeled goat anti-mouse IgG (BioLegend), respectively. The slides
were washed once and nuclei were counterstained with Hoechst
33342 (Sigma) for 5 min. Finally, the slides were washed three
times, mounted with mounting medium (KPL), and examined
using an Olympus IX-70 inverted microscope equipped with a
camera. Images were acquired at 100x magnification and
analyzed using Imaris software version 6.2.

Determination of AAV9-specific and transgene-specific
GC number in selected organs

AAV9-specific and the transgene-specific GC number present
in selected organs were determined as previously described [36].
Briefly, various organs, including lung, liver, spleen, kidney and
bone marrow, were collected 6 and 20 weeks after NSG mice were
given recombinant AAV9 vectors, as described above. Each organ
was pretreated with proteinase K prior to being homogenized
using a tissue homogenizer. DNA was isolated from the tissue
lysate following the DNeasy Blood and Tissue kit protocol
(Qiagen, Germantown, MD). After determining total DNA
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concentration by a spectrophotometry, 100 ng of DNA from each
sample was used as a template material for a real-time PCR. The
total viral GC number of all the AAV9 vectors present in certain
organs was quantified by using SYBR Green PCR Kit (Bio-Rad)
with primers specific to the AAV9 vector itself, which were 5'-
GGCGGAGTTGTTACGACAT-3" (forward) and 5'-GG-
GACTTTCCCTACTTGGCA-3' (reverse). The GC number of
each transgene transduced in certain organs by respective AAV9
vector was quantified with primers specific to the transgenes, i.e.
HLA-A2, huGM-CSF, hulL-3 and hulL-15. The primers used for
HLA-A2 were 5'-ACATGGAGCTTGTGGAGACC-3’ (forward)
and 5'-AGGACACCCAGAACAGCAAC-3’ (reverse). The prim-
ers used for huGM-CSF, hull-3 and hull-15 were; 5'-
CACTGCTGCTGAGATGAATGA-3" (forward) and 5'-CTG-
GGTTGCACAGGAAGTTT-3’ (reverse), 5'-TGGGGAAGAC-
CAAGACATTC-3" (forward) and 5-CGGAATTCATTCC-
AGTCACC-3" (reverse), and 5'-ATGGACAGCAAAGGT-
TCGTC-3" (forward) and 5'- ACTTTGCAACTGGGGTGA-
AC-3' (reverse), respectively. The standard curve of each AAV9
vector, as GC number control, was generated, using a 7-log
spanning serial dilution between 100 pg and 100 fg of DNA in
50 ng/pl salmon sperm DNA. All samples and controls were run
in triplicate. From this data set, we obtained the number of viral
GC/ug of total genomic DNA for total AAVY9 or for each
transgene transduced by the recombinant AAVY vector in selected
organs. One picogram of AAV9 DNA is equivalent to
3.6x10° GC.

Purification of human hematopoietic stem cells (HSCs)
and xenogeneic transplantation

Lymphocytes were isolated from fetal liver samples as described
elsewhere [6]. CD34" HSCs were isolated from lymphocytes using
anti-human CD34" microbeads (Miltenyi Biotec, Germany)
according to the manufacturer instructions. HSC purity was
evaluated using flow cytometric analyses, and the percentage of
CD34" cells was confirmed to be higher than 90%. Young NSG
mice (less than 4 weeks old) were transduced with AAV9-A2 and/
or AAV9-hucytokines as described above and 2 weeks later, they
received 150 cGy total body sub-lethal irradiation for myeloabla-
tion. A few hours later, 1x10° human CD34+ cells were
transplanted by iv. infusion to each AAV9-injected, irradiated
NSG mouse.

Phenotypic analyses of human CD45" cells in the blood
of AAV9-A2/hucytokines-transduced, HSCs-transplanted
NSG mice

The reconstitution status of human CD45" cells in the blood of
AAV9-A2/hucytokines-transduced NSG mice was monitored 6,
10, and 14 weeks after HSC transplantation by determining the
percentage of human CD45+ cells in the peripheral blood using
flow cytometric analyses. Upon lysing red blood cells, PBMCs
were purified from peripheral blood collected from the mice. After
washing the cells twice, purified PBMCs were blocked for 5 min
on ice using normal mouse sera supplemented with anti-CD16/
CD32 (clone 93 - BioLegend). Cells were washed once, and
stained for 40 min on ice in the dark with the following antibodies:
Pacific Blue anti-human CD45 (clone HI30 - BioLegend), PerCP/
Cy5.5 anti-mouse CD45 (clone 30-F11 — BioLegend), PE-Cy7
anti-human CD3 (clone UCHT1 - BioLegend), APC-Cy7 anti-
human CD4 (clone RPA-T4 - BioLegend), Alexa Fluor 700 anti-
human CD8 (clone HIT8a - BiolLegend), Alexa Fluor 647
anti-human CDI161 (clone HP-3G10 - BioLegend), PE anti-
human CD19 (clone HIB19 - BioLegend), and APC anti-human
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CD3 (clone HI'T3a - BioLegend). After staining, cells were washed
twice with PBS containing 2% FBS, fixed with 1% paraformal-
dehyde, and analyzed using a BD LSR II (BD Biosciences).

Immunization of AAV9-transduced, HSC-transplanted
NSG mice with recombinant adenoviral vaccines

Sixteen weeks after HSC engraftment, which coincides with 18
weeks after AAV9 inoculation, AAV9-transduced NSG mice, as
well as A2-Tg NSG mice, were immunized with a recombinant
adenovirus serotype 5 (Ad5) expressing the circumsporozoite (GS)
protein of Plasmodium falciparum (AdPfCS)[47] or the p24 antigen of
HIV-1 (Adp24)[48]. Briefly, the mice were immunized intramus-
cularly (im.) with 5x10'° viral particle units (vp) of each AdPfCS
and Adp24. Two weeks later, the level of the A2-restricted CD8+
T-cell response specific for PfCS and HIV-p24 antigens was
determined using an IFN-y ELISpot assay and ICCS assay as
described below.

Vaccine-induced A2-restricted human CD8" T-cell
response in AAV9-transduced, HSC-transplanted
NSG mice

Two weeks after vaccination with AdPfCS and Ad-p24, spleens
and liver were harvested from corresponding immunized AAV9-
transduced, HSC-transplanted NSG mice. Lymphocytes were also
processed from respective organs. After isolation of lymphocytes,
the cells were counted and used for IFN-y ELISpot and ICCS
assays upon stimulation with synthetic peptides corresponding to
the A2-restricted CD8" T-cell epitopes of the PfCS protein (1-
YLNKIQNSL; 2- KLRKPKHKKL; 3- SLKKNSRSL)[49] and
HIV-p24 antigen (TLNAWVKVYV)[50]. For ELISpot assays, the
relative numbers of PfCS antigen-specific and HIV-p24 antigen-
specific IFN-y-secreting human CD8* T cells among lymphocytes
obtained from spleen and liver of Ad-immunized HIS mice were
determined using ELISpot assays as previously described [47-49].
For ICCS assays, lymphocytes were stimulated for 46 hours using
a pool of the synthetic peptides listed above or PMA-ionomycin (as
a positive control) in the presence of brefeldin at 37°C with 5%
COs,. ICCS assays were performed as previously described [50].
Briefly, after blocking with the anti-mouse CD16/CD32 antibody,
lymphocytes were stained for surface markers with antibodies
against CD45, CD3, and CD8. Next, lymphocytes were
permeabilized with perm/wash solution (BD Biosciences), stained
with the FITC-labeled anti-human IFN-y antibody, fixed with 1%
paraformaldehyde, and analyzed using a BD LSR II (BD
Biosciences).

In vivo and in vitro cytotoxic activity of vaccine-induced
A2-restricted human CD8" T cells

For in witro cytotoxic assays, livers from naive HIS mice (NSG
mice transduced with AAV9-A2/hucytokines followed by HSC
transplantation) were perfused and hepatocytes were collected, as
described [51]. After labeling hepatocytes with 6 uM carboxy-
fluorescein diacetate succinimidyl ester (CFSE; Molecular Probes,
Eugene, OR) for 15 min at 37°C [52], they were pulsed with
peptides corresponding to the A2-restricted CD8" T cell epitopes
listed above at 2 pug/ml for 1 hour. CFSE-labeled naive hepato-
cytes pulsed with peptide were then mixed with the same volume
(100 pl) of various numbers of CD8" enriched T cells from
AdPfCS-vaccinated HIS mice (as effector cells) in conical
polypropylene Costar cluster tubes (Costar, Corning, NY). The
cell mixture was centrifuged at low speed (200 rpm) for 1 min and
incubated at 37°C in 5% COy incubator for the indicated times
(0.5 to 5 hours). The cells were washed with culture media
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containing 1% BSA at room temperature, and either fixed with
1% PFA or permeabilized with Cytofix/Cytoperm solution (BD
Biosciences). Next, the cells were washed twice with staining buffer
(D-PBS, 1% BSA, 0.1% saponin) and resuspended in staining
buffer. After incubation for 1 hour on ice with the biotinylated
anti-cleaved caspase 3 monoclonal antibody (BD Biosciences,
Mississauga, ON) [53,54], cells were incubated for 30 min on ice
with strepavidin-APC (Sigma, St. Louis, MO) and analyzed using
a BD LSR II (BD Bioscience).

For in vivo cytotoxic assays, a group of 8 HIS mice were
immunized i.m. with 5x10'® vp of AdPfCS. Two weeks later, four
AdPfCS-immunized, as well as four naive HIS mice, received
50 pg of a plasmid DNA encoding the PyCS or PfCS gene [45] via
hydrodynamic tail vein (HT'V) injection less than 5 seconds after
the plasmid DNA was diluted in PBS in a total volume of 2 ml
[45,55]. Three days after the HTV injection, total RNA was
extracted from liver samples. Purified RNA was transcribed to
c¢DNA using MultiScribe Reverse Transcriptase (Applied Biosys-
tems, Foster City, CA) following the manufacturer’s instructions.
To perform real-time PCR to evaluate expression of PfCS protein-
specific mRNA, we designed a specific set of primers and a
Tagman probe: ACC CTA ATG CCA ATC CCA AC (F), CCC
GTT GCC TTG ATT GTT C (R), and 56-FAM/ACC CTA
ATG/ZEN/CTA ACC CGA ACG CC/3IABKFQ (P). We also
designed a set of primers and a Taqman probe for PyCS protein-
specific mnRNA: TGA GGG TGA GGA AGA GGA AG (F), CTG
TTG CTC ACG ATG TTG AAG (R), and 56-FAM/TGA ACA
AGC/ZEN/AGC CCG AGA ACC T/3IABKFQ (P). Finally,
mouse GADPH Endogenous Control (VIC®/MGB Probe, Primer
Limited) was purchased from Applied Biosystems. Real-time PCR
was performed using an ABI Prism 7500 Fast Sequence Detector
(Applied Biosystems) as previously described [47,48]. The copy
number for the respective mRNAs in each sample was normalized
to the GAPDH copy number. Each value was expressed as the
mean of the ratio of PfCS protein or PyCS protein mRNA relative
to GAPDH mRNA from duplicate samples of two independent
reactions.

Results

Construction of AAV9 vectors encoding human cytokines
and HLA-A2, and evaluation of transgene production and
expression in vitro

We constructed recombinant AAV9 vectors encoding human
cytokine genes including IL-3, IL-4, IL-7, IL-15, and GM-CSF, as
well as those encoding HLA-A2 (Figure 1A). All these human
cytokines are shown to be necessary for a proper human immune
system development and function in NSG/NOG mice [10,11]. To
confirm the production and expression of human cytokines and
A2, respectively, encoded by AAVY, we infected a murine
macrophage cell line, MC57G, with various concentrations of
each AAVY i vitro. We found that MC57G cell lines infected with
the corresponding AAV9 produced significant amounts of human
IL-3, 1L-4, IL-7, IL-15, and GM-CSF in culture in a dose-
dependent manner (Figure 1B). HLA-A2 and hp2m co-expression
was also detected upon infection of MC57G cells with AAV9-A2,
which encodes chimeric A2/hB2m, in a dose-dependent fashion
(Figure 1C).

In vivo production of human cytokines in NSG mice upon
transduction with AAV9 vectors

To determine the level of  vivo production of human cytokines
in NSG mice transduced by AAV9 vectors encoding the human
cytokines, each young (3- to 4-weeck-old) NSG mouse was
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Figure 1. /In vitro expression of human cytokines and HLA-A2.1 in MC57G cells. (A) Maps of Zac2.1 plasmids modified to encode human
cytokines and HLA-A2.1 (HHD) containing o1 and o2 domains of HLA-A2.1, 3, cytoplasmic and transmembrane domains of murine H-2D®, and hp2m,
are shown. These plasmids were used to construct AAV9 viral particles. (B) MC57G cells were infected in vitro with AAV9 encoding the respective
cytokine, and the production of each cytokine was determined using ELISA. (C) MC57G cells were infected in vitro with different doses (1 x10°,
1x10%, or 1x10"" GC/mL) of AAV9-encoding HLA-A2.1/hB2m (AAV9-A2). Expression of HLA-A2.1 and hp2m was evaluated using flow cytometric

analyses.
doi:10.1371/journal.pone.0088205.g001

intravenously administered 5x10? GC of AAV9 encoding each produced was measured using ELISA. As shown in Figure 2A, the
human cytokine. After 1, 2, 4, 10, and 16 wecks, sera were level of all human cytokines was detectable up to 10 weeks after
collected from the mice and the level of each human cytokine inoculation with AAV9 vectors. The production levels of all
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cytokines tested formed a bell-shaped curve with peaks at 4 weeks,
and the cytokine levels became almost undetectable at week 16,
except for human GM-CSF. When NSG mice were inoculated
with two different doses of AAV9-GM-CSF, high (5x10° GC/
mouse) and low (1x10? GC/mouse), and the level of human GM-
CSF secreted in the sera was monitored, we observed peak
secretion 8 weeks after NSG mice were inoculated with either dose
of AAV9-GM-CSF (Figure 2B). More importantly, upon injection
with 1x10? GC of AAV9-GM-CSF, the level of human GM-CSF
became undetectable 16 weeks post AAV9-GM-CSF inoculation
(Figure 2B).

A B
10007 W hiL-3
- | @ hiL-4 5
E 800 AAVY{ E hIL-7 E
€ 600+ H hiL-15 2
° 0 hGM-CSF w
£ 400 - 8
[*] d
< s
© 200 A o
0 o
1 2 4 10 16
weeks
C D

AAV9-Luc by i.v.

AAV-Mediated Gene Delivery for HIS Mice

In vivo expression of A2/h2m in NSG mice upon
transduction with the AAV9 vector

To determine the tissue tropism of AAV9 vectors, NSG mice
were first intrathoracically or iv. inoculated with 1x10'" GC/
mouse of AAV9 encoding GIFP-luciferase. Two weeks later, non-
invasive whole-body bioluminescent imaging analyses were
performed. As shown in Figure 2C, intrathoracic administration
of the AAVY vector resulted in a localized expression of the
transgene in the thoracic region, whereas i.v. injection led to a
systemic expression of the transgene. Next, we aimed to examine
the i vivo expression of both HLA-A2 and hf2m molecules in
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Figure 2. /n vivo expression of human cytokines and HLA-A2/hf2-m in NSG mice upon AAV9-mediated gene delivery. (A) NSG mice
were inoculated with 5x10° GC/mouse of AAV9 encoding each cytokine, and 1, 2, 4, 8, 10, or 16 weeks later, sera were collected from the mice and
cytokine production was determined using ELISA. (B) The level of human GM-CSF produced in the sera was determined after inoculation of NSG mice
with a high (5 %x10° GC/mouse) or a low (1x10° GC/mouse) dose of AAV9-GM-CSF. (C) Luciferase expression 2 weeks after inoculation of NSG mice
with 1x10' GC of AAV9-GFP-Luc via intrathoracic or i.v. route is shown by injecting D-luciferin intraperitoneally, followed by whole body in vivo
imaging analyses. (D) NSG mice were administered intrathoracically with 5x10'® GC of AAV9-A2 and 4 weeks later, the expression of HLA-A2 and
hp2m by CD326"'°M cells within the thymus of AAV9-A2-infected NSG mice, A2-Tg NSG mice, and naive NSG mice was determined using flow
cytometric analyses. (E) Immunohistochemical analyses show HLA-A2 (green) and CD326 (red) staining of thymic tissue from AAV9-A2-transduced
NSG mice, A2-Tg NSG mice, and naive NSG mice. Hoechst 33342 (blue) was used to counterstain nuclei.

doi:10.1371/journal.pone.0088205.9002

PLOS ONE | www.plosone.org 6 February 2014 | Volume 9 | Issue 2 | 88205



NSG mice inoculated with an AAV9-A2 vector that encodes both
molecules compared with A2-Tg NSG mice and naive NSG mice.
For this purpose, we inoculated each NSG mouse intrathoracically
with 5x10'” GC and i.v. with 5x10'" GC of AAV9-A2 vector.
Four weeks later, thymus was removed from the AAV9-A2-
inoculated NSG mice, A2-Tg NSG mice, and naive NSG mice.
After obtaining a single suspension, A2/hB2m expression was
evaluated. Flow cytometric analyses of thymus-derived lympho-
cytes showed a high level of expression of both A2 and hf2m
molecules within the CD326"8" epithelial cell population, and the
level was similar or higher than that observed in HLA-A2
transgenic NSG mice (Figure 2D). A2/hf2m expression was
confirmed by immunohistochemistry (IHC), in which the level of
expression of HLA-A2 in the thymus of AAV9-A2-inoculated
NSG mice appeared comparable to A2-Tg NSG mice (Figure 2E).
The non-leukocyte (CD45 ™) fraction in other tissues, such as liver,
spleen, and bone marrow, also showed high expression of A2/
hB2m after AAV9-A2 transduction at 20 weeks after AAV9-A2
moculation (Figure S1). This is particularly important considering
that hepatocytes derived from AAV9-A2-inoculated NSG mice
can present A2-restricted peptides to PfCS-specific A2-restricted
human CD8" T cells, which then should be able to recognize and
lyse the hepatocytes.

In vivo persistence of AAV9 and transgene GC in NSG
mice upon AAV9 injection

To determine the AAV9 vector and respective transgene GC
numbers, lungs, liver, kidney, spleen and bone marrow were
isolated from NSG mice 6 and 20 weeks after recombinant AAV9
vector administration. AAV9- and transgene-specific GC numbers
were determined from DNA isolated from the organs by qPCR
using AAVO- and transgene-specific primers, respectively. As
shown in Figure 3A, the mice that received a high dose
(1x10" GC) of AAV9-A2 maintained relatively high AAV9
vector GC numbers at 20 weeks post injection, whereas, the GC
number in mice that received a low dose (1.5 x10'"® GC) of AAV9-
hucytokines cocktail (AAV9-GM-CSF, AAV9-IL-3 and AAV9-IL-
15) rapidly decreased and was almost undetectable at 20 weeks
post injection. When the transgene-specific GC numbers were
determined, we observed a similar trend, i.e. only the HLA-A2
GC number remained high (>10* GC) upon a high dose of AAV-
A2 injection, while all other cytokine-specific GC numbers became
low (<10* GC) in all the organs tested 20 weeks after injection
with a low dose of a cocktail of recombinant AAV9 vectors
encoding hucytokines (Figure 3B).

Reconstitution of human leukocytes from HSCs
transplanted in NSG mice facilitated by AAV9-
hucytokines or AAV9-A2 transduction

There are several human cytokines that facilitate the develop-
ment of the human hematopoietic cell lineage, including human
1L-3, IL-4, 1L-7, 1L-15, and GM-CSF. Therefore, to determine
the contribution of each human cytokine on the repopulation of
human CD45" cells in NSG mice, NSG mice were first transduced
with AAV9 encoding the respective human cytokine separately,
followed by transduction with a cocktail of these AAV9 vectors.
One to two weeks after transduction, NSG mice were sub-lethally
irradiated to myeloablate the remaining murine immune cells,
followed by an iv. infusion of 1x10° HSCs, as identified by
human CD34" cells (Figure 4A). Thereafter, the percentages of
human CD45" cell repopulation in the peripheral blood of AAV9-
transduced NSG mice were monitored up to 14 weeks after HSC
transplantation.
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Among the human cytokines tested, the highest percentage of
human CD45" cell reconstitution was observed in NSG mice
injected with AAV9 expressing human GM-CSF (40%), IL-3
(20%), and IL-15 (18%)(Figure 4B). The AAV9 encoding these
three human cytokines were thus combined and injected into NSG
mice at a fixed viral dose (1x10° GC/mouse for AAV9 encoding
GM-CSF and 5x10? GC/mouse for AAV9 encoding I1-3 and
IL-15). We observed an additive/synergistic effect of human GM-
CSF, IL-3, and IL-15 on the engraftment of human CD45" cells in
NSG mice when these cytokines were combined, resulting in
approximately 70% of human CD45" cells 14 weeks after the
human CD34" cell infusion (Figure 4C). Delivery of the A2/hB2m
genes via intrathoracic and iv. inoculation of AAV9 vectors to
NSG mice also greatly improved the reconstitution of human
CD45" cells in peripheral blood mononuclear cells (PBMCs) 14
weeks after the human CD34" cell engraftment (Figure 4D).

Improved human leukocyte repopulation from HSCs
transplanted in NSG mice transduced with AAV9-A2/

hucytokines

To evaluate whether transduction of HLA-A2 with or without
co-transduction of the combined human cytokines could further
facilitate reconstitution of human CD45" cells, NSG mice were
inoculated with 1x10'"" GC of AAV9-A2 (5x10'® GC each by
intrathoracically and iv.), together with AAV9-hucytokines
(5%10° GC of AAVI-IL-3 and AAV9-IL-15, and 1x10° GC of
AAV9-GM-CSF by iv.), or AAV9-A2 alone. A2-Tg NSG mice
and NSG mice inoculated with 2x10'° GC/mouse of AAV9
encoding GFP-Luc (mock treatment) were also evaluated for the
percentage of human CD45" cells in their PBMCs 6, 10, and 14
weeks after HSC transplantation (Figure 5A). Although the human
CD45" cell percentage (Figure 5A and B) and absolute numbers
(data not shown) in the blood increased over time in all groups, the
highest percentage of human CD45" repopulation was found in
NSG mice who received both AAV9-A2 and AAV9-hucytokines,
as well as in A2-Tg NSG mice. The percentage of human
leukocyte population could exceed 75% among total leukocytes in
the blood of all mice (Figure 5B).

We next determined the percentages of various subpopulations,
including CD19" B cells, CD3" T cells, CD4*, and CD8" T cells,
among the human CD45" cells using flow cytometric analyses
(Figure S2) in the blood (Figure 5C and D) and in the spleen and
bone marrow (Figure S3). In the blood, we found that the
percentage of CD3* T cells among human CD45% cells was
highest in NSG mice inoculated with AAV9-A2 and AAV9-
hucytokines (AAV9-A2/hucytokines), which was similar to that
observed in human PBMCs (Figure 5C). In contrast, the
percentage of CDI19" B cells was lowest in this group
(Figure 5C). The percentages of both CD4* and CD8" T cells
in NSG mice inoculated with AAV9-A2/hucytokines were almost
superimposable to those in human PBMCs (Figure 5D). In the
spleen and bone marrow, the same trend was observed for CD19*
B and CD3" T cells (Figure S3B and C) as in blood. It is
noteworthy that the percentage of CD34"HLA-A2" cells engrafted
in the bone marrow of AAV9-A2/hucytokines-transduced NSG
mice was much higher than that in other groups (Figure S4),
confirming the superiority of the combination of cytokines for stem
cell engraftment compared to other groups having no cytokines.
When the absolute numbers of CD4" and CD8* T cells in the
blood were determined, the absolute number of both CD4" and
CD8" T cells in the blood of NSG mice who received AAV9-A2/
hucytokines was much higher than NSG mice that received
AAV9-A2 alone or A2-Tg NSG mice (Figure S3D and E). We
have also compared the reconstitution status of other immune cell
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Figure 3. GC number specific for AAV9 and the transgenes present in selected organs of NSG mice at 6 weeks and 20 weeks after
AAV9 injection. Lung, liver, spleen, kidney and bone marrow, were collected 6 and 20 weeks after NSG mice were given recombinant AAV9 vectors
(5x10° GC of AAV9-GM-CSF, AAV9-IL-3, and AAV9-IL-15 by i.v., or 1x10"" GC of AAV9-A2 by i.v. and intrathoracically), and DNA was isolated from the
respective organs. (A) The number of AAV9 vector GC was determined by using a set of primers specific to AAV9 vector. (B) The number of GC specific
for the transgenes - HLA-A2, hGM-CSF, hIL-3 and hIL-15 - was determined by using a set of primers to the respective transgene. There was a low
number (10-10% GC; depending on the transgene) of GC detected in naive NSG mice, as a non-specific background, and, therefore, this background
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doi:10.1371/journal.pone.0088205.9003

types, including DCs macrophages, and NK cells in different HIS
mouse groups, as shown in Table 1. In general, there is no
significant difference with regards to the percentage of DCis,
macrophages and monocytes, whereas the percentage of NK cells
appears to be higher in AAV9-A2/hucytokines-transduced NSG
mice compared to other groups of NSG mice. The quality and the
function of these cell subsets remain to be investigated. Lastly,
when we determined the status of CD8" T cell memory/
activation, we found that the percentage of effector memory
CD8" T cell subset significantly increased among total CD8" T
cells in NSG mice injected with AAV9-A2/hucytokines, compared
to those injected with AAV9-A2 alone or A2-Tg NSG mice

PLOS ONE | www.plosone.org

(Figure 5E). A majority of CD8" T cells in PBMCs from a healthy
human subject was found to be effector CD8" T cells (Figure 5E).

Induction of vaccine-specific A2-restricted human CD8"
T-cell response in AAV9-A2/hucytokines-transduced,
HSC-transplanted NSG mice

In view of the best reconstitution status of various human
lymphocytes found in AAV9-A2/hucytokines-transduced NSG
mice upon HSC engraftment, we sought to determine the human
CD8" T-cell response in these HIS mice compared to AAV9-A2-
transduced NSG mice or A2-Tg mice engrafted with HSCs. Mice

were immunized with a recombinant adenovirus serotype 5
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Schematic representation of the strategic methodology for engrafting human CD34" cells in AAV9-transduced NSG mice. NSG mice were inoculated
with AAV9-hucytokines or AAV9-A2 and 2 weeks later, mice were irradiated to myeloablate mouse immune cells. The next day, mice were
transplanted i.v. with 1 %x10° human CD34" cells previously isolated from human fetal liver. (B) The level of human CD45" cell reconstitution in the
blood was determined using flow cytometric analyses 10 weeks after engrafting human CD34" cells into NSG mice transduced with AAV9 encoding
human IL-3, IL-4, IL-7, IL-15, or GM-CSF. (C) The level of human CD45™ cell reconstitution in the blood was determined using flow cytometric analyses
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doi:10.1371/journal.pone.0088205.g004

expressing PfCSP (AdPfCS) or p24 of HIV-1 (Ad-p24). Two weeks
later, lymphocytes were isolated from spleen and liver of
vaccinated HIS mice, and the relative number and percentage
of human T cells secreting IFN-v in response to synthetic peptides
corresponding to the A2-restricted CD8" T cell epitopes of the
respective antigen, was determined using ELISpot and intracel-
lular cytokine staining (ICCS) assays. We observed a significantly
higher level of A2-restricted human CD8" T-cell responses against
the HIV antigen (Figure 6A) as well as the human malaria antigen
(Figure 6B) in HSC transplanted NSG mice transduced with both
AAV9-A2 and AAV9-hucytokines than in NSG mice receiving
AAV9-A2 or in A2-Tg NSG mice, based on ELISpot assays.
There was no difference between the latter two groups (p>0.05). A
similar trend was observed when we performed ICCS assays

PLOS ONE | www.plosone.org

(Figure 6C). As expected, we did not observe a significant level of
antigen-specific, A2-restricted human CD8" T cell response in
NSG mice received AAV9-hycytokines alone, followed by HSC
engraftment (data not shown).

In vivo and in vitro cytotoxic activity of vaccine-induced
A2-restricted human CD8" T cells in AAV9-A2/

hucytokines-transduced, HSC-transplanted NSG mice
Finally, to determine the functionality of A2-restricted human
CD8" T cells in AAV9-A2/hucytokines-transduced, HSCs-trans-
planted NSG mice, we determined the cytotoxic effect of the
CD8" T cells induced upon vaccination with AdPfCS in vitro and in
viwo. To determine the i vitro cytotoxic activity of vaccine-induced,
human CD8" T cells in HIS mice, we first isolated hepatocytes
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charts show the percentage of various human lymphocyte subsets, including naive, central memory (CM), effector memory (EM) and effector CD8+ T
cells, within the human CD45" cells in the blood of various groups of HIS mice determined 14 weeks after HSC engraftment, compared to those in
PBMCs of a healthy human subject. * indicates p values <0.05, ** indicates p values <0.01, and *** indicates p values <0.001.

doi:10.1371/journal.pone.0088205.9g005

from the HIS mice, labeled them with CFSE, and used as target
cells. The majority of hepatocytes derived from the HIS mice
express both A2 and hf32m (Figures S1 and S5). Hepatocytes were
then co-cultured with CD8* T cells as effector cells (enriched from
splenocytes of the HIS mice vaccinated with AdPfCS) in the
presence or absence of the peptide corresponding to the A2-
restricted CD8" epitope of the PfCS protein. We found that
AdPfCS-specific CD8" T cells exert significant cytotoxic activity
against peptide-pulsed, but not against non-pulsed, hepatocytes
vitro, as determined by caspase-3 activity (Figure 7A). To
determine the i vivo cytotoxic activity of vaccine-induced, human
CD8" T cells in HIS mice, we challenged the mice via
hydrodynamic tail vein (HTV) injection with a plasmid DNA
encoding either PfCS antigen or PyCS antigen. The HTV
injection delivered DNA-PfCSP or DNA-PyCSP to the liver of
naive HIS mice or HIS mice immunized with AdPfCS. Three days
after the challenge, expression of each antigen in the liver was
determined using real-time qRT-PCR. We found that AdPfCS
vaccination to the HIS mice abolished expression of the PfCS
antigen, but not of PyCS antigen (Figure 7B). We confirmed that
nearly half of the hepatocytes isolated from HIS mice that received
HTV injection of DNA-PfCS express HLA-A2 as well PfCS
protein using flow cytometric analyses (Figure S5). These results
indicate that PfCS antigen-specific, A2-restricted human CD8" T
cells induced in AdPfCS-vaccinated HIS mice display cytotoxic
activity against A2" hepatocytes expressing the PfCS antigen in
vitro as well as in vivo.

Discussion

Recent studies have demonstrated that the expression of certain
human cytokines dramatically improves reconstitution of specific
human-blood lineage cells in humanized mice [5,10,11,23,56-58].
In the current study, we found that among the putative human
cytokines known to help hematopoietic cell development, the
transduction of a combination of 3 cytokines (human GM-CSF,
IL-3, and IL-15 genes) by AAV9 vectors results in the
reconstitution of the highest percentage of human CD45" cells
(Figure 4). It is important to note that the level of these human
cytokines i wviwo transduced by AAV9 vector-mediated gene
delivery became undetectable 16 weeks after AAV9 inoculation,
which was 2 weeks before the time of experimental vaccination. In
this regard, our mouse model has a great advantage compared to a
transgenic mouse model, where the level and duration of cytokine
expression cannot be regulated and shut off and, consequently, the
continuous presence of human cytokines at the time of vaccination
should artificially alter the immunogenicity and efficacy of the
vaccine. Another advantage is that the detailed analysis of CMV
promoter-driven  AAV9 vector-mediated gene expression and
localization in various organs of mice after iv. injection has
already been intensively investigated and discussed [36]. In fact,
we also performed a comprehensive analysis with regards to the
persistence of the AAV9 vector- and transgene-specific GC
(Figure 3), and we found that the GC number of the AAV9
vector and the transgenes (hucytokines) became almost undetect-
able at 20 weeks post injection upon a low dose (1.5x10'" GC)
injection with a cocktail of 3 AAV9 vectors encoding hucytokines
(Figure 3). In contrast, the GC number of AAVY vector and the
transgenes (HLA-A2) can remain relatively high for a long period
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of time when a high dose (1x10"" GC) of the AAV9I-A2 was given,
although the GC numbers decreased to some degree in all organs
(Figure 3). There are a few possibilities, which may cause the
transient expression of human cytokines by AAV9 vectors when
being injected at a relatively low dose. Firstly, it is known that
AAV enters endosomal compartment upon infecting host cells,
presumably resulting in decreased and transient expression of a
transgene [59-61]. Secondly, one study demonstrated that the
integration of the transgene into the infected cell’s genome occur
only in a small fraction of hepatocytes, thus leading to a transient
expression of the transgene in a large fraction of hepatocytes,
particularly in young rodents due to rapid turnover of hepatocytes
[62]. Finally, although AAV vectors are not immunogenic, host
immunity can still react against AAV and eliminate it in a long run
[63].

We sought to co-administer NSG mice with AAV9 encoding the
3 human cytokines (AAV9-hucytokines) i.v., together with AAV9
encoding HLA-A2 fused to hp2m (AAV9-A2) via intrathoracic
and iv. routes. We found that the AAV9-A2/hucytokines-
transduced NSG mice were able to reconstitute PBMCs with
close to 80% of human CD45" cells, similar to what was observed
in A2-Tg NSG mice (Figure 5)[4] and some of BLT mice [18].
Interestingly, these mice could also mount significantly higher
numbers of human CD4" and CD8" T cells in their blood than
A2-Tg NSG mice (Figure 5). Additionally, we confirmed the
expression of both HLA-A2 and hB2m in the thymic epithelial
cells of NSG mice that received intrathoracic injection of AAV9-
A2 (Figure 2D and E). Our current studies confirm previous
findings that the presence of HLA-class I molecules is required for
the development of human CD8" T cells. More importantly, our
current findings indicate that the presence of certain human
cytokines, particularly at early stages of HSC infusion, not only
improves the engraftment and reconstitution of human T cells, but
also increases the percentage of effector memory CD8+ T cell
subset. The expansion of effector memory CD8+ T cell subset is a
trend that we also find in PBMCs collected from a healthy human
subject, likely due to the fact that we encounter a myriad of
microbial infections during our daily life. Finally, we wish to
emphasize that as shown in Figure 5, the variation of the
reconstitution status of human immune system, particularly the T
cell populations, at 14 weeks post HSC engraftment within a
group of NSG mice transduced with AAV9-A2-hucytokines is
equivalent to or even less than that observed within a group of A2-
Tg NSG mice suggesting that our current AAV vector-mediated
gene delivery approach results in a small variation of HIS
reconstitution within the group of similarly treated NSG mice.
However, the reconstitution status in different experiments is still
variable likely due to the derivation of HSCs from different
donors. It is also worth mentioning that engrafting a low number
of HSCis, <50,000 per mouse, results in poor HIS
reconstitution (data not shown).

With regards to the persistence of the transgene expression by
AAV9 vectors, even after 20 weeks post AAV9-A2 inoculation, we
could observe a majority of hepatocytes still being able to express
HLA-A2 molecules and becoming a target for vaccine-induced,
A2-restricted human CD8* T cells, which in turn lyse the
hepatocytes both 2 vivo and i vitro. The reason for a long duration
of A2 expression after AAV9-A2 infection, in contrast to transient
expression of AAV9-induced human cytokine expression, is likely

ie.
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Figure 6. Magnitude of CD8" T cell response induced in AAV9-A2/hucytokines transduced HIS mice immunized with Ad-p24 and
AdPfCS. Two weeks after NSG mice were transduced with either AAV9-A2/hucytokines, AAV9-A2, or AAV9-GFP (mock control), these NSG mice, as
well as age-matched A2-Tg NSG mice, were engrafted with HSCs. Sixteen weeks after HSCs engraftment, all groups of NSG mice were immunized
with Ad-p24 and AdPfCS, and 2 weeks later, splenocytes and liver mononuclear cells were collected. In (A) and (B), ELISpot assays were performed
using splenocytes and liver mononuclear cells derived from respective mice in the presence or absence of peptides corresponding to A2-restricted
CD8* T-cell epitopes of HIV-p24 (A) and PfCS (B). (C) Intracellular cytokine staining (ICCS) was performed on splenocytes using a pool the peptides
corresponding to A2-restricted CD8" T-cell epitopes of HIV-p24 and PfCS. IFN-y expression was measured in both assays. The results are expressed as
IFN-y-secreting cells/million lymphocytes for ELISpot and as the percentage of IFN-y" CD8* T cells for ICCS. * indicates p values <0.05. NS, not
significant.

doi:10.1371/journal.pone.0088205.g006

due to a high dose, ie. 1x10"" GC, of injection by AAV9-A2, response was higher than that induced in NSG mice transduced
compared to a low dose - 5x107 GC - injection with each AAV9- with AAV9-A2 alone or A2-Tg NSG mice that received the same
hucytokine, as demonstrated in Figure 3. vaccines. Our results agree with previous findings in which the

Although human CD8" T cells were present in the peripheral induction of EBV-specific, A2-restricted human CD8* T-cell
blood of HIS mice, it is important to investigate whether responses was detected in EBV-infected A2-Tg NSG mice, but not

experimental human vaccines can elicit vaccine-specific CD8" T in EBV-infected non-transgenic NSG, or uninfected A2-Tg NSG
cells in HIS mice. When AAV9-A2/hucytokines-transduced, mice [4,25]. In addition to EBV, A2-restricted CD8* T cells
HSCs-engrafted NSG mice were immunized with adenovirus against other antigens, such as dengue virus-derived antigen [26]
vaccines expressing malaria and HIV antigens, a high level of and islet antigen [27], have also been shown in A2-Tg NSG mice.
vaccine antigen-specific, A2-restricted human CD8" T-cell In the latter case, the source of human CD34" cells was from a

response was induced in these HIS mice. The CD8" T-cell type 1 diabetic patient [27]. HIV-1-specific CD8"* T cells restricted
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doi:10.1371/journal.pone.0088205.g007

by HLA-B51 [64] and HLA-B57 [19] were also shown to be and @ viwo in a manner specific to malaria antigen expressed by
induced in HIV-1-infected B51-Tg NSG mice and BLT mice, A2-bearing hepatocytes.

respectively. In summary, our study demonstrates that AAV vector-mediated

The most important aspect regarding the functionality of CD8* gene delivery is a simple and efficient method that promotes long-
T cells is their cytotoxic activity. EBV-specific CD8" T cells term multiple human gene delivery in immune-deficient mice,
induced in EBV-infected A2-Tg mice were able to exert A2- facilitating the generation of humanized mice and allowing
restricted cytotoxic activity against EBV-infected human B cells i evaluation of the immunogenicity of human vaccines in an
vitro [4]. HIV-specific B57-restricted CD8* T cells were also shown efficiently established, small, humanized animal model.

to exert anti-HIV-1 effects in HIV-l-infected BLT mice [19].

Most recently, an islet antigen-specific CD8" T-cell clone was Supporting Information

shown to cause beta-cell destruction in A2-Tg NSG mice i vivo

upon adoptive transfer [65]. In the current study, we are able to Figure S1 Percentage of HLA-A2'/hf2m" cells in the

demonstrate that malaria antigen-specific A2-restricted human non-leukocyte (CD45 ) population residing in the liver,
CD8" T cells induced in our HIS mice upon immunization with a spleen, and bone marrow of AAV9-A2 transduced NSG
human malaria vaccine can exert cytotoxic activity both i vitro mice. Twenty weeks after infection of NSG mice with
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5%10" GC of AAV9-A2 by iv., a single cell suspension was
obtained from the liver, spleen, and bone marrow, followed by
gating on non-leukocyte (CD457) fraction. The percentages of
HLA-A2"/hB2m"* cells were determined by flow cytometric
analyses.

(TIF)

Figure $2 Reconstitution of human lymphocytes in the
peripheral blood of AAV9-A2/hucytokines transduced,
HSCs-engrafted NSG mice. Flow cytometric analyses were
performed to determine the percentage of various human
lymphocyte subsets in the blood of various groups of mice 6, 10,
and 14 wecks after engrafiment of human CD34" cells.

(TIF)

Figure S3 Reconstitution of human immune system in
the spleen and bone marrow of AAV9-A2/hucytokines-
transduced, HSCs-engrafted NSG mice. I'low cytometric
analyses were performed to determine the level of various human
cell subsets, including human CD45" cells (A), human CD19" B
cells (B), and human CD3"* T cells (C), in the spleen (Sp) and bone
marrow (BM) of various groups of mice 20 weeks after engraftment
of HSCs. The groups include; AAV9-A2/hucytokines-transduced
NSG mice (N =5), AAV9-A2-transduced NSG mice (N =7), A2-
Tg NSG mice (N=35), or AAVI-GFP-transduced NSG mice

(N=4). In (A-C), symbols represent individual percentage and
lines represent the mean value for each group. The percentages of
human CD8" T cells (D) and CD4" T cells (E) within the human
CD3" T cells in spleen are also shown in symbols and lines for
individual percentage and the mean value, respectively. The mean
absolute numbers of CD8" and CD4™ T cells in 5% 10° splenocytes
are shown in the gray bar graphs with standard errors. The
statistical differences refer to the difference among the percentages
in (A—C) and the absolute numbers in (D) and (E). *p<<0.05; **p<<
0.01; **=#p<<0.001.

(TTF)
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Figure S4 Reconstitution of human CD34'HLA-A2" in
the bone marrow of AAV9-A2/hucytokines-transduced,
HSCs-engrafted NSG mice. Flow cytometric analyses were
performed to determine the level of human CD34"HLA-A2*
(HSC lineage markers) in total bone marrow cells of various
groups of NSG mice 20 weeks after engraftment of HSCs. The
groups include; AAV9-A2/hucytokines-transduced NSG mice
(N=5), AAV9-A2-transduced NSG mice (N=7), A2-Tg NSG
mice (N =5), or AAVI-GFP-transduced NSG mice (N = 4). ¥*p<
0.001.

(TIF)

Figure S5 Co-expression of HLA-A2 and PfCS antigen in
hepatocytes isolated from AAV9-A2-transduced NSG
mice challenged with DNA-PfCS by HTV delivery. Sixteen
weeks after infecting NSG mice with AAV9-A2, 50 ug of a
plasmid encoding PfCS dissolved in 2 ml PBS was injected in the
mice by HTV delivery. After 3 days, hepatocytes were isolated by
liver perfusion, and co-expression of HLA-A2 and PfCS antigen
was determined by flow cytometric analyses.

(TIF)
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