
Articles
eBioMedicine
2023;96: 104785

Published Online xxx

https://doi.org/10.
1016/j.ebiom.2023.
104785
Redirector of Vaccine-induced Effector Responses (RoVER) for
specific killing of cellular targets
Christina V. Konrad,a,b,d Emma F. Iversen,a,d Jesper D. Gunst,a,b Ida Monrad,b Andreas Holleufer,c Rune Hartmann,c Lars J. Østergaard,a,b

Ole S. Søgaard,a,b Mariane H. Schleimann,b and Martin Tolstrupa,b,∗

aDepartment of Clinical Medicine, Aarhus University, Aarhus C, 8000, Denmark
bDepartment of Infectious Diseases, Aarhus University Hospital, Aarhus N, 8200, Denmark
cDepartment of Molecular Biology and Genetics, Aarhus University, Aarhus C, 8000, Denmark

Summary
Background In individuals with malignancy or HIV-1 infection, antigen-specific cytotoxic T lymphocytes (CTLs) often
display an exhausted phenotype with impaired capacity to eliminate the disease. Existing cell-based immunotherapy
strategies are often limited by the requirement for adoptive transfer of CTLs. We have developed an immunotherapy
technology in which potent CTL responses are generated in vivo by vaccination and redirected to eliminate target cells
using a bispecific Redirector of Vaccine-induced Effector Responses (RoVER).

Methods Following Yellow fever (YF) 17D vaccination of 51 healthy volunteers (NCT04083430), single-epitope YF-
specific CTL responses were quantified by tetramer staining and multi-parameter flow cytometry. RoVER-
mediated redirection of YF-specific CTLs to kill antigen-expressing Raji-Env cells, autologous CD19+ B cells or
CD4+ T cells infected in vitro with a full-length HIV-1-eGFP was assessed in cell killing assays. Moreover,
secreted IFN-γ, granzyme B, and TNF-α were analyzed by mesoscale multiplex assays.

Findings YF-17D vaccination induced strong epitope-specific CTL responses in the study participants. In cell killing
assays, RoVER-mediated redirection of YF-specific CTLs to autologous CD19+ B cells or HIV-1-infected CD4+ cells
resulted in 58% and 53% killing at effector to target ratio 1:1, respectively.

Interpretation We have developed an immunotherapy technology in which epitope-specific CTLs induced by
vaccination can be redirected to kill antigen-expressing target cells by RoVER linking. The RoVER technology is
highly specific and can be adapted to recognize various cell surface antigens. Importantly, this technology obviates
the need for adoptive transfer of CTLs.
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Introduction
Cytotoxic T lymphocytes (CTLs) are potent killers of
malignant and virus-infected cells. Consequently, several
existing immunotherapy strategies act by directing cyto-
toxic effector responses towards target cells as seen with
chimeric antigen receptor (CAR) T cells and bispecific T
cell engager (BiTE) constructs. In hematological malig-
nancies, CAR T cells and BiTEs have improved treatment
and outcomes.1–9 Thus, CAR T cells and BiTEs are now
being explored to treat HIV-1 infection (clinical trials:
NCT03617198, NCT04863066).10–15 Both in malignant
disease and during chronic HIV-1 infection, the immune
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system display an exhausted phenotype and is dysfunc-
tional due to a chronic state of inflammation caused by
sustained antigen exposure.16–18 Furthermore, the malig-
nant and virus-infected cells evade immune-mediated
clearance by escape mechanisms such as down-
regulation of Human Leukocyte Antigen class I (HLA-I)
expression to prevent presentation of disease-associated
antigens.19–23 Together, this suggests that the immune
response is inefficient at eliminating a persistent malig-
nancy as well as chronic HIV-1 infection, and thus em-
phasizes the need for assisting immunotherapies to
induce effective immune-mediated killing. Despite the
y, Aarhus C, 8000, Denmark.
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Research in context

Evidence before this study
Harnessing CD8+ T cells is a promising immunotherapeutic
strategy and can be achieved by different means. Broad CD3-
engaging bispecific T cell engagers (BITE) or Chimeric Antigen
Receptor (CAR) methodologies have entered clinical utility.
Bispecific molecules with greater selectivity for effector T cells
has been proposed as a next generation therapeutic strategy.

Added value of this study
Here we show the possibility of inducing clonal expanded
effector T cells by simple vaccination and hence provide the

data to support the ability to redirect vaccine-generated T
cells to eliminate cells expressing other antigens not
comprised in the vaccine.

Implications of all the available evidence
This novel means of using in vivo vaccine-induced immunity
to elimate cells expressing cancer- or HIV-antigens could lead
to a new way of harnessing T cells for disease
immunotherapy.
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immense potential of the CAR T cell technology, the
requirement for adoptive transfer of vast numbers of
ex vivo genetically modified effector cells is an obvious
obstacle limiting broader scale clinical application.4,5,24–26

A slightly different immunotherapy concept has
been explored in pre-clinical cancer research
achieving linkage of cancer target cells and CTLs by
creating a chimeric molecule comprising an antibody
or a single chain Fragment variable (scFv) specific for
a tumor-associated antigen and a recombinant
peptide-loaded HLA-I molecule directed against
selected antigen-specific CTLs.27–35 Specific lysis of
antigen-expressing cancer cells is thus achieved by
redirecting CTLs specific for the peptide presented by
the HLA-I domain. Several studies have shown that
redirection of CTLs results in specific and potent
killing of cancer cells in vitro27–35 as well as inhibition
of tumor growth in vivo using tumor mouse
models.28,29,32,34,35 Prominently, scFv-guided redirection
of CTLs towards tumor cells by targeting cell-surface
proteins is able to overcome the absence or low
expression of HLA-I molecules.29,33,34 However, the
clinical utility of this technology may be compromised
by the inability to generate sufficient numbers of
antigen-specific CTLs in vivo and the need for adoptive
transfer of effector cells.

Here we describe an extension of the technology for
redirection of an antigen-specific CTL response towards
a target of choice. In this immunotherapy concept
(Fig. 1a) a potent de novo CTL effector response is
generated in vivo by simple vaccination followed by
redirection of CTLs towards target cells by a recombi-
nant RoVER (Redirector of Vaccine-induced Effector
Responses). The RoVER is composed of two function-
ally distinct domains: 1) a scFv domain targeting specific
cell surface antigens on target cells, and 2) an HLA class
I molecule carrying an immunogenic vaccine epitope
able to specifically engage and activate vaccine-induced
effector T cells (Supplementary Fig. S1). We utilize the
live-attenuated Yellow Fever (YF) 17D vaccine (Stamaril,
Novartis), which induces remarkably strong CTL im-
mune responses.36 This YF vaccine-induced generation
of epitope-specific CTL responses is exploited in the
adaptive immunotherapy technology to overcome the
limitation of an inadequate and exhausted effector
response.
Methods
YF-17D vaccinated healthy donors and ethics
Healthy adult participants were recruited in the study
(NCT04083430) and received vaccination with a single
dose of 0.5 mL 17D live-attenuated YF vaccine (Sta-
maril, Sanofi Pasteur). Individuals self-reported any
previous history of vaccination with YF-17D. Blood
samples were taken (up to 100 days) prior to and at two
timepoints (day 21 ± 3 and 100 ± 40) after vaccination.
Peripheral blood mononuclear cells (PBMCs) were
isolated by Ficoll density gradient centrifugation and
cryopreserved in Heat Inactivated Foetal Bovine Serum
(HI-FBS) with 10% DMSO. All participants provided
informed consent under the approved protocol by the
Danish Medicines Agency (2019-06-06-50), the Danish
National Committee on Health Research Ethics (1-10-
72-122-19) and the Danish Data Protection Agency (1-
16-02-190-19).

Primary cells and cell lines
Peripheral blood mononuclear cells (PBMCs), primary
B cells, CD4+, and CD8+ T cells obtained from YF-17D
vaccinated study participants were cultured in RPMI
1640 medium supplemented with 10% HI-FBS, 1%
Penicillin-Streptomycin (P/S) (cRPMI) and 100 IU/mL
IL-2. Primary CD4+ T cells, CD8+ T cells and B cells
were isolated from human PBMCs by negative selection
using the CD4+ T Cell Isolation Kit (Miltenyi Biotec
Cat# 130-096-533), CD8+ T Cell Isolation Kit (Miltenyi
Biotec Cat# 130-096-495), and the B Cell Isolation Kit II
(Miltenyi Biotec Cat# 130-091-151).

HEK293T cells obtained from the ATCC (ATCC Cat#
CRL-3216™, RRID: CVCL_0063) were cultured in
Dulbecco’s Modified Eagle’s Medium High Glucose
(DMEM) supplemented with 10% HI-FBS and 1% P/S
(cDMEM) at 37 ◦C in 5% CO2.
www.thelancet.com Vol 96 October, 2023
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Fig. 1: Functional assessment of RoVER components. a) Graphics of the RoVER technology. A vaccine induces potent vaccine epitope-specific
CD8+ T cell responses which are redirected towards a cellular target of choice by administration of the bispecific RoVER. Graphics created with
BioRender.com. b) Representative flow cytometry plots from dextramer staining of donor peripheral blood mononuclear cells (PBMCs) pre and
post YF-17D vaccination (21 ± 3 days) showing vaccine-induced epitope-specific CD8+ T cell responses. c) Western blots with anti-AviTag or
Streptavidin-HRP showing successful expression and biotinylation of scFv-10-1074 and scFv-CD19 proteins from transient transfection of
mammalian cells with pcDNA3.1 (+) expression plasmids encoding the scFvs. d) Functional assessment of the target cell binding capacity of
scFv-10-1074 and scFv-CD19 proteins by flow cytometry analyses using Raji-Env cells with stable expression of GFP, CD19 and HIV-1 envelope
using BV421-conjugated streptavidin. Controls included unstained Raji-Env cells or cells stained with a biotin-conjugated anti-CD19 antibody
and/or streptavidin-BV421.

Articles
Expi293-F (Gibco Cat# A14527) and BirA-Expi293-F
cells were cultured in Expi293 Expression Medium
(Gibco Cat# A1435101) in sterile Erlenmeyer culture
flasks at 37 ◦C in 8% CO2 with shaking. BirA-Expi293-F
cells were generated by stabile transfection of Expi293-F
cells with pDisplay-BirA-ER (Addgene Cat# 20856,
RRID: Addgene_20856) plasmid expressing BirA
enzyme. To select for BirA-expressing cells, 0.5 mg/mL
G418 selection (Sigma–Aldrich Cat# G8168) was added
to the culture medium, and 0.2 μg/mL biotin (Sigma–
Aldrich Cat# B4639).

Raji-Env cells37 with stable expression of YU2 enve-
lope and GFP under puromycin selection were cultured
at 37 ◦C in 5% CO2 in cRPMI + 1 μg/mL puromycin
(Gibco Cat# A1113803).

All cell lines were tested negative for mycoplasma.
www.thelancet.com Vol 96 October, 2023
HLA-typing of YF-specific CD8+ T cells
For all study participants, HLA class I (HLA-A, -B, -C)
alleles were genotyped at the ASHI-accredited laboratory
HistoGenetics (Ossining, NY) using sequencing-based
typing (SBT).

Quantification of YF-specific CD8+ T cells
YF epitope-specific CD8+ T cells isolated from YF-17D
vaccinated study participants were quantified by
tetramer staining. To detect various HLA types, ten
different biotin-conjugated HLA class I molecules car-
rying immunogenic YF peptides (ImmunAware Cat#
1001-03, 1002-09, 1016-04, 1020-04, 1048-05, 1058-02,
1072-02, 1088-02, 1105-02 or custom design) were
analyzed: NS5286-295(KSEYMTSWFY)-A*01:01, NS4B214-

222 (LLWNGPMAV)-A*02:01, NS34-12(VLWDIPTPK)-
3
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A*03:01, NS324-32(IYGIFQSTF)-A*24:02, NS5672-680
(RPIDDRFGL)-B*07:02, NS373-81(SVKEDLVAY)-
B*15:01, NS2A4-13(HAVPFGLVSM)-B*35:01, NS2B110-

118(HPFALLLVL)-B*35:01, E200-209 (TESWIVDRQW)-
B*44:02, NS1116-124(KTWGKNLVF)-B*57:01. HLA class
I monomers carrying a YF peptide were tetramerized
using PE-conjugated streptavidin (BioLegend Cat#
405204). Tetramerization was obtained by three
sequential additions of biotinylated YF peptide-HLA
class I monomers to Streptavidin-PE in a 4:1 M ratio,
followed by an incubation step at 4 ◦C for 15 min
1.5 × 106 PBMCs/flow tube were incubated for 30 min
in the dark at room temperature (RT) in 40 μL tetramer
solution prediluted in FACS buffer (PBS with 2% HI-
FBS) to a final concentration of 30 nM. Subsequently,
the cells were washed in PBS and stained with Live/
Dead™ Fixable Near-IR Dead Cell Stain (Invitrogen
Cat# L10119) and incubated for 5 min at RT in the dark.
The PBMCs were further analyzed for T cell markers
(CD3, CD8), extracellular T cell activation markers
(CD38, HLA-DR) and CCR7 and CD45RA expression to
define CD8+ T cell subsets using a panel of
fluorochrome-conjugated antibodies (BD Biosciences
Cat# 564001, RRID: AB_2744382, Cat# 565192, RRID:
AB_2739104, Cat# 555488 RRID: AB_395879, Cat#
562444, RRID: AB_11151894, Cat# 748339, RRID: AB_
2872758, BioLegend Cat# 353230, RRID: AB_2563630)
in Brilliant Stain buffer (BD Biosciences Cat# 563794)
for 20 min at RT in the dark. The cells were analyzed by
flow cytometry (BD LSRFortessa™ X-20; BD Bio-
sciences) using BD FACSDiva Software (BD Bio-
sciences, RRID: SCR_001456).

Cloning of scFv
DNA sequences for scFv-CD19 or scFv-10-1074 were
designed based on the CD19-targeting domain of bli-
natumomab (Blincyto, Amgen), or the broadly neutral-
izing antibody, 10-1074, targeting the V3-loop on the
HIV-1 envelope.38 The scFv DNA sequences were or-
dered as gBlocks® Gene Fragments from Integrated
DNA Technologies. For expression, the scFv DNA se-
quences were cloned into a pcDNA3.1 (+) backbone
plasmid (Invitrogen Cat# V79020).

Production of biotinylated scFv proteins
Biotinylated scFv proteins were produced by BirA-
Expi293F cells with expression plasmids encoding
scFv-CD19 or scFv-10-1074 using PEI MAX® trans-
fection reagent (Polysciences Cat# 24765) in a 1:4 ratio
of DNA to PEI. Supernatants were collected on day 5
post transfection, and the scFv proteins were isolated on
a HiTrap TALON crude column (Cytiva Cat# 29048565)
capturing His-tagged protein and eluted in PBS sup-
plemented with 10% glycerol. In brief, elution buffer
(250 mM Imidazole, 50 mM NaH2PO4, 300 mM NaCl,
pH 7.0) to a final concentration of 4% (v/v), Triton X-100
to a final concentration of 0.1% (v/v), and CaCl2 to at
final concentration of 750 μM was added to the super-
natant. The supernatant was incubated for 1 h at 4 ◦C
under constant stirring and was subsequently centri-
fuged at 4000×g for 30 min and vacuum filtered using a
cellulose acetate membrane with a pore size of 0.2 μM.
The 6xHis tagged scFv proteins were captured on a
1 mL HiTrap TALON crude column (Cytiva Cat#
29048565). The column was washed with 10 column
volumes wash buffer (50 mM NaH2PO4, 300 mM NaCl,
pH 7.0) and the protein was eluted using 5 column
volumes elution buffer. The eluted protein was dialyzed
into PBS supplemented with 10% glycerol and sterile
filtered using a cellulose acetate filter with a pore size of
0.2 μM attached to a syringe.

Western blot analysis of scFv proteins
Protein samples were mixed in a 3:1 ratio with 4x
Laemmli Sample Buffer (Bio-Rad Cat# 1610747) sup-
plemented with 5% 1 M dithiothreitol (DTT) and heated
at 95 ◦C for 5 min. The denatured proteins were
separated by SDS-PAGE on a Mini-PROTEAN® TGX
Stain-Free™ Protein Gel 4–20% or a Criterion™ TGX
Stain-Free™ Protein Gel 4–20% in 1x Tris/Glycine/SDS
buffer and transferred to a PVDF membrane using a
Trans-Blot Turbo Transfer System (Biorad). The mem-
brane was blocked in Tris-buffered Saline (TBS) sup-
plemented with 0.1% Tween®20 (TBS-T) and 3%
Nonfat-dried Milk bovine powder (TBS-T-3%Milk) for
1 h at RT with rocking. Following blocking, the mem-
brane was incubated with anti-Avi-tag (GenScript Cat#
A00674, RRID: AB_915553) or horseradish peroxidase
(HRP)-conjugated Direct-Blot™ anti-His tag (BioLegend
Cat# 362614, RRID: AB_2734399) primary antibodies or
streptavidin-HRP (Invitrogen™ Cat# S911) diluted
1:2000, 1:500 or 1:3333, respectively, in TBS-T-1%Milk
overnight at 4 ◦C or at RT for 1 h with rocking. If
applicable, the membrane was incubated with an HRP-
conjugated anti-rabbit IgG (Genscript Cat# A01827)
secondary antibody diluted 1:5000 in TBS-T-1%Milk for
1 h at RT with rocking. The membrane was visualized
using Clarity™ Western ECL substrate (Biorad Cat#
1705060) and the ChemiDoc imaging system (Biorad).

The degree of biotinylation of scFv proteins was
assessed by Western blot analysis of scFv samples sub-
jected to different conditions. In brief, samples con-
taining biotinylated scFv proteins were compared to
identical samples from which biotinylated proteins had
been removed using Streptavidin Magnetic Beads
(Thermo Scientific Cat# 88816). Subsequently, the
samples were subjected to Western blot analysis as
described. The degree of biotinylation was assessed by
densiometric analyses using Image Lab software version
6.1.0 (Bio-Rad, RRID: SCR_014210).

Functional assessment of scFvs
Primary CD4+ T cells infected with HIV-1-eGFP, pri-
mary B cells or Raji-Env cells were seeded in flow tubes
www.thelancet.com Vol 96 October, 2023
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at a density of 5.0 × 105 cells/tube. Cells were washed in
FACS buffer and incubated with 9.25 μg/mL of scFv-10-
1074-biotin or 9 μg/mL scFv-CD19-biotin at 4 ◦C for 1 h.
After washing twice with FACS buffer, the cells were
incubated with 10 μg/mL of BV421-conjugated Strepta-
vidin (BioLegend Cat# 405226) in the dark at 4 ◦C for
20 min. Finally, the cells were washed twice in FACS
buffer, fixed with 1% formaldehyde (Thermo Scientific
Cat# 28908), and analyzed by flow cytometry (MACS-
Quant® Analyzer 16).

Preassembly of RoVER
The RoVER was preassembled according to the protocol
for tetramerization of HLA-I monomers as described
previously, however replacing half the HLA-I molecules
with scFv or an antibody (biotin-conjugated CD4 anti-
body; Biolegend Cat# 344610, RRID: AB_2028490).
Preassembly of RoVER was thus achieved by combining
1.627 mol scFv or HLA-I monomer to 1 mol Streptavi-
din. In in vitro cell killing assays, 1.8 × 10−5 μmol RoVER
was used per 106 target cells.

In vitro cell killing assays
Target CD19+ or CD4+ cells isolated from PBMCs were
stained with a 2.5 μM CellTrace™ Violet (Invitrogen
Cat# C34557) according to manufacturer’s protocol. In
killing assays using blinatumomab, target cells were
seeded in a round-bottom 96-well plate with
5.0 × 103 cells/well. 50 μL cRPMI + IL2 or 10 ng/mL
blinatumomab was added immediately prior to adding
CD8+ effector cells in different effector to target (E:T).
For RoVER-mediated killing assays, the target cells were
incubated with preassembled RoVER for 1 h at 4 ◦C. For
peptide-mediated killing assays, the target cells were
incubated with 10 μg/mL Antigen Peptide YFV Genome
polyprotein HLA-A*0201 (LLWNGPMAV) (JPT Peptide
Technologies Cat# SP-MHCI-0063) for stimulation of
NS4B-HLA-A*02:01 specific CD8+ T cells or with 10 μg/
mL Antigen Peptide Chicken Ovalbumin H-2 Kb
(SIINFEKL) (JPT Peptide Technologies Cat# SP-MHCI-
0016) as a control for 1 h at 4 ◦C. Target cells were
seeded in a round-bottom 96-well plate at a density of
5.0 × 103 cells/well, and autologous CD8+ T cells were
added in different YF-specific E:T) cell ratios. After 20 h
incubation at 37 ◦C in 5% CO2, 100 μL supernatant
from each well was collected and saved at −80 ◦C for
cytokine analysis. To identify dead or dying cells, the
cells in each well were stained with Live/Dead™ Fixable
Near-IR Dead Cell Stain (LD-NIR) (Invitrogen Cat#
L10119) for 5 min in the dark at RT. The samples were
then analyzed by flow cytometry for dead (LD-NIR+)
target cells (CellTrace™+) using a MACSQuant®
Analyzer 16. We show the level of dead cells in the
figures (including the background/negative condition)
and report the adjusted percentage of killed cells by
subtracting this background from that observed in the
stimulated condition.
www.thelancet.com Vol 96 October, 2023
Detection of CD107α degranulation
Initially, RoVER-mediated killing was performed ac-
cording to the protocol for In vitro cell killing assays as
described above. Following co-culture of CD19+ and
autologous CD8+ T cells in YF-E:T cell ratio 3:1, anti-
CD107a (LAMP-1) antibody (Miltenyi, Cat# 130-119-
869) was added along with BD GolgiStop (BD
Biosciences Cat# 554724) in a final volume of 250 μL.
Each E:T was tested in triplicates. After 3 h incubation at
37 ◦C in 5% CO2, the cells were stained with tetramer
solution, Live/Dead™ Fixable Near-IR Dead Cell Stain
and a panel of surface markers antibodies as described
above in Quantification of YF-specific CD8+ T cells. The
samples were analyzed by flow cytometry using a BD
LSRFortessa™ X-20 and BD FACSDiva Software.

Cytokine release assays
Cytokines IFN-γ, TNF-α or Granzyme B in supernatant
from killing assays were quantified by mesoscale
multiplex assays: V-PLEX Custom Human Biomarkers
based on Proinflammatory Panel 1 Human Kit (Meso
Scale Discovery, Inc. Cat# K151A9H-1), U-PLEX
Immuno-Oncology Group 1 (hu) (Meso Scale Discov-
ery, Inc. Cat# K151AEL-1) or U-Plex Human Gran-
zyme B assay (Meso Scale Discovery, Inc. Cat#
K151H8K-1) according to the manufacturer’s in-
structions. The samples were analyzed in duplicates on
a MESO QuickPlex SQ 120 imager using DISCOVERY
WORKBENCH® software (Meso Scale Discovery,
RRID: SCR_019192).

HIV-1-eGFP virus production
A full-length HIV-1-eGFP reporter virus was generated
using a pBR-HIV-1 M NL4-3 92TH14-12 plasmid39

kindly provided by the Institute of Molecular Virology,
Ulm University Medical Center. The HIV-1-eGFP vi-
ruses were generated by transfection of HEK293T cells
with the pBR-HIV-1 M NL4-3 92TH14-12 plasmid using
PEI MAX® transfection reagent at a 4:1 M ratio of
PEI:DNA. Viral supernatants were collected 72 h post
transfection and filtered through a 0.45 μm Minisart®
NML Syringe Filter. The viral supernatants were
concentrated through Amicon Ultra-15 100K centrifugal
filters and stored at −80 ◦C.

HIV-1 neutralization assay
CD4+ T cells were seeded in cRPMI + IL2 at a density of
3.0 × 104 cells/well in a round-bottom 96-well plate 48 h
post activation. Each scFv was 3-fold serially diluted in
cRPMI + IL2 with a starting concentration of 25 μg/mL
and incubated with HIV-1-eGFP at 37 ◦C for 1 h. ScFv-
virus mixture was transferred to the cells with a MOI of
0.1. Next, the plate was centrifuged at 1250×g at 30 ◦C
for 2 h followed by incubation at 37 ◦C in 5% CO2. After
24 h, the cells were fixed with 1% formaldehyde, and
analyzed by flow cytometry (MACSQuant® Analyzer
16) for GFP + cells.
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HIV-1 env-expressing target cell killing assay
To assess RoVER-mediated killing of target cells
expressing HIV-1 envelope, in vitro cell killing assays
were performed using either a Raji cell line stably
expressing YU2 envelope and GFP (Raji-Env), and
autologous CD4+ T cells ex vivo infected with HIV-1-
eGFP. Specifically, autologous CD4+ T cells were iso-
lated from human PBMCs and activated for 48 h in
cRPMI + IL2 supplemented with 1 μg/mL PHA at 37 ◦C
in 5% CO2. Following activation, the PHA was removed
and the cells were resuspended in HIV-1-eGFP diluted
in cRPMI + IL2 for a MOI of 0.05 and spinoculated at
1250×g for 2 h at 30 ◦C. After 24 h incubation, the GFP-
expressing HIV-1-infected cells were enriched using a
MACSQuant® Tyto® Cell Sorter (Miltenyi). The HIV-
1-eGFP-infected autologous CD4+ T cells or Raji-Env
cells were seeded in a round-bottom 96 well plate with
2000–5000 GFP + target cells/well. In this HIV-1 Env-
expressing target cell killing assay, a preassembled
RoVER with a scFv-10-1074 targeting HIV-1 envelope
was used. CD8+ T cells obtained from YF-17D vacci-
nated study participants were added in different YF-
specific effector to GFP + target (YF-E:T) cell ratios
and incubated at 37 ◦C in 5% CO2. After 20 h incuba-
tion, the HIV-1-eGFP-infected cells were fixated in 1%
formaldehyde and analyzed for GFP + cells using a
MACSQuant® Analyzer 16. Dead target cells were thus
quantified by the disappearance of GFP + cells.

Statistics
Statistical analyses were performed using GraphPad
Prism version 9.2.0 (GraphPad Software, RRID: SCR_
002798), and the statistical analysis methods used as
well as the specifics of data presentation are reported in
the figure legends. Wilcoxon test was used to analyze
paired data, whereas Mann–Whitney statistical test was
used to analyze unpaired data. Statistical analyses were
only performed on data with five or more data points. A
p-value below 0.05 was considered statistically
significant.

Role of funders
The funders were not involved in the conceptualization,
study design, data collection, analysis or interpretation
of data, and did not contribute to the writing or sub-
mission of this paper.
Results
Production and functional assessment of the RoVER
components
To demonstrate RoVER-mediated redirection of a
vaccine-induced effector response towards target cells,
the RoVER was assembled from a biotinylated scFv
protein (targeting either CD19 or HIV-1 envelope) and
joined via streptavidin to a biotin-conjugated HLA-I
molecule carrying a YF-vaccine epitope. Moreover, YF
epitope-specific CD8+ T cells generated by YF-17D
vaccination were detected by staining with HLA-I dex-
tramers carrying YF epitopes (Fig. 1b). ScFvs were
designed to contain a C-terminal AviTag for bio-
tinylation and His-tag for purification purposes. Pro-
duction and biotinylation of the scFv proteins were
verified by Western blot analysis (Fig. 1c). Densiometric
analysis showed that >90% of scFv-10-1074 and scFv-
CD19 proteins were biotinylated, which was a prereq-
uisite for successful assembly of the RoVER. Target cell
binding capacity of the scFv-10-1074 and scFv-CD19
proteins were verified using a human B lympho-
blastoid Raji-Env cell line expressing GFP, CD19 and
HIV-1 envelope (Env) (Fig. 1d).37 As expected, flow
cytometry analysis showed pronounced binding of the
scFv-CD19 (94.0%) to the Raji-Env cell line, approaching
the level of control anti-CD19 antibody binding (99.1%).
Additionally, 76% of the HIV-1 Env expressing Raji-Env
target cells bound scFv-10-1074 (Fig. 1d). Similar bind-
ing assays examining scFv-CD19 and scFv-10-1074
binding to primary CD19+ B cells or HIV-1-infected
primary CD4+ T cells, respectively, further validated
the scFv binding capacity (Supplementary Fig. S2).
Thus, we show that efficient and high-level expression
of selected biotinylated scFvs can be achieved and these
scFvs enable binding with high specificity to desired
target cells expressing either CD19 or HIV-1 envelope.

YF-17D vaccination induces a potent response of
yellow fever epitope-specific CD8+ T cells
We performed vaccination of 51 healthy volunteers
(Clinical trial: NCT04083430) with the live-attenuated yel-
low fever (YF) YF-17D vaccine (Stamaril, Novartis) to study
vaccine-induced YF epitope-specific CD8+ T cell (YF CTL)
responses (Fig. 2a and Supplementary Table S1).36,40–43 We
determined YF CTL peak responses in a small pilot
longitudinal-sampling study of YF-17D vaccination of
HLA-A*02:01-positive healthy individuals (Fig. 2b). From
previous publications and this pilot study, YF-17D vacci-
nation was shown to generate a YF CTL response that
peaks between day 14 and 30 following vaccination.36

Quantification of vaccine-induced YF CTLs showed that
79% (37/47 participants analyzed) had YF CTLs targeting
more than one of the investigated epitopes (Fig. 2c and
Supplementary Fig. S3). Furthermore, YF CTLs were
detected for all the viral epitopes analyzed, thus demon-
strating the broad specificity of the CTL responses induced
by the YF-17D vaccine. However, the magnitude of CTL
responses towards the different YF epitopes examined
varied greatly among the analyzed donors regardless of
HLA-I type and epitope specificity. The most potent YF
CTL responses generated was observed for study partici-
pants with HLA-I types A*01:01, A*02:01, and B*35:01
recognizing the HLA-I-restricted epitopes NS5286-295
(KSEYMTSWFY), NS4B214-222 (LLWNGPMAV), and
NS2A4-13(HAVPFGLVSM), respectively. Quantification
revealed that the most prevalent YF CTL response was
www.thelancet.com Vol 96 October, 2023
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Fig. 2: Induction of potent response of yellow fever-specific CD8+ T cells by YF-17D vaccination. a) Flow cytometry gating strategy for
quantification and phenotypic characterization of YF-epitope tetramer + CD8+ T cells in PBMCs obtained from YF-17D vaccinated study
participants post vaccination (21 ± 3 days). The phenotypic characterization flow plot depicts the subset distribution of YF-epitope
tetramer + CD8+ T cells (red) across the total CD8+ T cells (grey) based on surface staining for CD45RA and CCR7: Naïve (CD45RA+,
CCR7+), central memory (CM) (CD45RA-, CCR7+), effector memory (EM) (CD45RA-, CCR7-), and terminal differentiated (TD) (CD45RA+, CCR7-).
b) YF-17D vaccination pilot study showing the frequency of YF-epitope tetramer + CD8+ T cells in total CD8+ T cells from YF-17D vaccinated
individuals at baseline pre-vaccination and at day 17, 28, 36 and 95 post vaccination (n = 2, data shown as mean ± SEM). c) The frequency of
YF-epitope tetramer + CD8+ T cells in total CD8+ T cells from 47 vaccinated study participants obtained post vaccination (21 ± 3 days). Data is
plotted according to the donor HLA class I. Data for each individual donor is depicted with circles, and filled circles denotes values for individuals
of which PBMCs are used in vitro cell killing assays (refer to Figs. 3–5). Box-and-whisker plot of the net frequency of YF-epitope tetramer + CD8+
T cells according to the donor HLA class I. d) Phenotypic characterization of YF epitope tetramer + CD8+T cells from 47 YF-17D vaccinated study
participants. Each bar represents the mean subset composition of YF-epitope tetramer + CD8+ T cells in individuals with the HLA class I denoted
below the bar. The number of individuals in each analysis is denoted above the bars.
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observed for HLA-A*02:01-positive study participants for
which a median 2.20% (range 0.07–10.30%, n = 29) of all
circulating CTLs were shown to be specific for the
NS4B214-222 -restricted epitope. In comparison, NS5286-295
-specific CTL responses comprised 0.38% (median, range
0.14–1.12%, n = 16) of all circulating CTLs in HLA-
A*01:01-positive study participants, whereas 0.65% (range
0.37–3.13%, n = 8) of circulating CTLs were shown to be
NS2A4-13-specific in HLA-B*35:01-positive individuals.

Further characterization of the vaccine-induced YF
CTLs in terms of phenotypic distribution showed a
similar pattern across the different HLA-I-types and
epitope specificities with the terminal differentiated
(TD) and effector memory (EM) subsets comprising the
majority of YF CTLs (Fig. 2d and Supplementary
Fig. S3). Specifically, NS5-A*01:01-specific CTLs
showed a phenotypic distribution of 54% TD and 30%
www.thelancet.com Vol 96 October, 2023
EM (n = 16), NS4B-A*02:01-specific CTLs comprised
46% TD and 37% EM (n = 29), and NS2A-B*35:01-
tetramer + CTLs showed a phenotypic distribution of
41% TD and 29% EM (n = 8). The dominating TD and
EM CTL phenotypic subsets are characterized by high
cytotoxic potential and the capacity for fast and potent
effector functions upon antigen encounter.

In conclusion, YF-17D vaccination induced strong
YF CTL responses which demonstrated broad specificity
capable of targeting several YF viral epitopes. Regardless
of HLA-type and epitope-specificity, the vaccine-induced
YF-specific CTLs were predominantly of the TD and EM
phenotypes. Based on the predominance of HLA-I-type
A*02:01 in the study population as well as the potent
induction of vaccine epitope-specific CTL responses in
individuals carrying the HLA-I alleles A*01:01, A*02:01,
and B*35:01 targeting the restricted epitopes NS5286-295,
7

www.thelancet.com/digital-health


Articles

8

NS4B214-222, and NS2A4-13, these HLA-types and epi-
topes were selected for the functional assessment of the
RoVER technology.

RoVER is able to redirect vaccine-induced effector
cells to mediate killing of CD19+ target cells
To evaluate the RoVER technology, we initially tested
the capacity of the RoVER to mediate state-of-the-art
in vitro elimination of CD19+ B target cells by redirec-
tion of vaccine-induced YF CTLs. As control we used the
FDA-approved BiTE, blinatumomab (Blincyto, Amgen)
that is used to treat B cell leukemias by activation of
CD3+ T cells to eliminate target B cells through CD19-
CD3 linkage. In target cell killing assays, we were able
to redirect the vaccine-induced YF epitope-specific
effector response towards target CD19+ B cells using
the RoVER(CD19), and achieved a dose-dependent effect
of 36%, 41% and 54% (background adjusted) killing at
YF-specific effector-to-target (YF-E:T) ratios of 1:1, 3:1
and 5:1, respectively (Fig. 3b). In contrast, no CD19+ B
cell killing was observed without exposure to the
RoVER(CD19) or upon exposure to scFv-CD19-
streptavidin alone, thereby validating the specificity of
the RoVER. This level of RoVER(CD19)-mediated target
cell killing was comparable to killing assays using bli-
natumomab in which 52% (background adjusted)
killing of CD19+ B target cells was achieved at effector-
to-target (E:T) ratio 1:1 and 71% target killing at E:T 20:1
(Fig. 3c). The higher E:T ratios investigated for
blinatumomab-mediated target cell killing was a conse-
quence of the engagement of blinatumomab with all
CD3+ T cells irrespective of antigen-specificity.

Next, we wanted to test the dependence of RoVER-
mediated killing on vaccine-induced YF CTLs. We
compared the killing of CD19+ B cells by autologous
CD8+ T cells obtained pre and post YF-17D vaccination.
RoVER(CD19)-mediated CD19+ B cell killing of 33% was
obtained at YF-E:T ratio 1:1 upon exposure to CTLs ob-
tained from study participants post vaccination and thus
after induction of a YF-specific effector response. The
target cell killing increased with increasing numbers of
effector cells reaching 45% target cell killing at YF-E:T
5:1. In contrast, no increase in target cell killing was
observed compared to background using autologous
CD8+ T cells obtained pre vaccination (Fig. 3d).

Collectively, we showed that the RoVER(CD19) was
able to both recruit and activate YF-specific CD8+ T cells
leading to target CD19+ B cell killing in a range com-
parable to the FDA-approved BiTE, blinatumomab.
Further, RoVER(CD19)-mediated target cell killing was
dependent on both the presence of the bispecific
RoVER(CD19) and vaccine-induced YF CTLs.

RoVER-mediated target killing can be achieved
using various HLA-I molecules and vaccine epitopes
To investigate the broader utility of the RoVER(CD19)

technology with various HLA-I types, in vitro target cell
killing assays were performed using RoVER(CD19)

comprising different HLA-I domains together with
vaccine-induced YF CTLs from study participants with a
variety of HLA-haplotypes.

Target cell killing could be achieved using
RoVER(CD19) comprising either NS4B-HLA-A*02:01 or
NS2B-HLA-B*35:01 with specific CD19+ B cell killing of
41% and 30%, respectively, at YF-E:T ratio 1:1 (Fig. 3e
and f). To confirm that target cell killing was HLA-I
dependent, in vitro target cell killing assays were per-
formed using RoVER(CD19) containing either HLA-I
domains matching (HLApos) or not-matching (HLAneg)
the HLA-I haplotype of the donor (Fig. 3g). In this setup,
donors with mixed HLA-I haplotype combinations
(HLA-A2+/HLA-B35-, and HLA-A1+/HLA-A2-) were
used to account for potential differences in immuno-
genicity of the presented YF peptides. For HLA-A2+/
HLA-B35- individuals, a RoVER(CD19_A2) comprising a
NS4B-HLA-A*02:01 domain was used as a matching
RoVERpos, whereas a RoVER(CD19_B35) comprising a
NS2B-B*35:01 was used as an unspecific RoVERneg.
Likewise, for HLA-A1+/HLA-A2- individuals, a RoVER
(CD19_A1) comprising a NS5-A*01:01 domain was used
as RoVERpos and a RoVER (CD19_A2) as RoVERneg. No
target cell killing was observed using a bispecific RoVER
with an unmatched HLA-I domain (RoVERneg), whereas
a marked increase in background adjusted target cell
killing of 47% at YF-E:T 1:1 and 57% at YF-E:T 3:1 were
achieved using a matching bispecific RoVER (RoVERpos)
(Fig. 3g).

In conclusion, RoVER-mediated target cell killing
was HLA-I dependent and similar levels of in vitro
killing could be achieved using RoVERs containing
different HLA-I molecules and vaccine epitopes.

Subsequently, we wanted to evaluate the effect of
RoVER on the killing capacity of YF-specific CD8+ T
cells. We performed parallel RoVER(CD19)- and peptide-
mediated target cell killing of CD19+ B cells by autolo-
gous CD8+ T cells obtained pre and post YF-17D
vaccination. The level of target cell killing obtained
upon exposure to RoVER(CD19) and LLWNGPMAV us-
ing CTLs obtained post vaccination was 60% and 35%,
respectively at YF-E:T ratio 3:1. In contrast, no CD19+ B
cell killing was observed without exposure to
RoVER(CD19) or upon exposure to irrelevant control
peptide SIINFEKL (Fig. 3h). This validates specific
stimulation of NS4B-HLA-A*02:01 specific CD8+ T cells
following exposure of RoVER(CD19) and LLWNGPMAV.
Additionally, the data show that RoVER-mediated target
cell killing does not negatively affect the killing capacity
of the effector cells compared to YF peptide pulsed cells.

Degranulation and cytokine release in target cell
killing assays
The speicificty of RoVER-mediated target cell killing was
further evaluated by flow cytometric detection of
degranulation. Quantifcation of CD107α surface
www.thelancet.com Vol 96 October, 2023
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Fig. 3: Specific killing of primary B target cells by autologous CD8+ T cells mediated by RoVER(CD19). a) Graphics of the workflow for in vitro
target cell killing assays using the RoVER technology (Created with BioRender.com). b) In vitro cell killing assays investigating RoVER(CD19)-
mediated killing of primary target CD19+ B cells using autologous CD8+ T cells obtained from YF-17D vaccinated study participants (n = 5). c)
In vitro target cell killing of CD19+ B cells by autologous CD8+ T cells from healthy donor PBMCs using the FDA-approved BiTE, blinatumomab
(n = 3). d) The dependence of RoVER(CD19)-mediated target cell killing for YF epitope-specific CD8+ T cells was investigated in vitro target cell
killing assays using CD8+ T cells obtained pre and post YF-17D vaccination (21 ± 3 days) (bar graph: n = 3, XY-graph: n = 7). To investigate
potential differences in RoVER-mediated killing capacity using two bispecific RoVER(CD19) containing different HLA class I-restricted YF epitopes
together with autologous cells obtained from YF-17D vaccinated donors with matched HLA class I, we investigated in vitro target CD19+ B cell
killing assays using a e) bispecific RoVER(CD19_A2) engaging CD19+ B target cells and NS4B-HLA-A*02:01-specific CD8+ T effector cells (n = 3), or
f) bispecific RoVER(CD19_B35) containing a NS2B-HLA-B*35:01 domain (n = 2). g) HLA class I-specificity of RoVER(CD19)-mediated killing was
tested in vitro cell killing assays using RoVER(CD19) containing a HLA class I domain matched to (HLApos) or different from (HLAneg) the donor
HLA class I (n = 3). h) In vitro cell killing assays investigating peptide- and RoVER(CD19)-mediated killing of B cells using autologous CD8+ T cells
obtained pre (n = 3) and post vaccination (21 ± 3 days) (n = 3, LLWNGPMAV; n = 4, SIINFEKL, −/+ RoVER). Data are the percentage of dead
(Live/Dead stain) target cells (Celltrace+) out of total target cells shown as mean ± SEM for all donors (bar graph) or for individual donors (XY-
graph) at the E:T or YF-E:T ratios indicated. p-values were calculated using Wilcoxon test. The dotted line is calculated based on the bars on the
left side of each diagram and indicates the mean background target cell death.
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expressing YF CTLs showed degranulated YF-specific
CD8+ T cells following RoVER-mediated killing of
CD19+ B cells by autologous CD8+ T cells obtained post
vaccination. Stimulation without RoVER and with CD8+
T cells obtained pre vaccination did not result in
CD107α surface expression. Hence, CD107α degranu-
lation was specific to both vaccine-induced YF CTLs and
the presence of RoVER(CD19) (Fig. 4a and
Supplementary Fig. S5).

The induction of an effector response was further
assessed by the level of cytokines released from RoVER-
mediated killing of target cells. Assessing a pool of
PBMCs obtained from study participants post-
www.thelancet.com Vol 96 October, 2023
vaccination, we observed pronounced induction of the
cytokines Interferon-gamma (IFN-γ), Tumor Necrosis
Factor-alpha (TNF-α), and Granzyme B (Grz B) upon
RoVER(CD19)-mediated target cell killing with a fold
change of 3.8, 2.8 and 5.7, respectively, compared to
using PBMCs obtained pre-vaccination (Fig. 4b).

Further investigations into cytokine release upon
RoVER-mediated killing of target cells showed that in-
duction of IFN-γ and TNF-α secretion was dependent on
exposure to the RoVER(CD19) (Fig. 4c) as wells as
vaccine-induced CD8+ T cells (Fig. 4d). This was evident
from pronounced increases in cytokine secretion upon
RoVER(CD19)-mediated killing of B cells with a fold
9
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Fig. 4: Degranulation and cytokine release from in vitro target killing assays using blinatumomab or RoVER. Detetction of CD107α
degranulation and Mesoscale multiplex analyses of supernatants from in vitro cell killing assays. a) Representative flow cytometry plots of
CD107α surface expression following in vitro cell killing assay showing RoVER-induced degranulating YF epitope-specific CD8+ T cells (left).
Percentage of degranulating YF epitope-specific CD8+ T cells (n = 4) (right). b) Analysis of IFN-γ, TNF-α or Grz B in supernatant from RoVER-
mediated killing of target cells using PBMCs obtained pre and post vaccination (21 ± 3 days) (n = 6, 100,000 PBMCs/well) (). IFN-γ or TNF-α
cytokine release from RoVER-mediated target cell killing assays c) with or without exposure to RoVER (n = 8) or d) at YF-E:T 0:1 or 1:1 (n = 4,
solid circles) and 3:1 (n = 4, open circles) using YF epitope-specific CD8+ T cell obtained from study participants post YF-17D vaccination (21 ± 3
days) (n = 8). e) Comparison of IFN-y and TNF-a release from in vitro target cell killing using blinatumomab (n = 2) or RoVER (n = 8). Data are
mean ± SEM. p-values were calculated using Wilcoxon test when comparing paired data and Mann–Whitney statistical test when comparing
unpaired data.
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change of 5.8 IFN-γ and 2.2 TNF-α at YF-E:T ratio 1:1
compared to conditions without exposure to
RoVER(CD19) (Fig. 4c), and fold changes of 665.0 IFN-γ
and 9.0 TNF-α compared to conditions without the
presence of CD8+ T effector cells (Fig. 4d). Moreover,
the cytokine response induced upon RoVER-mediated
target cell killing was in a comparable range to cyto-
kine release upon blinatumomab-mediated target cell
killing with fold changes of 5.7 IFN-γ and 0.92 TNF-α at
E:T ratio 1:1 (Fig. 4e). The level of cytokines released
from peptide-mediated killing of target cells was also
assessed to further compare the effector response
induced by RoVER (CD19) and YF peptide pulsed cells.
In agrrement with the findings in Fig. 3h, the induction
of IFN-γ, TNF-α, and Grz B from RoVER-mediated
killing of target cells was in a range comparable to the
release from LLWNGPMAV pulsed killing
(Supplementary Fig. S4).

In summary, RoVER-mediated target cell killing was
associated with CD107α surface upregulation and pro-
nounced release of the cytokines IFN-γ, TNF-α and Grz
B, which is in accordance with the induction of a potent
effector response and cytolysis of target cells.
The RoVER technology is adaptable
Next, we wanted to demonstrate that the RoVER tech-
nology can be adapted to various targets by altering the
scFv domain of the RoVER. Therefore, we replaced the
scFv-CD19 with the HIV-1 envelope-specific scFv-10-
1074.

To assess the functional efficacy of the scFv-10-1074
used in the assembly of the RoVER(Env), we show the
capacity of the scFv-10-1074 to specifically bind HIV-1
Env-expressing cells (Fig. 1d and Supplementary
Fig. S2) and neutralize cell-free HIV-1 (Fig. 5a). The
scFv-10-1074 was able to neutralize full-length HIV-1-
eGFP and prevent infection of primary CD4+ T cells
showing an IC50 of 0.8 μg/mL. This scFv-10-1074
neutralization of HIV-1-eGFP was dose-dependent and
envelope-specific as a scFv-CD19 was unable to
neutralize the virus (Fig. 5a).

For RoVER(Env)-mediated killing of HIV-1 Env-
expressing cells, both a Raji-Env cell line37 expressing
HIV-1 Env and GFP, and autologous CD4+ cells ex vivo
infected with a full-length HIV-1-eGFP reporter virus
were used as target cells. RoVER(Env)-mediated killing of
HIV-1-infected or HIV-1 Env-expressing cells could thus
www.thelancet.com Vol 96 October, 2023
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Fig. 5: Specific killing of HIV-1 envelope-expressing target cells using the RoVER technology. a) Neutralization data for scFv-10-1074 and
scFv-CD19 showing specific binding of scFv-10-1074 to HIV-1 envelope (n = 3). Normalized to HIV-1-eGFP-infected CD4+ T cell control without
scFv. b) Graphics of the workflow for killing of HIV-1-infected CD4+ target cells by autologous CD8+ T cells using RoVER(Env) (Created with
BioRender.com). c) Flow cytometry gating strategy for HIV-1 target cell killing assays. d) Fluorescence microscopy images of killing assay wells
for the autologous setup with HIV-1-eGFP-infected CD4+ cells at different YF-E:T ratios with or without exposure to RoVER(Env). HIV-1-eGFP-
infected target cells are identified by eGFP expression (green). RoVER(Env)-mediated killing of e) Raji-Env cells expressing HIV-1 envelope and
GFP (n = 3) or f) autologous CD4+ T cells obtained from YF-17D vaccinated study participants and ex vivo infected with HIV-1-eGFP (n = 3). g)
RoVER(CD4)-mediated killing of autologous CD4+ T cells (n = 2). All HIV-1 killing assay data shows the disappearance of HIV-1 envelope-
expressing target cells (GFP+) normalized to the number of target cells in control wells without exposure to RoVER(Env). CD4 killing data shows
the percentage of dead (Live/Dead stain) target cells (Celltrace+). The killing data are mean ± SEM for all donors (bar graph) or for individual
donors (XY-graph) at indicated YF-E:T ratios. The dotted line is calculated based on the bars on the left side of each diagram and indicates the
mean background target cell death.
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be assessed by the disappearance of GFP + cells
(Fig. 5b–d). Using the RoVER(Env), we were able to
redirect the vaccine-induced YF CTL effector response
to target Raji-Env cells achieving 22% and 32% killing at
YF-E:T ratios 1:1 and 3:1, respectively (Fig. 5e). Impor-
tantly, when infecting autologous CD4+ T cells with full-
length HIV-1-eGFP, RoVER-linked vaccine-induced
CD8+ T cells were able to mediate specific killing of
53% at YF-E:T ratio 1:1 and 65% target killing at YF-E:T
ratio 3:1 (Fig. 5f).

As a proof of RoVER adaptability, we also assembled
a RoVER(CD4) using a biotin-conjugated anti-CD4 anti-
body to enable assessment of RoVER-mediated CD4+
target cell killing. As for CD19+ and HIV-1 Env + target
www.thelancet.com Vol 96 October, 2023
cell killing, RoVER(CD4) showed equal capacity to elim-
inate CD4+ T cells achieving 64% killing at YF-E:T ratio
1:1 (Fig. 5g).

Collectively, the RoVER technology can be adapted to
redirect effector responses towards distinct cell surface
antigens of interest including CD19+ B cells, CD4+ T
cells and HIV-1 Env-expressing cells by changing the
scFv domain of the bispecific RoVER.
Discussion
Here we present an adaptive immunotherapy concept
for redirection of vaccine-induced effector responses
towards specified cellular targets through our bispecific
11
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RoVER. We provide data to show the ability to redirect
vaccine-induced CD8+ T cells with different TCR spec-
ificities and further highlight the capacity of the tech-
nology to enable targeting cells of choice.

Adoptive CAR T cell therapy rely on the capacity to
instill a new antigen specificity in autologous or allo-
geneic CD8+ T cells through genetic engineering of the
cells to express a synthetic chimeric antigen receptor.
This treatment require leukapheresis followed by ex vivo
genetic manipulation and expansion of the cells prior to
reinfusion of the genetically modified T cells. Usually,
around 108 CAR T cells are reinfused into the patient.44

Here we adopt a different approach by exploring the
capacity of the immune system for in vivo clonal
expansion following simple vaccination. We use the YF-
17D vaccine which has been described to contain several
immunodominant epitopes that drive highly expanded
CD8+ T cell specificities.36,40–43,45 One such immunodo-
minant epitope is the YF NS4B214-222 response observed
in HLA-A*02:01 individuals. We show that on average
2.2% (and up to 10.3%) of total circulating CD8+ T cells
are specific for this single epitope following vaccination.
With an estimated total body load of approximately
4 × 1011 CD8+ T cells in an adult person46 and assuming
a blood sample represents the distribution in primary
and secondary immune tissues, the YF NS4B214-222

epitope-specific effector cells would comprise approxi-
mately 1010 CD8+ T cells in an HLA-A*02:01 vaccinated
individual. Furthermore, the vast majority (>80%) of
these NS4B214-222 epitope-specific CD8+ T cells display
an effector memory or terminal differentiated effector
phenotype that is committed to immune killing. Thus,
by using the chimeric RoVER with a recombinant HLA-
I displaying the NS4B214-222 epitope described here,
such combination strategy provides ample effector cells
to mediate target cell killing in vivo. Thus, the require-
ment for adoptive transfer of vast numbers of CTLs is
obviated in the RoVER technology by exploiting the
in vivo generation of potent CTL immune responses
induced by simple vaccination.

To investigate the personalized tissue type-specificity
of the RoVER technology, we explored whether the
RoVER technology was applicable to various HLA-I
types and YF epitopes. Using RoVER with either
A*01:01-restricted NS5286-295, A*02:01-restricted
NS4B214-222, and B*35:01-restricted NS2A4-13, we
demonstrated that RoVER-mediated target cell killing
was specific for the HLA-I type of the donor. Impor-
tantly, identical levels of target cell killing could be
achieved using three different HLA-I-matched YF epi-
topes indicating similar cell-intrinsic killing capacities
independent of vaccine epitope and HLA-I background.
This is important for the utility of the RoVER technology
as it needs to be adapted dependent on the individual
HLA-I types.

HIV-1 persistence despite effective antiretroviral
therapy (ART) is a major barrier to achieve viral
eradication. A major focus of HIV-1 cure research is to
harness immunotherapy strategies and CD8+ T cells in
particular to mediate HIV-1-infected cell killing. Clear-
ance of HIV-1 infected cells is often limited by a
dysfunctional immune effector response. The RoVER
technology generates a de novo vaccine-induced effector
response towards a vaccine-epitope unrelated to HIV-1
and thus not per se limited by exhaustion. ScFv-
guided redirection of this potent and functional de
novo vaccine-induced effector response towards target
cells offers a potential mechanism to overcome immune
exhaustion.

A requirement for effective treatment of HIV-1 with
the RoVER technology is the expression of cell surface
antigens specifically targeted by the scFv domain of the
RoVER. HIV-1 envelope surface expression easily dis-
criminates infected cells from healthy cells although
levels of HIV-1 Env expression is dependent on cell
activity and viral replication. Further, resistant viral
strains and the high mutation rate of HIV-1 may also
compromise the binding capacity of the RoVER scFv
domain and thus challenge the effectivity of the RoVER
technology. Consequently, by designing the RoVER
against target cells using a scFv domain targeting mul-
tiple clades of HIV-1, or by using combinations of
different scFv domains targeting distinct HIV-1 epi-
topes, we may reduce the risk of immune escape from
the RoVER technology. Intriguingly, although HIV-1-
infected cells only have low surface expression of HIV-
1 envelope,47,48 we observed potent RoVER-mediated
killing of autologous CD4+ T cells ex vivo infected
with a full-length HIV-1-eGFP.

An important challenge of immunotherapeutic stra-
tegies using bispecific molecules that engage CD3 on
the entire lymphocyte population (such as blinatumo-
mab) is the risk of excessive immune activation4,5,24–26

sometimes leading to the development of cytokine
release syndrome which can be fatal and thus limits the
clinical application of these technologies. This excessive
immune activation is often a consequence of broad
engagement of the entire T cell compartment irre-
spective of lineage commitment or phenotype. Since the
RoVER specifically engages and activates only vaccine
epitope-specific CTLs and not the entire CD3+ T cell
compartment, this technology may avoid excessive im-
mune activation. Moreover, treatment with the RoVER
technology, in contrast to CAR T cell therapy, can be
stopped at any time in the event of associated toxicities,
since this would simply leave the patient with a natural
expanded T lymphocyte memory pool that will generate
natural immune memory. In contrast, the technology
may have limitation in terms of both potency and
effector cell availability in vivo and as the technology
relies on epitope-specific immunity a risk of immune
waining may also diminish the long-term utility.

The RoVER technology is dependent on pre-
conditioning with a vaccination to generate an
www.thelancet.com Vol 96 October, 2023
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expansion of vaccine epitope-specific effector cells.
Vaccination with the live-attenuated YF-17D as used
here is not recommended in individuals with
impaired immunity.49 HIV-1-infected individuals with
a CD4+ T cell count above 200/mm3 and on sup-
pressive antiretroviral treatment are not advised
against vaccination with the live-attenuated YF-17D
vaccine.49 Here, YF-vaccination was used as proof-of-
principle to generate a CD8+ T cell response that
can be redirected towards a different antigen via the
RoVER technology. Importantly, there are also several
inactivated YF vaccines being developed as potential
alernatives to the live-attenuated YF-17D vaccine50–53

for use in vulnerable patient populations. Moreover,
in antigen-experienced people, the potency of recall
effector responses induced upon re-vaccination needs
to be addressed. Lastly, this technology needs to be
evaluated in appropriate animal models to explore
efficacy. However, the choice of model system will be
important as the technology and all the in vitro data
presented here rely on a haplotype match. Therefore,
the translation to animal models need to take
immunodominat epitope induction as well as
haplotype-mathed RoVER molecule into
consideration.

Our RoVER technology offers a simple mechanism
for induction and redirection of a CTL effector response.
By simple vaccination, this immunotherapy strategy is
able to generate vast numbers of CTLs in vivo and thus
obviates the need for adoptive transfer by exploiting the
patient’s own immune system. Importantly, while
several existing bispecific immunotherapies induce
broad T cell activation to eliminate target cells, the
RoVER specifically engage only vaccine epitope-specific
CTLs and thereby may reduce the risk of excessive im-
mune activation and the development of cytokine
release syndrome. Moreover, by scFv-guided redirection
of vaccine-induced CTLs towards target cells, the RoVER
technology may be able to overcome the obstacle of
HLA-I downregulation often observed in chronic HIV-1
infection and during tumor progression. Besides relying
on a safe and well-tested intervention (vaccination) as a
simple means to generate vast numbers of effector
CD8+ T cells in vivo, another promise of this technology
is the adaptability allowed by altering the scFv-binding
domain of the RoVER thus targeting a cell-surface an-
tigen of choice.
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