Safety Considerationsfor Retroviral Vectors: A Short Review"

Retroviral vectors are becoming standard toolsin cell biology aswell as potential therapeutic
agents for human disease. Many investigators have come to believe that retroviral vectors are
safe, but current biosafety guidelines and distributors of vectors both recommend using the
vectors under biosafety level-2 containment (BSL-2) and certain experiments may require BSL-3
practices. This short review considers the dangers posed by the large variety of retroviral

vectors and gives the rationale for safety evaluation. It isrecommended that first time users of
retroviral vectors read thisreview prior to submitting the Recombinant DNA and
Microbiological Hazard Registration Forms [ http://www.scripps.edu/services/ehs/formg/]

required for work with retroviral vectors.

|. Introduction

The safety of retrovirus vectors to be used in human clinical trials has been an issue since
the promise of "gene therapy" was first recognized. Howard Temin, the co-discoverer of reverse
transcriptase and a Nobel laureate, wrote about the safety of retrovirus vectorsin 1990'. He said,
"Although [gene therapy] involves recombinant DNA technologies and modified retroviruses,
proper design of the vectors and delivery systems removes most potential foreseen risks.
Furthermore, even in the very remote possibility that there is a non-therapeutic biological effect
of the treatment, it isunlikely to be aharmful one. Thus,..., safety considerations should not
hold up further human trials of retrovirus vectors."

However, apreclinical trial of retrovirus vectorsin bone marrow transplantation of
primates performed shortly after this optimistic statement had a sobering outcome™®. Three of
the ten monkeys developed fatal lymphomas following transplantation with retrovirus-

transduced, autologous bone marrow progenitor (CD34") cells. The explanation for the death of

' Prepared by Donald E. Mosier, TSRI Institutional Biosafety Committee Chair with the assistance of Carolyn
Keierleber, TSRI Biosafety Officer and Associate Director of Environmental Health & Safety and Richard Gulizia,
TSRI BSL-3 Facility Director
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these animals was that replication competent retroviruses (RCR) had arisen by two distinct
recombination events during vector production. These viruses infected monkey T lymphocytes
and induced tumors by insertional mutagenesis’. One event involved recombination between
vector coding sequences and the helper packaging sequences, resulting in RCR formation. The
second RCR was generated by a second recombination event involving the first RCR and
endogenous murine retroviral sequences in the packaging cell line’. Despite many
improvements in the design of retroviral vectors and packaging cell lines, generation of RCR
still oceurs®®. The dual aims of producing very high titers of infectious retrovirus vectors for
efficient transduction of target cells and preventing rare recombination events are inherently at
odds. Recombination between two RNA vectors appears to occur when the two different viral
RNAs are packaged into the same virus particle, and occurs at a frequency of about 10 per virus
replication cycle’. Reducing regions of homology between packaging and vector sequences can
reduce but not eliminate the risk of recombination’. Other safety modifications, such as
deletions in parts of the viral genome (the long terminal repeat, or LTR) that reduce the
probability of replication of an RCR in the producer cell line, may not have the same effect when
that virusinfects human cells®®. The goal of engineering safe retroviral vectors, which seemed

so close in 1990, has proven to be remarkably difficult.

Despite these safety concerns, there has been no evidence of the generation of RCR in patients
who have participated in clinical trials of gene therapy involving retrovirus-based vectors”.
Although this has been taken to indicate that current vectors are safe, thisis not necessarily the
case. Thelow number of virally transduced cells found in these patients as well as the silencing
of transcription from integrated vector proviruses has limited both the clinical benefit and the
risk of vector rescue by recombination™. The safety of retroviral vectors for both introduction
into humans and for use in basic research continues to be an important issue. A recent report *
documents that mouse stem cells marked by a clinically used mouse retrovirus vector caused
leukemiain recipient animals because of two rare events: insertional mutagenesis and

cooperation between the activated host gene and the introduced transgene.

Acceptance of some low level risk may be justified when attempting to treat alife threatening
disease. For example, we know that radiation or chemotherapy for cancer increases the risk of
secondary cancers many years later. Thisisviewed as an acceptable risk:benefit ratio given the

dire consequences of not treating the primary cancer. However, use of retrovirus vectorsin a
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research setting has aless tangible immediate benefit, and it is necessary to consider the low

level risks more serioudly.
[l. Generation of RetrovirusVectors

A recent review has summarized production of the many variants of retrovirus vectors”.
Production of retroviral vectors has a common strategy, although details may vary. Retroviruses
package RNA moleculesinto virus particles. Normally, the double stranded RNA retrovirus
genome is packaged into virions, but retrovirus packaging cell lines (also known as helper cells)
are constructed in order to package other RNA molecules (Fig. 1, below). These RNA
molecules have limited retroviral sequences and commonly express a messenger RNA of
interest (the "vector sequence”) as well as a selectable marker such as a drug-resistance gene.
Fig. Lillustrates atypical scenario in which a packaging cell lineis stably transfected with two
partial (split) retroviral genomes. One construct contains the gag/pol region that encodes
proteins required for virus particle assembly and reverse transcription (copying the double
stranded RNA insert into DNA), and the second construct contains the env gene that encodes the
proteins needed for virus binding to, and entry into, target cells. The viral RNA encoding these
functionsis not packaged into virus particles because the RNA sequences needed for binding to

gag proteins (the packaging signal, or W) have been deleted. The vector sequence containing the

Helper or Packaging Cell Line Target Cell

LTR
4 ge(\egn Vpol N > O

- —

}—
- )

T
|
LTR @
\_ 7 J

plasmid transfection

—— —{

LTR o packaging signal >
— viral sequences

virus receptor

. e===m  integrated provirus
vector insert

- Selectable marker

=] endogenous retrovirus



page 4 Retroviral Vector Safety

Fig. 1 - Typical construction of packaging (helper) cell lines and retroviral vectors. Dangers
associated with retrovirus vectors involve regeneration of replication competent retrovirus by
recombination with vector or endogenous retrovirus sequences in either the packaging cell line
or thetarget cell. Vector sequences integrate into target cell DNA, and may rarely generate
mutations or alter host gene expression in ways that predispose to cancer or other disorders.

packaging signal is transfected into the packaging cells, and inclusion of the packaging signal in

the construct insures that the vector sequence is packaged into virus particles.

Virus particles are harvested from packaging cell lines transfected with a vector sequence, and
these particles are used to "transduce” the vector sequence (as well as the retrovirus RNA) into
target cells bearing the appropriate receptors for the retroviral or other viral envelope expressed
on the virus particles. "Transduction" isin essence a one time infection since the viral particles
are infectious, but their genetic information is insufficient to generate new infectious virus unless

some rare rescue event takes place.

Because none of the retrovirus genomes expressed in packaging cell linesis intact, no replication
competent viruses are produced unless a rare and specific recombination event generates an
intact retroviral genome. The virus particles are "infectious' for only one replication cycle.

They can bind and enter target cells expressing appropriate receptors, although very low levels
of virus entry may occur in the absence of specific receptor binding®. The vector sequenceis
reverse transcribed into DNA, and the two retroviral LTR and the viral integrase mediate
integration of the vector sequence into the target cell DNA. The integrated vector DNA becomes
a permanent part of the target cell genome, and it is thus possible that rescue of RCR by
recombination with endogenous retroviral elements or exogenous retroviral infection (e.g., HIV-

1) can occur many years after the initial transduction of target cells.

Generation of replication competent retroviruses (RCR) in target cells or tissuesis the primary
risk associated with the use of retroviral vectors. Assessment of thisrisk isthe primary task in
determining the safety of retroviral vectors. The target cell range of the vector is also a safety
issue. Incorporation of avirus envelope that can infect cells from multiple species increases the
risk of both RCR generation and the potential danger of any resulting virus, which could spread
from one species to another. The species tropism of various retroviral envelopes and their

cellular receptors are listed in Table 1°. Most of these cellular receptors for retroviruses are
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widely distributed in mammalian species, including humans. In addition to retrovirus envel opes,

the packaging of RNA in particles with the envelope protein of vesicular stomatitis virus (VSV-

G protein; VSV-G pseudotyping) provides a broad target cell range because most cell types

express the phospholipids to which VSV-G protein binds”.

Table 1. Receptors™ and speciestropism for retroviral vector envelopes.

Retrovirus Genus Receptor Type Function Tropism
MoMLV Gammaretrovirus CAT-1 T™M14 amino acid transport ecotropic.
mouse
X-MLV Gammaretrovirus XPR1 T™S8 unknown xenotropic.
human, others
P-MLV Gammaretrovirus XPR1 TM8 unknown polytropic,
mouse & human
A-MLV Gammaretrovirus Pit-2 TM10-13 | phosphate transport amphotropic,
mouse & human
GALV Gammaretrovirus Pit-1 TM10-13 | phosphate transport primate &
human
HERV-W Gammaretrovirus RDR TM9-10 | amino acid transport human
SRV-1-5 Gammaretrovirus RDR TM9-10 | amino acid transport primate
HIV-1, Lentivirus CD4, T™M1, MHCII binding, human
HIV-2 CCR5/CXCR4 T™M7 chemokine receptor
SIvV-1 Lentivirus CD4, CCR5, TM1, MHCII binding, primate.
others ™7 chemokine receptor human
FIV-1 Lentivirus CXCR4, HS ™7 chemokine receptor feline, human

Abbreviations: MoMLV, Moloney Murine Leukemia Virus; X-MLV, xenotropic MLV; P-MLV, polytropic MLV;
A-MLV, amphotropic MLV; GALV, gibbon ape Leukemia Virus, HERV-W, human endogenous retrovirus group
W; SRV 1-5, simian retroviruses type 1-5; HIV, human immunodeficiency virus; SIV, simian immunodeficiency
virus, FIV, feline immunodeficiency virus; CAT-1, cationic amino acid transporter 1; XPR-1, xenotropic,
polytropic receptor 1; Pit-1/2, phosphate transporter 1 or 2; RDR, RD-114 and D-type retrovirus receptor; CCR5, C-
C chemokine receptor 5; CXCR4, CXC chemokine receptor 4; HS, heparan sulfate; TM, transmembrane.
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[11. Safety Assessment

A number of issues should be reviewed when assessing the safety of retrovirus vectors. These
are summarized in Table 2.

Table2. Safety Assessment of RetrovirusVectors

A. Test for Replication Competent Retroviruses (RCR) [see Table 3]

1. Test virusvectorsfor growth on cell lines appropriate for envel ope of vector
2. Assessvirus sequences for homology. Greater homology increases risk of RCR.
B. Characteristics of packaging cell line

1. Speciesorigin

2. Endogenous retrovirus sequences and expression

3. Vector sequences and expression

4. Cell tropism of envelope expressed in vector virions
C. Characteristics of target cells

1. Speciesorigin
2. Endogenous retrovirus sequences and expression.
3. Susceptibility to exogenous retroviruses.

D. Infectioustiter of vector.

1. Very high titered vector may exceed safety testing limits for RCR.
2. Morevirusreplication cyclesincrease risk of recombination.
E. Fate of retroviral vector transduced cells.

1. Introduction into animals or humans?

2. Mixing with cells or tissues from different species?

3. Possible interaction with exogenous retroviruses; e.g., HIV-1, X-MLV?
F. Genes expressed in vector

1. Doesthe vector encode oncogenes, or genes that might alter growth regulation or
impact immunity?

2. Doesthe vector encode genes from infectious organisms that might be pathogenic if
expressed (e.g., HIV-1 nef), or might recombine with exogenous infectious agents?

Recombination between vector and packaging sequences, between vector and endogenous
retrovirus sequences, or between vector and exogenous retroviruses may generate new
replication competent retroviruses (RCR). Homology between vectors and other retroviral
sequences increases the risk of RCR. Therefore, the sequence of the packaging components and
the vector should be examined. Many packaging cell lines have been constructed, but the twin
goals of safety and high output of infectious virus often conflict. The ability of the vector to
infect target cellsis determined by the type of virus envelope expressed. Vectors that infect




page 7 Retroviral Vector Safety

humans should not be generated unlessit is essential to target human cells. Even retroviral
vectors expressing the mouse ecotropic envel ope protein can become potentially infectious for
human cells by recombination events with mouse endogenous retrovirus genes encoding

amphotropic, polytropic, or xenotropic envelopes (see Table 1).

Introduction of vector-infected cellsinto animals or humans increases the risk of recombination
events because subsequent virus infections or activation of endogenous retroviruses can rescue
RNA transcribed from integrated proviral vector sequences. In fact, rescue of lentivirus vectors
by exogenous HIV-1 infection has been demonstrated in tissue culture”, and may limit the
choice of lentivirus vectorsfor clinical use. Experimentsin which cells from two species are
intermixed (xenotransplantation) pose special risks for interactions between endogenous viruses
and retroviral vectors®. Porcine tissue harbors pig endogenous retroviruses (PERV) that are
replication competent and have been shown to be infectious for human cells®. Rescue of vector
sequences in human cells could thus be mediated not only by human retroviruses but also by

PERV in axenotransplantation setting.

The infectioustiter of the retroviral vector and the duration of the planned experiments are an
issue, since recombination events are rare and their probability increases with both time and the
number of virus replication cycles. Safety measures to prevent generation of RCR may not
alwayswork. For example, self-inactivating retrovirus (SIN) vectors involve adeletion in the 3
long terminal repeat (LTR) that should block reverse transcription™. However, there are
examples of such HIV-1 constructs that have reverted to replication competence by deletion of
additional LTR sequences”. Endogenous human retrovirus sequences produce active reverse
transcriptase™ and envelope in human cells”. Expression of these proteins can lead to copying of
vector sequences and pseudotype formation (packaging of vector sequences in particles with
human endogenous retrovirus (HERV-W) envelope and spread vector or infectious virus

sequences to new target cells™.

A third consideration in risk assessment is the nature of the vector coding sequence. Marker
genes such as green fluorescent protein (GFP) pose no special risk (unless one is concerned with
turning the proverbial green thumb into aliteral green thumb). However, vectors that include
genesinvolved in oncogenesis, growth regulation, innate or adaptive immunity, or infectious

diseases obviously carry agreater risk. A strong oncogene (e.g., ras) in avector that is later
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rescued into an RCR by recombination events would recreate a human version of mouse

leukemia viruses.

The devastating HIV-1 pandemic resulted from the cross-species transmission of a primate
retrovirus®. Continued vigilance when using retroviral vectorsis essential to prevent generation
of RCR with potential pathogenic potential. The widespread availability of retrovirus vectors
for laboratory use and the generation of “safer” vectors appears to have resulted in a sense of
false security, particularly amongst first time users of vectors. Biosafety level 2 containment and
careful monitoring of long-term or animal experiments for the emergence of vector-derived RCR
is necessary to ensure safety (see Table 3). In some cases, the vector construct and/or the nature
of the experiment may dictate BSL-3 practices used in conjunction with BSL-2 containment.
The experiments described by van der Laan et al.”, in which human and porcine cells were
transplanted to immunodeficient mice, provided the opportunity for intermixing of retroviruses
from three species. These experiments were conducted using BSL -3 practices and containment.
Understanding the factors associated with the risks of RCR generation listed in Table 2 will aid
in the design of safer experiments and vectors, and should promote better monitoring of

experiments with higher risk.

Table3. Methodsfor testing for replication competent retroviruses

Vector Envelope Cdl Line Positive Result

A-MLV, P-MLV, X-MLV Feline PG-4* Infectious foci
14 day M. dunni cell

expansion + PG-4” Infectious foci

A-MLV, P-MLV, X-MLV M. dunni LacZ reporter ling® Blue foci (with substrate)

Lentiviruswith VSV-G Permissive human or other Capsid p24 (or p27) antigen

species cell line accumulation by ELISA
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