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ABSTRACT

Lentiviral vectors are promising tools for gene therapy in the CNS. It is therefore important to characterize
their interactions with the immune system in the CNS. This work characterizes transgene expression and
brain inflammation in the presence or absence of immune responses generated after systemic immunization
with lentiviral vectors. We characterized transduction with SIN-LV vectors in the CNS. A dose–response curve
using SIN-LV-GFP demonstrated detectable transgene expression in the striatum at a dose of 102, and max-
imum expression at 106, transducing units of lentiviral vector, with minimal increase in inflammatory mark-
ers between the lowest and highest dose of vector injected. Our studies demonstrate that injection of a lentivi-
ral vector into the CNS did not cause a measurable inflammatory response. Systemic immunization after CNS
injection, with the lentiviral vector expressing the same transgene as a vector injected into the CNS, caused
a decrease in transgene expression in the CNS, concomitantly with an infiltration of inflammatory cells into
the CNS parenchyma at the injection site. However, peripheral immunization with a lentiviral vector carry-
ing a different transgene did not diminish transgene expression, or cause CNS inflammation. Systemic im-
munization preceding injection of lentiviral vectors into the CNS determined that preexisting antilentiviral
immunity, regardless of the transgene, did not affect transgene expression. Furthermore, we showed that the
transgene, but not the virion or vector components, is responsible for providing antigenic epitopes to the ac-
tivated immune system, on systemic immunization with lentivirus. Low immunogenicity and prolonged trans-
gene expression in the presence of preexisting lentiviral immunity are encouraging data for the future use of
lentiviral vectors in CNS gene therapy. In summary, the lentiviral vectors tested induced undetectable acti-
vation of innate immune responses, and stimulation of adaptive immune responses against lentiviral vectors
was effective in causing a decrease in transgene expression only if the immune response was directed against
the transgene. A systemic immune response against vector components alone did not cause brain inflamma-
tion, possibly because vector-derived epitopes were not being presented in the CNS.
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INTRODUCTION

LONG-TERM SUCCESS in gene transfer and gene therapy may
be limited by deleterious immune reactions due to activa-

tion of immune responses against the viral vectors or even the
transgenes themselves (Lowenstein, 2002; Lowenstein and Cas-
tro, 2003). In the CNS immune responses concern both innate

and adaptive immune responses. Innate immune activation is
the local acute stimulation of inflammatory immune responses
seen in the CNS shortly after vector injection. The results of
the effector arm of the adaptive immune response are seen in
the brain after a systemic immune response against a particu-
lar vector, wherein the immune system recognizes vector-de-
rived antigen epitopes that continue to be presented within the

1Gene Therapeutics Research Institute, Cedars-Sinai Medical Center, Los Angeles, CA 90048.
2Molecular Medicine and Gene Therapy Unit, Department of Medicine, University of Manchester, Manchester M13 9PL, UK.
3Telethon Institute for Gene Therapy, Vita-Salute San Raffaele University Medical School, University of Milan, Milan 20132, Italy.
4Department of Medicine and Department of Molecular and Medical Pharmacology, David Geffen School of Medicine, University of Cali-

fornia Los Angeles, Los Angeles, CA 90095.



CNS (Lowenstein, 2004). Of even further concern, vis-à-vis
clinical trials, is the existence of systemic immune responses
preceding vector administration in patients who undergo gene
therapy (Lowenstein, 2004). Any and all of these responses can
potentially be detrimental to transgene expression and gene
therapy clinical trials. Developing a vector system with limited
immunogenicity, stable transgene expression, and promiscuous
transducing abilities is thus of central importance in gene ther-
apy. As important as minimizing the immune responses is the
understanding of their molecular and cellular bases, in order to
predict their appearance and design gene transfer strategies that
will not cause stimulation, or be the target of the effector arms
of the immune system (Yewdell et al., 1999; Yewdell and Hill,
2002; Bennett, 2003; Jooss and Chirmule, 2003; Follenzi et al.,
2004).

Lentiviral vectors are one of the most promising gene ther-
apy vehicles for CNS diseases (Kordower et al., 2000; Con-
siglio et al., 2001; Kay et al., 2001; Azzouz et al., 2004; Biffi
et al., 2004; Wong et al., 2005). These vectors are widely used
because of their ability to transduce dividing as well as nondi-
viding cells. Pseudotyping the virus with the vesicular stom-
atitis virus (VSV) envelope glycoprotein allows the virus to
transduce a broad range of tissues and cells and increases its
therapeutic applications. Previous studies have demonstrated
long-term stable gene transfer and gene therapy in experimen-
tal models in the absence of immune responses (Kordower et
al., 2000; Consiglio et al., 2001; Kay et al., 2001; Azzouz et
al., 2004; Biffi et al., 2004; Wong et al., 2005). However, these
studies have generally not monitored the presence of innate or
adaptive antilentiviral or antitransgene immune responses, nor
have they specifically examined the fate of transduced cells af-
ter specific immunization against lentiviral vectors.

Lentiviruses differ from other therapeutic vectors, such as
adenoviruses, because they integrate into the host genome in-
stead of remaining episomal (Kay et al., 2001). Host genome
integration is thought to allow for longer, more stable, trans-
gene expression. Another lentivirus characteristic that makes
them promising therapeutic vectors is their intrinsic low im-
munogenicity, seen as a reduced capacity to induce inflamma-
tion and innate immune responses. High-capacity adenoviruses
and adeno-associated viruses (AAVs) are similar to lentiviruses,
in that none of the genomes in these vectors encode any viral
proteins. This ought to be associated with a lower capacity ei-
ther to initiate or be a target of immune responses. This trait
has proven beneficial for the high-capacity adenovirus vectors
because it allows for long-term transgene expression even in
the presence of a strong systemic immune response against ad-
enovirus (Thomas et al., 2000a). Nevertheless, the virion pro-
teins that are part of the input vector capsids can be immuno-

genic, and provide antigenic epitopes to the antigen-presenting
cells. Especially in the case of certain serotypes of AAV, such
as AAVs that uncoat slowly (Lowenstein, 2004; Thomas et al.,
2004), this is thought to occur. This could explain why AAV
still develops an immune response that targets AAV-transduced
cells, and causes diminished transgene expression (Lowenstein,
2004; Peden et al., 2004). Some of these immune responses are
likely to be due to the rate at which these viruses uncoat their
capsid proteins. Thus, the rate and the total length of time dur-
ing which protein sources of potentially antigenic epitopes are
made available for antigen presentation will determine the
length of time a given vector could potentially be recognized
by immune cells. If capsid turnover is rapid, by the time ef-
fector T cells become activated no capsid antigenic epitopes
may be presented on target cells anymore, thus, making the
transduced cells invisible to the immune system. However, if
virion uncoating is slow, antigenic epitopes may be presented
for a long enough time to be recognized by T cells, even in the
absence of de novo synthesis in transduced cells.

In the present study, we have characterized the immune re-
sponses to lentivirus injected into the brain, using well-charac-
terized paradigms we have previously developed to understand
the immune responses to first-generation and high-capacity ade-
noviruses. The experiments described here demonstrate that
lentivirally transduced cells can be identified by the immune
system only if an immune response is raised against the trans-
gene. Otherwise, the immune system remains unable to recog-
nize the presence of lentivirally transduced cells in the brain,
indicating that immune responses against the capsid and virion
of lentiviral vectors are unable to recognize infected cells in the
brain. A rapid turnover of vector components could easily ex-
plain the stability of lentivirally transduced cells in the brain,
in the presence of robust immune responses to vector compo-
nents.

MATERIAL AND METHODS

Vectors

The vectors used were pRRLsinPPT.CMV.GFP.WPRE 
(expressing green fluorescent protein [GFP]; Lenti-GFP) and
pRRLsinPPT.CMV.GFP.F-IX.WPRE (expressing soluble hu-
man clotting factor IX [FIX]; Lenti-FIX). Construction of these
vectors has been described in detail elsewhere (Follenzi et al.,
2000). High-titer VSV-pseudotyped lentiviral vectors were pro-
duced in 293T cells by transient transfection with the lentiviral
transfer vector construct pRRL-SIN-PPT-CMV-GFP-WPRE
(expressing GFP) or pRRL-SIN-PPT-CMV-hF.IX-WPRE (ex-
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FIG. 1. Dose response for Lenti-GFP in the CNS: Transgene expression and markers for innate inflammation. Immunohisto-
chemistry for GFP, ED1, and CD8 was performed in serial brain sections of rats injected with Lenti-GFP via the striatum and
perfused–fixed 30 days later. (A) Increase in expression of the transgene GFP from 102 to 107 TU injected directly into the stria-
tum. The innate inflammatory response is illustrated by the influx of macrophage/microglial cells (immunoreactive for ED1) and
T cells (immunoreactive for CD8). The number of immunoreactive GFP� cells increased with injection of 102 to 106 TU; there
was no difference at either dose in the amount of cells immunoreactive for ED1. However, the number of CD8� cells was sig-
nificantly increased at 107 TU. Quantification of these data is shown in (B) and (C), which illustrates that there is no further in-
crease in transduced cells after the injection of 107 IU of Lenti-GFP into the striatum (B) and that there is a significant increase
in CD8� cells with injection of 107 IU (C). Scale bars are shown in (A). *p � 0.05.
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pressing human clotting factor IX cDNA), the late-generation
packaging constructs pCMV�R8.74 and pRev, and the VSV
envelope-expressing construct pMD2.G and purified by ultra-
centrifugation as described (Follenzi et al., 2002). Vector par-
ticle content was measured by human immunodeficiency virus
type 1 (HIV-1) p24 antigen immunocapture (PerkinElmer, Nor-
walk, CT). Expression titers for GFP-expressing vectors were
determined on HeLa cells by fluorescence-activated cell-sort-
ing (FACS) analysis (FACSCalibur; BD Biosciences Immuno-
cytometry Systems, San Jose, CA) and were between 6 � 109

and 1010 transducing units (TU)/ml. The p24 content was in the
range of 50–100 �g/ml.

Western blot analysis

Bald lentiviral vector particles (produced as described above
without the VSV-G-expressing construct) and VSV-pseudo-
typed lentiviral vector particles were matched for p24 content.
VSV-pseudotyped lentiviral vector particles and VSV-pseudo-
typed retroviral vector particles (produced as described above
by transient transfection with a murine leukemia virus [MLV]-
based transfer and gag-pol packaging construct [Naldini et al.,
1996] and pMD2.G) were matched for transducing activity on
HeLa cells. All vector particles were lysed in boiling 2% so-
dium dodecyl sulfate (SDS)–Tris buffer, quantified for protein
content, and boiled in Laemmli buffer under reducing condi-
tions. Proteins were separated on 10% SDS–polyacrylamide
gels and transferred to Hybond-ECL membrane (Amersham
Biosciences/GE Healthcare Discovery Systems) by high-inten-
sity wet blotting (Millipore, Bedford, MA). Filters were probed
with the indicated rat serum diluted 1:100 in Tris-buffered
saline containing 5% bovine serum albumin and specific bind-
ing was detected with an enhanced chemiluminescence system
(ECL; Amersham Biosciences/GE Healthcare Discovery Sys-
tems). The same filters were treated with a stripping buffer (2%
SDS, 62.5 mM Tris-HCl [pH 6.8], and 100 mM 2-mercap-
toethanol) at 50°C for 30 min, washed, and reprobed with mono-
clonal anti-VSV antibody (Sigma, St. Louis, MO).

Animals and surgical procedures

Adult Sprague Dawley rats (body weight, 250 g; Charles
River Laboratories UK, Margate, UK) were used. We per-
formed three different experiments. Animals in experimental
group 1 (illustrated in Fig. 1) were anesthetized with halothane
and received an intrastriatal injection of 102–107 infectious units
of Lenti-GFP into the left striatum (0.6 mm forward and 3.4
mm from bregma and 5.0 mm depth from the dura), using a 10-
�l Hamilton syringe fitted with a 26-gauge needle. Virus was
administered in a volume of 3 �l and each injection was per-
formed over a 3-min period. After the injection, the needle was
left in place for a further 5 min before retraction. Animals were
perfused–fixed 30 days later and processed for immunocyto-
chemistry.

Animals in experimental group 2 (illustrated in Fig. 3) were
anesthetized with halothane, held in a stereotaxic frame, and in-
jected intrastriatally as described above. The animals in this
group (total, n � 15) were injected via the left striatum with
1 � 105 infectious units of Lenti-GFP. Thirty days later, one-
third of the animals (n � 5) were intradermally injected with

either sterile saline solution or 2.5 � 107 infectious units of
Lenti-GFP or Lenti-FIX. The injection volume was 100 �l.

Animals in experimental group 3 (illustrated in Fig. 4) were
anesthetized with halothane and injected intradermally in the
back with either sterile saline solution (n � 5) or 2.5 � 107 in-
fectious units of Lenti-GFP (n � 5) or Lenti-FIX (n � 5), us-
ing a 500-�l insulin syringe. The intradermal injections were
performed in a volume of 100 �l. Thirty days later, these ani-
mals (total, n � 15) were anesthetized, held in a stereotaxic in-
jection frame, and injected via the left striatum (0.6 mm for-
ward and 3.4 mm from bregma and 5.0 mm depth from the
dura) with 1 � 105 infectious units of Lenti-GFP, using a 
10-�l Hamilton syringe fitted with a 26-gauge needle. Virus
was administered in a volume of 3 �l and each injection was
performed over a 3-min period. After the injection, the needle
was left in place for a further 5 min before retraction.

Sixty days after the start of the experiment, the animals in
both groups were injected intraperitoneally with pentobarbitone
and transcardially perfused–fixed with oxygenated heparinized
Tyrode solution, followed by 4% paraformaldehyde in phos-
phate-buffered saline (PBS), pH 7.4. The brain tissues were
postfixed for a further 6 hr in the same fixative and stored in
PBS at 4°C.

Immunohistochemistry

Sections of the striatum (50 �m, serially cut with a Vi-
bratome tissue slicer) were treated according to a free-floating
immunohistochemistry method to detect transgene expression
and inflammatory or immune cell markers. Serial sections were
cut throughout most of the forebrain, including all of the stria-
tum. Endogenous peroxidase activity was quenched with 0.3%
H2O2 in PBS, nonspecific Fc-binding sites were blocked with
10% horse serum, and sections were incubated overnight at
room temperature with primary antibody diluted in PBS con-
taining 1% horse serum and 0.5% Triton X-100 (antibody so-
lution). The following monoclonal mouse or rabbit anti-rat 
primary antibodies were used: anti-GFP (diluted 1:1000; Mo-
lecular Probes Europe, Leiden, The Netherlands), anti-CD8 (di-
luted 1:500; Serotec, Kidlington, UK), and ED1 (diluted
1:1000; Serotec). Sections were then incubated with biotin-con-
jugated anti-mouse or anti-rabbit secondary antibodies (Dako-
Cytomation, Cambridge, UK) in antibody solution. Antibody
binding was detected with avidin–biotin peroxidase with di-
aminobenzidine as chromogen. These sections were mounted
on gelatinized glass slides and were dehydrated before cover-
slipping. All immunocytochemistry technical details have been
described elsewhere (Southgate et al., 2000; Thomas et al.,
2000a).

Unbiased quantitative stereological analysis

Quantification of cells in the striatum was performed on se-
rial sections. The whole striatum was cut in serial sections, and
every sixth section was immunoreacted for either the transgene
GFP or either of the immunological markers. Thus, for the quan-
tification, we took the three sections containing �90–95% 
immunoreactive cells, and quantification was performed by
stereological methods (Sterio, 1984) with the use of a computer-
assisted image analysis system (Stereo Investigator; Micro-
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BrightField, Williston, VT) and a Zeiss microscope connected
to a digital camera through a Zeiss zoom set, as described pre-
viously (Suwelack et al., 2004). Cells were counted within
200 � 200-�m optical disectors in the x–y axis, covering the
whole surface area of the analyzed regions, using the principle
of the optical fractionator. Positive cells were counted only
when they cut the superior and left limits of the square. Results
were expressed as the total number of positive cells in the
anatomical region analyzed, that is, the striatum, from �0.2 mm
bregma to �1.20 mm bregma, where the vast majority of im-
munoreactive cells were located. To express values as total
amount of cells, a correction was made to take into account that
every sixth section had been counted. Data are expressed as
means � SEM. Statistical analysis was performed by one-way
analysis of variance (ANOVA) after post hoc analysis. The null
hypothesis was rejected for an � risk equal to 5%.

RESULTS

Dose-dependent transgene expression

Viral doses ranging from 102 to 107 transducing units of
Lenti-GFP were injected into the striata of adult rats. Thirty
days later, the brains were sectioned and analyzed for the pres-
ence of GFP by immunohistochemistry. Higher viral doses
showed increased numbers of transduced cells expressing GFP
(Fig. 1A). A quantitative analysis of GFP expression showed
increasing numbers of transduced cells with increasing doses
of Lenti-GFP from 102 to 106, but no significant difference was
observed between 106 and 107 transducing units (Fig. 1B). The
sections were also stained for ED1 (macrophages and microglial
cells) and CD8 (T cells) to determine the presence of infiltrat-
ing immune cells. ED1� cells were present along the injection
site and few CD8� cells were present, but both were also pres-
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FIG. 2. Immune response to VSV-pseudotyped
lentiviral vector particles. (A and B) Sera from
rats injected subcutaneously with saline (rats 12
and 15), Lenti-GFP (rats 1 and 4), or Lenti-FIX
(rats 7–10), and 30 days later injected via the brain
with Lenti-GFP, were tested after another 30 days
for the presence of antibodies against vector par-
ticles by Western blot. The following types of 
particles were loaded on the gel: lane 1, bald
lentiviral particles (no VSV); lane 2, VSV-G-
pseudotyped lentiviral particles; lane 3, VSV-G-
pseudotyped retroviral particles. The expected
migration of HIV-1 p24 capsid, p17 matrix pro-
tein, and VSV-G envelope protein is indicated.
(C) Left: Anti-VSV antibodies were also used to
identify VSV-G protein in the blot. Right: Two
representative blots of sera from rats (rats 16 and
18) first injected via the brain with Lenti-GFP,
challenged subcutaneously after 30 days with
Lenti-GFP and Lenti-FIX, and analyzed after an-
other 30 days.
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ent in saline-injected brains. ED1- and CD8-immunoreactive
cells probably remained from the initial innate, acute immune
response that occurred from the injection. Numbers of ED1�

and CD8� cells were identical in all groups and did not show
a dose-dependent progressive increase.

Peripheral immunization triggers a systemic 
immune response

Previous experiments have shown that systemic injection of
Lenti-GFP will induce GFP-specific CD8� cytotoxic T cell re-
sponses, and injection of Lenti-FIX will induce circulating anti-
FIX antibodies (Follenzi et al., 2004). To confirm that lentivi-
ral vectors were able to mount an immune response on systemic
injection, rats were injected via the CNS with Lenti-GFP, and
30 days later they were immunized subcutaneously with either
Lenti-GFP or Lenti-FIX, or with saline. Thirty days after pe-
ripheral immunization animals were perfused–fixed, after blood
had been removed for the analysis of immune responses. The
sera were tested for the presence of antilentiviral immune re-
sponses (Fig. 2). The animals injected with Lenti-GFP via the
CNS and systemically with saline as controls did not show an
immune response to any of the lentiviral proteins (Fig. 2A, an-
imals 12 and 15). Sera from the rats immunized subcutaneously
with Lenti-GFP and Lenti-FIX targeted several lentiviral pro-
teins (Fig. 2). The strong reactivity with some of the larger pro-
teins in lanes 2 and 3, which are not present in lane 1, indicates
a significant immune response to virion (p24 and p17) and en-
velope (VSV-G) proteins.

Peripheral immunization after CNS injection leads to
decreased transgene expression and increased
inflammation in the CNS

To determine whether peripheral immunization against
lentivirus after transduction of the CNS with lentivirus would
alter the levels of transgene expression in the CNS, a series of
experiments was performed. Figure 3A shows a diagram of the
experimental design utilized. Groups of five animals were in-
jected with a nonsaturating dose of 1 � 105 infectious units of
Lenti-GFP into the striatum; of these, one group was immu-
nized subcutaneously with Lenti-GFP, and another was immu-
nized subcutaneously with Lenti-FIX, whereas the last group
was injected with saline. The brains were sectioned 30 days af-
ter the systemic immunization and analyzed by immunohisto-
chemistry for GFP and inflammatory marker expression in the
brain (Fig. 3B). The rats that had been immunized with Lenti-
GFP displayed significantly lower GFP expression in the stria-
tum compared with those that were immunized with Lenti-FIX
or saline (Fig. 3B and C).

Further characterization of the immune response was done
by staining brain sections for the presence of ED1� and CD8�

cells. Immunization with lentiviral vector did not increase the
number of ED1-immunoreactive cells in the striatum. However,
the number of CD8� cells in the brains from rats immunized
with Lenti-GFP was significantly higher than in rats immunized
with either Lenti-FIX or saline (Fig. 3C). These cells were pos-
sibly recognizing an epitope related to GFP because immu-
nization with Lenti-FIX did not induce an increase in the den-
sity of CD8� cells in the striatum.

Peripheral immunization preceding CNS injection

To study the effects of preexisting systemic immunity on
transgene expression we initiated an immune response against
lentiviral vector in rats before the striatal injections. Figure 4A
shows a diagram of the experimental paradigm employed to in-
vestigate the response in the brain to a preexisting immune re-
sponse against lentiviral vectors. There was comparable GFP
staining in the brains of rats preimmunized with Lenti-FIX or
saline compared with rats preimmunized with Lenti-GFP (Fig.
4B). Quantification of GFP expression showed no significant
difference between any of the treatments (Fig. 4C).

Levels of activated microglia/macrophages were also com-
parable among the different groups (shown by ED1 staining;
not illustrated). But on quantification of the CD8� cells, a sig-
nificant increase was seen in the Lenti-GFP-immunized rats
compared with the Lenti-FIX- or saline-injected rats (Fig. 4C).
Again, this suggests that the CD8� cells are specific to the trans-
gene GFP.

DISCUSSION

Lentiviral vectors have been shown to be efficient in trans-
ferring genes into the brain in the context of experimental mod-
els of inherited diseases, and neurodegeneration, and they have
shown their efficiency both in rodents and in nonhuman pri-
mate models of disease. Further, they have also been utilized
to model neurodegeneration, taking advantage of their capac-
ity to provide long-term expression in the CNS (Blomer et al.,
1997; Kordower et al., 2000; Consiglio et al., 2001; Biffi et al.,
2004; Guillot et al., 2004; Lo Bianco et al., 2004; Regulier et
al., 2004; Zala et al., 2004). Although inflammatory responses
have not been detected, experiments examining this question in
detail have not yet been reported.

We have previously characterized in detail the innate and
adaptive immune responses to adenoviral vectors (both first
generation and high capacity) injected into the brain (Thomas
et al., 2000b, 2001a,b, 2002; Lowenstein, 2002; Lowenstein
and Castro, 2003). Innate inflammatory immune responses to
adenoviral vectors are transient, and do not affect transgene ex-
pression. Systemic adaptive immune responses to first-genera-
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FIG. 3. CNS immune responses to lentiviral vector: Systemic immunization after CNS injection of lentiviral vector. (A) Sche-
matic illustration of the experimental procedure, in which rats were injected with 105 TU of Lenti-GFP intrastriatally and im-
munized systemically 30 days later with either Lenti-GFP, Lenti-FIX, or saline. (B) GFP expression, and T cell (CD8�) infil-
tration, in the striatum of each group of animals 30 days after systemic immunization. (C) Quantification of the serial sections
in (B), and statistical analysis (*p � 0.05; versus Lenti-FIX and saline groups). In (B), of the columns labeled GFP, the leftmost
column illustrates a low-power view of the striatum, and the middle and right columns illustrate increasingly higher power views
of striatal cells expressing GFP. Scale bars are shown in (B).
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tion adenoviral vectors completely abolish expression from vec-
tors injected into the brain, because the brain presents antigenic
epitopes derived from the first-generation adenoviral vectors.
On the other hand, novel high-capacity adenoviral vectors are
“resistant” to the activated systemic adaptive immune response,
because they do not express any potentially antigenic epitopes
(Thomas et al., 2000a, 2001b). Thus, we utilized identical par-
adigms to examine in detail the inflammatory and immune 
responses to lentiviral vectors. Our prediction was that
lentiviruses ought to behave immunologically as high-capacity,
helper-dependent adenoviral vectors.

Indeed, the manner in which the immune system responds
to lentiviral vectors is similar to how the immune system in-
teracts with high-capacity adenoviral vectors (Thomas et al.,
2000a, 2001a,b), and not first-generation recombinant adeno-
viral vectors or AAV vectors (Bennett, 2003; Peden et al., 2003;
Lowenstein, 2004; Thomas et al., 2004). Both lentiviral vec-
tors and high-capacity adenoviral vectors allow sustained trans-
gene expression even when a preexisting immune response
against the vector is present. The innate immune response to
both vectors in the CNS is minimal and therefore allows the
use of both for CNS gene therapies.

A systemic immune response against viral vectors is induced
only after injection of the vectors into a site outside of the brain,
where vector-derived antigens can prime the systemic immune
response. The reason for this is that the adaptive immune sys-
tem cannot be primed by the careful and selective injection of
infectious particulate antigens into the brain parenchyma, as
done in our work. Further, because the injection of vectors into
the CNS is essentially ignored by the immune system, systemic
immunization (either preceding or after injection of vectors into
the CNS) induces the same qualitative type of immune re-
sponses.

An advantage of lentiviruses is that they transduce nondi-
viding cells, which makes them better for certain therapies, es-
pecially where long-term expression may be required. The trait
of integrating into the host genome is a powerful aspect of these
vectors. Insertion of the transgene into the host genome could
prolong expression better than the episomal transgenes found
in adenovirus-infected cells, and this is currently being tested
by various research groups. Replacing constitutively active pro-
moters with cell type-specific promoters may further improve
the use of lentiviral vectors in the CNS. Further, this may also
impact immune responses against the vectors and/or the trans-
genes. Specifically, it has been described that expression of
lentiviral vectors directly in the liver decreased systemic im-
mune responses detected against the vectors and the transgenes
(Follenzi et al., 2004). Expression in identified cell types in the
brain may also potentially reduce immune responses to the
transgenes, as was detected in our studies. This might offer
stronger and more enhanced transgene expression and could

possibly lead to the need for lower doses of the vector during
therapy.

On injection of lentiviral vectors into the brain, inflamma-
tion was detected only at the highest dose utilized, and trans-
gene expression was stable. However, after systemic priming
of an antilentiviral vector immune response, we demonstrated
that the immune system recognized the lentivirus-encoded
transgene, but not a component associated with the viral vec-
tor capsid or virion. After injection of Lenti-GFP into the CNS,
followed by systemic immunization, rats displayed brain in-
flammation and reduced transgene expression only if they were
immunized systemically with Lenti-GFP, but not if they were
immunized systemically with Lenti-FIX. This indicates that the
immune response recognizes the transgene GFP as immuno-
genic, rather than an antigenic epitope derived from the lentivi-
ral virion. If the immune system were recognizing a component
of the lentiviral vector, then brain inflammation and transgene
reduction would have been seen in animals immunized sys-
temically with either Lenti-FIX or Lenti-GFP. However, it may
well be that a systemic immune response against the lentiviral
capsid and/or virion exists. Nevertheless, it is unable to affect
brain transgene expression, because the relevant antigens are
not being presented at the time the T cells enter the brain. This
could be due to lack of presentation of lentiviral virion-derived
epitopes in the CNS, or to rapid turnover of these antigens from
CNS antigen-presenting cells.

All rats immunized systemically (either Lenti-GFP or Lenti-
FIX) after a CNS injection were able to mount a systemic im-
mune response, confirming that both immunization schedules
were efficient and able to result in the presence of activated im-
mune cells. However, we did not encounter any evidence of a
systemic immune response to lentiviruses in animals that had
been injected with lentiviral vector only in the brain. This sug-
gests the existence of systemic immune ignorance to vectors in-
jected exclusively into the brain, a situation identical to that en-
countered on injection of adenoviral vectors into the CNS
(Thomas et al., 2000a, 2001a). The reason for this is as follows.
For a vector to elicit immune responses after gene transfer to
the brain, either the vector needs to escape to the periphery dur-
ing administration or antigen-presenting cells need to take up
the vector and present the epitopes in the periphery (because
surveillance of the brain parenchyma by naive T cells is mini-
mal, if it occurs at all, and therefore naive T cells need to be
primed in the periphery).

In the absence of any antigenic lentiviral epitopes being pre-
sented, the transgene remains an important source of potentially
antigenic epitopes. Our experiments demonstrate that indeed the
transgene can act as a target of the immune system. This could
prove of potential clinical significance because it would be pos-
sible for patients to become immunized against their own gene
therapy vectors. In the case of lentiviral vectors a potential im-
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FIG. 4. CNS immune responses to lentiviral vector: Systemic immunization preceding CNS injection of lentiviral vector. (A)
Schematic illustration of the experimental procedure, in which rats were injected with Lenti-GFP, Lenti-FIX, or saline systemi-
cally, and injected intrastriatally 30 days later with 105 TU of Lenti-GFP. (B) GFP expression, and T cell (CD8�) infiltration, in
the striatum of each group of animals. (C) Quantification of the serial sections in (B), and statistical analysis (*p � 0.05; versus
Lenti-FIX and saline groups). In (B), of the columns labeled GFP, the leftmost column illustrates a low-power view of the stria-
tum, and the middle and right columns illustrate increasingly higher power views of striatal cells expressing GFP. Scale bars are
shown in (B).
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mune response against the vector itself may not be of concern,
but an immune response to the transgene will need careful mon-
itoring. In particular, because lentiviral vectors are efficient in
transducing and activating dendritic cells, they will therefore
elicit a potent antitransgene immune response if the transgene
product is foreign to the host, and/or potentially immunogenic.

Another potential barrier that needs consideration is the pos-
sibility that some individuals may have been previously exposed
to infection with a lentivirus, such as HIV. Therefore, a preex-
isting immune response that recognizes antigens present in
lentiviral vectors may be able to inhibit transduction with
lentiviral vectors used during gene therapy.

The data we have provided show that preexisting immune cells
lead to an increase in CD8� cells in the brain 30 days after stri-
atal injection, but only if the preexisting systemic immunization
was triggered by a lentivirus expressing the identical transgene
being expressed in the CNS. Preimmunization of rats with Lenti-
FIX, followed by intrastriatal injection of Lenti-GFP, does not
lead to increased immune cells at the site of brain injection, indi-
cating that any CD8� T cells that may have been generated do
not recognize any antigenic epitopes in the CNS, possibly because
of the rapid turnover of lentiviral virion epitopes.

In summary, we have shown that there is a dose-dependent
response of transgene expression to increasing lentiviral doses,
which reaches a threshold at 106 transducing units in rats. Pe-
ripheral immunization before or after CNS injection with the
lentivirus vector shows a decrease in transgene expression, and
an increase in infiltrating immune cells in the brain, only if the
immune response is targeted against the transgene also ex-
pressed in the CNS. Thus, although a systemic immune re-
sponse against lentiviral vectors was detected, it did not cause
brain inflammation; this indicates that lentivirus-derived virion
antigens are not being presented in the CNS. Lentiviral vectors
thus display a high safety standard, and optimal stability vis-à-
vis both pre- and postimmunization paradigms for gene trans-
duction and gene therapy in the CNS and for the treatment of
neurological diseases.
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