
A ROLE FOR GRANULOCYTE-MACROPHAGE COLONY-
STIMULATING FACTOR IN THE REGULATION OF CD8+ T CELL
RESPONSES TO RABIES VIRUS

Celestine N. Wanjalla1, Elizabeth F. Goldstein1,#, Christoph Wirblich1, and Matthias J.
Schnell1,2,*

1Department of Microbiology and Immunology, Thomas Jefferson University, Philadelphia, PA,
19107
2Jefferson Vaccine Center, Jefferson Medical College, Thomas Jefferson University, Philadelphia,
PA, 19107

Abstract
Inflammatory cytokines have a significant role in altering the innate and adaptive arms of immune
responses. Here, we analyzed the effect of GM-CSF on a RABV-vaccine vector co-expressing
HIV-1 Gag. To this end, we immunized mice with RABV expressing HIV-1 Gag and GM-CSF
and analyzed the primary and recall CD8+ T cell responses. We observed a statistically significant
increase in antigen presenting cells (APCs) in the spleen and draining lymph nodes in response to
GM-CSF. Despite the increase in APCs, the primary and memory anti HIV-1 CD8+ T cell
response was significantly lower. This was partly likely due to lower levels of proliferation in the
spleen. Animals treated with GM-CSF neutralizing antibodies restored the CD8+ T cell response.
These data define a role of GM-CSF expression, in the regulation of the CD8+ T cell immune
responses against RABV and has implications in the use of GM-CSF as a molecular adjuvant in
vaccine development.

Introduction
More than 30 years after the discovery of human immunodeficiency virus 1 (HIV-1), there
are still no promising vaccine approaches. This is in part due to the fact that the correlates of
protection against HIV-1 infection or AIDS are still not very well defined. However, the
assessment of long-term progressors infected with HIV indicates that CD8+ T cells play an
important role in controlling the virus (Borrow et al., 1994). Moreover, depletion of CD8+ T
cells in rhesus macaques infected with simian immunodeficiency virus (SIV) led to an
increase in viral RNA in their plasma (Jin et al., 1999). As such, there have been efforts to
improve the magnitude and quality of CD8+ T cell responses in addition to the humoral
immune responses. Live attenuated viral vectors are efficient at inducing both cellular and
humoral immune responses because i) they are able to replicate in vivo, providing antigens
that can be processed and presented on MHC I and MHCII, and ii) most viral vectors are
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recognized by pattern recognition receptors (PRR) through which they initiate signaling
cascades, consequently expressing inflammatory cytokines that may provide a strong third
signal for antigen presenting cells (APCs) (for review: (Iwasaki and Medzhitov, 2004;
Kindt, 2007).

Rabies virus (RABV) is a single stranded negative-sense RNA virus of the rhabdoviridae
family. It has a modular genome that encodes five genes (Schnell et al., 2010) and can be
easily manipulated to include multiple foreign genes that can be stably expressed over at
least twenty viral passages (Mebatsion et al., 1996). As such RABV-based vaccine vectors
have been developed and tested in mice and non-human primates (NHPs) for more than a
decade (Cenna et al., 2009; Faul et al., 2009; Faul et al., 2008; Gomme et al., 2010;
McGettigan et al., 2006; McGettigan et al., 2003a; Wanjalla et al., 2010). A number of these
studies have established that RABV vaccine vectors expressing HIV/SIV can induce potent
antigen-specific CD8+ T cell responses (Faul et al., 2009; Gomme et al., 2010; Wanjalla et
al., 2010). Furthermore, NHPs immunized with RABV vaccine vectors expressing
SIVMac239 GagPol and SIVMac239 Env were protected from an AIDS-like disease after
challenge with SIVMac251 (Faul et al., 2009).

Attempts to improve RABV vaccine vector performance have included the co-expression of
molecular adjuvants and HIV-1 proteins. The first study showed that the anti-HIV humoral
response could be enhanced using a RABV vaccine vector co-expressing interleukin 2
(IL-2). Interleukin 4 (IL-4) expression on the other hand did not improve the humoral
response, while it decreased the CD8+ T cell response (McGettigan et al., 2006). This was
followed by a study in which interferon-β (IFN-β) was expressed along with HIV-1 Gag
both encoded in a RABV vaccine vector. This increased the primary CD8+ T cell response
despite a significant decrease in viral replication due to the direct anti-viral effects of type I
IFN (Faul et al., 2008). Although there was an increase in the primary CD8+ T cell response,
no increase was seen during the memory phase and the CD8+ T cell cytokine profiles were
not different from the profiles of control animals (Faul et al., 2008). Of note, none of the
cytokines that have been included in the RABV vaccine vectors against HIV-1 showed an
improvement of both cellular and humoral immune responses.

GM-CSF is a hematopoietic cytokine first isolated from lung tissue (Burgess et al., 1977)
and later described as a growth factor required for the generation of granulocytes and
macrophages (Metcalf, 1985). Additional studies further elaborated on its role in the
proliferation and differentiation of dendritic cells (DCs) (Inaba et al., 1992). In vivo, GM-
CSF is constitutively expressed by fibroblasts, endothelial cells, activated T cells,
monocytes or macrophages, (Burgess et al., 1977) and can act on a number of cells
including monocytes, lymphocytes, granulocytes, macrophages and endothelial cells, which
are known to express the receptor (Parmiani et al., 2007). Despite these important functions,
mice lacking the GM-CSF receptor or GM-CSF expression are viable and in fact have
insignificant defects in the hematopoietic compartment compared to wildtype mice (Stanley
et al., 1994), implicating redundancy with other growth factors. Of note, GM-CSF
expression in healthy mice is present at low undetectable levels in the serum and is often
transiently expressed in the course of some infections after which it is degraded or taken up
via high affinity receptors (Metcalf et al., 1999). There are a few conditions that have been
shown to induce significant levels of GM-CSF detectable in the serum, such as LPS
(Metcalf, 1971).

GM-CSF was first used as a vaccine adjuvant in a hepatitis B vaccine and shown to improve
responsiveness to the vaccine in more than half of previous non-responders (Carlsson and
Struve, 1997). Since then other studies have shown the efficacy of GM-CSF as a vaccine
adjuvant in mice (Lu et al., 2002; Wen et al., 2010; Yoon et al., 2006; Zhang et al., 2011)
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and NHP (Loudon et al., 2010). The use of GM-CSF has even extended to human clinical
trials in which it has been used as an efficient adjuvant in cancer vaccines (Jaffee et al.,
2001; Luiten et al., 2005; Mastrangelo et al., 1999). Whereas majority of the studies in
which GM-CSF has been used include DNA, peptide or cell-based vaccines,
immunostimulatory effects of GM-CSF have been seen with several viral vectors including,
adenovirus (Lu et al., 2002), vesicular stomatitis virus (VSV) (Ramsburg et al., 2005),
retroviruses (Dranoff et al., 1993) and vaccinia virus (VV) (Kass et al., 2000; Mastrangelo et
al., 1999). More recently, a RABV vector expressing GM-CSF enhanced vector-specific
humoral responses due to recruitment/activation of a significant number of DCs and B cells
(Wen et al., 2010).

On the contrary, there is evidence that GM-CSF can suppress immune responses through
recruitment of myeloid suppressor cells, which can mediate suppression by activating
regulatory T cells (Tregs). Such effects have been associated with high levels of GM-CSF
expression. Mice immunized with autologous tumor cells as the source of antigen combined
with increasing doses of a bystander cell line as the source of GM-CSF, showed that GM-
CSF was effective as an adjuvant over a range of doses but there was a threshold above
which it became immunosuppressive. The high doses recruited myeloid derived suppressor
cells that impaired antigen specific immune responses. (Serafini et al., 2004). Another
mechanism of immune suppression is via direct stimulation of Tregs which express a
functional GM-CSF receptor downstream of which they are activated to expand independent
of IL-2 (Kared et al., 2008).

The recent data showing improved humoral responses to a RABV vaccine vector expressing
GM-CSF (Wen et al., 2010), suggested that addition of this cytokine to a RABV-vaccine
vector against HIV-1 Gag has the potential to improve both cellular and humoral immune
responses. We show that GM-CSF alters the immune response to RABV. Expression of
GM-CSF clearly increased the APCs in the draining LNs and spleens. On the other hand,
there were significantly fewer antigen specific CD8+ T cells in the presence of GM-CSF.
Immunization of mice with the same vector in the presence of GM-CSF neutralizing
antibodies confirmed that the regulation of the CD8+ T cell response was dependent on GM-
CSF expression. This study highlights a role of GM-CSF in regulating immune responses to
RABV vaccine vector and could have implications on the use of GM-CSF as a vaccine
adjuvant.

RESULTS
Cloning and characterization of vaccine constructs

The recombinant RABV vaccine vectors, BNSP and BNSP expressing HIV-1 Gag (BNSP-
Gag) have been described previously (McGettigan et al., 2003b). For this study, we cloned
the gene encoding mouse GM-CSF gene into the BNSP-Gag vector between G and L genes
resulting in BNSP-Gag-GM-CSF. A similar vector co-expressing HIV-1 Gag and a non-
functional (ATG deleted) IFN-β gene (Faul et al., 2009) served as a control vector for the
experiments (Figure 1a). The viruses were recovered by standard methods and viral stocks
were prepared as described previously (Faul et al., 2008; McGettigan et al., 2001). We
confirmed expression of HIV-1 Gag by infecting BSR cells (a BHK clone) with BNSP,
BNSP-Gag-IFN(−) or BNSP-Gag-GM-CSF in duplicate. Forty-eight hours later, one well of
each RABV vector was stained with antibodies against RABV-N protein to confirm
infection (Figure 1b, top panels). HIV-1 Gag expression was confirmed in the duplicate
wells using a human monoclonal antibody against p24, followed by a Cy2-tagged donkey
anti human IgG secondary antibody (Figure 1b, bottom panel).
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To determine whether the insertion of HIV-1 Gag and GM-CSF changed the growth kinetics
of the vaccine vector; we infected BSR cells at an MOI of 0.01 as described in materials and
methods. We then collected supernatants from the infected cells at different times points.
Viral titers in the supernatant were quantified to generate the multi-step growth curve
(Figure 1c). There were no differences between BNSP-Gag and BNSP-Gag-IFN(−) whereas
BNSP-Gag-GM-CSF grew approximately half a log lower. As previously described, the
BNSP vector grew one log higher than BNSP-Gag because it does not contain additional
genes. Due to the apparent albeit slight difference between BNSP-Gag-IFN(−) and BNSP-
Gag-GM-CSF, we also analyzed the in vivo replication kinetics of the three Gag-expressing
vaccine vectors to ensure that they were similar in replication and spread. The amount of
viral messenger RNA in each mouse showed no statically significant difference between
BNSP-Gag-IFN(−) and BNSP-Gag-GM-CSF (Figure 1d).

Following infection of BSR cells with BNSP-Gag-IFN(−) or BNSP-Gag-GM-CSF, GM-
CSF expression was quantified by ELISA over a 72h period (Figure 1e). The biological
functionality of the GM-CSF was tested by its ability to differentiate bone marrow cells
(BM) into DCs (Inaba et al., 1992). Supernatants from BSR cells that had been infected with
BNSP-Gag-IFN(−) or BNSP-Gag-GM-CSF were UV-inactivated to kill any live RABV.
UV-inactivated supernatant or recombinant GM-CSF was added to primary BM cell
cultures. BNSP-Gag-GM-CSF supernatant was able to differentiate primary BM cells into
CD11c+ DCs (Figure 2a–b). In comparison to the DCs generated with recombinant GM-
CSF, supernatant from BNSP-Gag-GM-CSF generated fewer CD11c+ cells. In addition,
more of the CD11c+ cells generated following BNSP-Gag-GM-CSF supernatant treatment
had a mature phenotype based on CD80+ and CD86+ expression (Figure 2c). As expected,
the BM cells cultured in media supplemented with BNSP-Gag-IFN(−) supernatants were not
viable by day 7 of culture (Figure 2b, c). Taken together these results indicated that BNSP-
Gag-GM-CSF expressed both HIV-1 Gag and GM-CSF that was capable of differentiating
BM cells into DCs.

GM-CSF expression by RABV significantly increases the number of professional antigen
presenting cells in vivo

Presentation of antigens is purported to be important in the induction of immune responses
against viral infections including rabies virus (Plesa et al., 2006). We next determined the
impact of GM-CSF expression on antigen presenting cells in vivo. 6–8 week old BALB/c
mice were immunized with BNSP-Gag, BNSP-Gag-IFN(−), BNSP-Gag-GM-CSF or PBS
and FACS analysis was performed three days post immunization. In comparison to PBS
controls, all three RABV vaccine vectors induced a significantly higher number of CD11c+

CD11b+ (Figure 3a) and CD11c+CD86+ (Figure 3b) cells in the blood. Within immune
compartments, namely the spleen and draining inguinal LNs, immunization with BNSP-
Gag-GM-CSF resulted in a significantly higher number of CD11c+ CD11b+ DCs compared
to BNSP-Gag and BNSP-Gag-IFN(−) (Figure 3a). No differences were seen in the number
of CD11c+ CD11b+ and CD11c+CD86+ measured in the muscle (data not shown). In
addition to DCs, macrophages also have a significant role in antigen presentation and have
been implicated to play a role in both direct and cross presentation of antigens (Brode and
Macary, 2004). As with DCs, GM-CSF expression by the RABV vaccine vector increased
the number of CD11b+ F480+ macrophages and activated CD19+ CD40+ B cells (Figure
S1). Taken together, the data show that the exogenous GM-CSF is expressed at
physiologically active levels in vivo resulting in a significant increase of antigen presenting
cells.
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Analysis of vector specific humoral response
It was recently shown that GM-CSF expression by a RABV vaccine vector increased the
virus directed neutralizing antibody titer in comparison to mice immunized with just the
vector (Wen et al., 2010). However, the authors did not provide any data on the total IgG
titers or isotypes.

In order to characterize the humoral immune response to the RABV vaccine vector, we
obtained blood from mice used in the challenge experiments, 35 days post prime with 105

FFU of either BNSP-Gag-IFN(−), BNSP-Gag-GM-CSF or PBS. We did not observe
differences in the anti-RABV-G IgG titers (Figure S2a) or in the IgG1 and IgG2a titers. In
fact, both vaccine regimens had a Th1 skewed immune profile, IgG2a: IgG1 > 1 (Figure
S2b). We also performed avidity assays, again with no apparent differences 35 days post
prime between the GM-CSF expressing vector and controls (Figure S2c). An RFFIT assay
showed no differences in the VNA titers between our control vector BNSP-Gag-IFN(−) and
the experimental BNSP-Gag-GM-CSF. Based on these data, we conclude that GM-CSF
expressed by RABV did not alter the humoral immune response.

GM-CSF expression by a recombinant RABV vector induces disparate effects on the
primary CD8+ T cell profile in the draining lymph nodes and spleen

The increase in the number of antigen presenting cells after GM-CSF expression could
augment the CD8+ T cell response induced by RABV, as has been shown for other negative
single stranded RNA viruses, such as VSV (Janke et al., 2007; Ramsburg et al., 2005). To
test this hypothesis, we immunized mice with 1 × 105 ffu BNSP-Gag, BNSP-Gag-GM-CSF,
or BNSP-Gag-IFN(−) and over time monitored the primary Gag-specific CD8+ T cell
response in the draining ILNs (Figure 4a) and spleens (Figure 4a). Once cells were harvested
they were stained and analyzed by FACS. All cells analyzed were first gated for CD8
expression and activation (CD62L). Activated CD8+ CD62Llo T cells were further analyzed
for Gag antigen (AMQMLKETI) specificity (Figure 4b, 5b).

We detected Gag-specific CD8+ T cells with all three recombinant RABV constructs as
early as 7 days after immunization in the ILNs (Figure 4c–d) and spleen (Figure 4c–d). By
day 10, there were no statistically significant differences in the magnitude of Gag-specific
CD8+ T cells in the draining ILNs, although there was a trend towards higher numbers in the
GM-CSF group. Similarly, there were no differences in the functionality of the activated
Gag-specific cells (Figure 4f). On the other hand, in the spleen we observed that GM-CSF
expression decreased the number of Gag-specific CD8+ T cells over time. By day 10, mice
immunized with BNSP-Gag-GM-CSF had significantly fewer Gag-specific CD8+ T cells
than BNSP-Gag immunized mice in the spleen (Figure 5c–d). Of note, the results are
represented as percentages as previously published (Faul et al., 2008; Gomme et al., 2010).
We also analyzed the total numbers of Gag-specific CD8+ T cells in the spleens and draining
ILNs and obtained results that correlated with the percentage data (data not shown).
Furthermore, functional expression of IFN-γ as monitored by ELISpot aligned with the
magnitude of Gag-specific CD8+ T cells detected by tetramer staining (Figure 5f). Taken
together, the analysis of the primary immune response indicated that GM-CSF expression by
RABV significantly reduces the Gag-specific CD8+ T cell responses in the spleen.

GM-CSF expression reduces the memory CD8+ T cell response
Although the primary immune response to a vaccine is a predictor of the recall response, the
generation of memory cells and their expansion after re-exposure to HIV-1 Gag was also
evaluated. To analyze the memory cells, BALB/c mice were primed i.m. with the three
RABV vaccine vectors or PBS and analyzed for Gag-specific CD8+ T cells 30 days later.
Similar to what has been detected in the primary immune response, GM-CSF expression did
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not alter the generation of long-lived Gag-specific CD8+ T cells in the ILNs (Figure 6a), but
significantly lowered numbers of Gag-specific CD8+ T memory cells in the spleen (Figure
6b and c).

In order to analyze the expansion of the HIV-1 Gag-specific memory CD8+ T cells after
challenge, we infected mice with recombinant vaccinia virus expressing HIV-1 Gag (VV-
Gag) 30 days after the original immunization. Immune responses were analyzed 3, 4 and 5
days post challenge by FACS and ELISpot (Figure 7a). Similar to what was seen when
observing resting memory CD8+ T cells, mice immunized with BNSP-Gag-GM-CSF had a
significantly fewer Gag-specific CD8+ T cells in the spleen days 3 post challenge (Figure
7c), while no difference was detected in the draining ILNs of the same mice (Figure 7b).
Analysis of functional expression of IFN-γ corresponded with the magnitude of
AMQMKLETI+ CD8+ T cells (Figure 7d). Based on these findings, GM-CSF expression by
RABV reduces the Gag-specific CD8+ T cells in the spleen.

Due to the disparity of the primary Gag-specific CD8+ T cell response in the ILNs and
spleens, we were concerned that an i.p. challenge with VV-Gag biased the HIV-1 Gag
specific cell expansion to the spleen. Furthermore, there is a possibility that GM-CSF
expression alters the distribution of Gag-specific CD8+ T cells to different organs including
LNs, spleen and muscle. In order to generate a recall response reflective of the memory cells
present in the draining ILNs we challenged mice either subcutaneously distal to the popliteal
lymph node (PLN) to target the lymphatic system (Figure 8c–d) or intramuscularly (Figure
8a–b) to target the muscle tissue and ILNs. Similar to i.p. challenge, animals that were
immunized with BNSP-Gag-GM-CSF and challenged with VV-Gag subcutaneously or
intramuscularly had significantly fewer Gag-specific CD8+ T cells in all lymphoid organs
analyzed, most apparent in the spleen and PLNs (Figure 8a, c). We also analyzed expression
of inflammatory cytokines by the CD8+ T cells in the spleens and popliteal lymph nodes.
We observed that upon stimulation with the HIV-1 Gag-specific AMQMKLETI peptide, the
CD8+ T cells expressed IFN-γ, TNF-α, IL2, IL6 and IL10 proportional to the magnitude of
the Gag-specific CD8+ T cell response, indicating further that GM-CSF expression reduces
just the number of Gag-specific CD8+ T cells but not their quality (Figure 8b, d). In
addition, experiments in which in vitro cytotoxic T lymphocyte assays were performed with
CD8+ T cells from BNSP-Gag-IFN(−) or BNSP-Gag-GM-CSF showed a direct correlation
between cell lysis and the magnitude of the Gag-specific CD8+ T cell response (data not
shown). Furthermore, there were no differences in the avidity of the CD8+ T cells (data not
shown).

In summary, all three different routes of challenge consistently showed a lower memory and
recall Gag-specific CD8+ T cell response in mice immunized with the GM-CSF expressing
virus. In addition, there were no differences in the quality of the CD8+ T cells monitored by
analysis of inflammatory cytokines expressed upon activation by a Gag-specific antigen.
Although results from these experiments indirectly addressed whether GM-CSF altered the
distribution of Gag-specific CD8+ T cells, further studies looking at the distribution of CD8+

T cells post prime are required. One challenge with such experiments is that there will be
likely only a very low numbers of antigen specific CD8+ T cells after priming in organs
other than the secondary lymphoid organs which would make it challenging for
quantification, probably requiring pooling of samples from individual mice.

Diminished CD8+ T cell responses to the RABV vaccine vector are due to GM-CSF
expression

Analysis of Gag-specific CD8+ T cells generated in response to the vaccine vectors
suggested that the diminished response was GM-CSF dependent. To confirm this and to rule
out any impairment of the GM-CSF expressing viral vector we performed immunizations
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with a mixture of both constructs (BNSP-Gag-IFN(−), BNSP-Gag-GM-CSF) in a 1:1 ratio 2
× 105 FFU/mouse. Based on previous studies, it has been shown that replication competent
and single-cycle RABV vaccine vectors stimulate robust CD8+ T cell responses against
HIV-1 Gag with a similar magnitude over a range of doses 104–106, in a dose independent
manner (Gomme et al., 2010). Thus, we hypothesized that immunization of mice with the
mixture of both constructs aforementioned would not change the magnitude of the Gag-
specific CD8+ T cell response if the differences between the two vectors were due to a
defect in the BNSP-Gag-GM-CSF vector. However, if the exogenous GM-CSF was
responsible for the diminished CD8+ T cell responses, then a combination of the vectors
would lower the response elicited by BNSP-Gag-IFN(−). Ten days following immunization
with the the 1:1 viral mix, the Gag-specific CD8+ T cell responses were monitored with an
IFN-γ ELISpot assay. The combination of both vectors induced a lower CD8+ T cell
response than immunization with BNSP-Gag-IFN(−) alone (Figure 9), likely due to a GM-
CSF induced effect on the Gag-specific CD8+ T cell response.

Immunization of mice with the 1:1 viral mix of BNSP-Gag-IFN(−) and BNSP-Gag-GM-
CSF suggested that the BNSP-Gag-GM-CSF construct had a dominant negative effect on
the immune response. Although including a GM-CSF-expressing vector in trans lowered the
Gag-specific CD8+ T cell response to BNSP-Gag-IFN(−), the response remained higher
than the response to BNSP-Gag-GM-CSF alone. In order to further confirm that GM-CSF
expression is responsible for the reduction of Gag-specific CD8+ T cells, we treated mice
with a neutralizing antibody directed against GM-CSF one day prior to immunization, and
for another six days post prime including the day of immunization (Figure 10a). Ten days
post prime, the Gag-specific CD8+ T cell response was evaluated by tetramer staining
(Figure 10b). The results indicated that treatment with anti-GM-CSF increased the numbers
of Gag-specific CD8+ T cells response approximately five-fold compared to untreated
BNSP-Gag-GM-CSF immunized mice determined by the functional expression of IFN-γ in
an ELISpot assay (Figure 10c). Analyses of recall responses were done in mice primed as
above except that the control BNSP-Gag-GM-CSF group was treated with an equal volume
of PBS i.p. similar to the anti-GM-CSF treatment group. The mice were challenged 60 days
post prime with 106 pfu VV-Gag i.p and CD8+ T responses analyzed 5 days later by
tetramer analysis. Similar to the primary immune response, anti-GM-CSF treatment
effectively neutralized the cytokine and led and higher CD8+ T cells compared to BNSP-
Gag-GM-CSF alone (Figure 10d). Taken together, these data confirm that GM-CSF
expressed by the RABV vaccine vector against HIV-1 Gag expressing GM-CSF is
responsible for the diminished Gag-specific CD8+ T cell response.

GM-CSF expressing RABV does not negatively affect CD8+ T cell proliferation
The results obtained indicate that exogenous GM-CSF expression by a RABV-vaccine
vector against HIV-1 Gag reduces antigen-specific CD8+ T cells. Studies in which GM-CSF
has diminished immune responses have attributed the decrease to various factors
downstream of the induction of myeloid suppressor cells (MSDCs) (Vasu et al., 2003).
Reductions in CD8+ T cells by MSDCs is due to their regulation of proliferation or
apoptosis (Parmiani et al., 2007). In order to determine whether the decrease in antigen-
specific CD8+ T cells seen following immunization with BNSP-Gag-GM-CSF can be
attributed to MSDCs, we performed flow cytometry analysis of splenocytes and
lymphocytes from mice 3 days post prime. However, we observed an insignificant induction
of CD11b+ GR1+ MSDCs (data not shown). Thus, it does not appear that MSDCs are
responsible for the decreased antigen-specific CD8+ T cell response to our vaccine.

In order to determine whether T cell proliferation was affected by the incorporation of GM-
CSF in our vaccine design, we immunized BALB/c mice with 105 FFU of BNSP-Gag-
IFN(−) or BNSP-Gag-GM-CSF. The mice were each given 200μL of 1mg/ml BrdU i.p.
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three days post prime, and 0.8mg/ml Brdu in their drinking water for the next three days. Of
note, due to the relatively low frequency of Gag-specific CD8+ T cells during the primary
immune response and the fact that the diminished CD8+ T cell responses were GM-CSF
dependent and not Gag-dependent, we measured BrdU incorporation in the total activated
CD62Llo CD8+ T cells. In this way, we were observing a larger pool of cells replicating in
response to the vector as well as HIV-1 Gag. Mice were immunized and 7 days post prime,
we obtained the spleens and LNs for analysis by FACS and gated total activated CD8+ T
cells (Figure 11a). There were fewer total activated CD8+ T cells in the draining ILNs of
BNSP-Gag-GM-CSF immunized mice than in the control animals. However, these
differences did not appear to be due to differences in proliferation due to similar
incorporation of BrdU within this group of activated CD8+ T cells (Figure 11b). Similar
analyses were done on splenocytes, which showed no significant differences in the total
activated CD8+ T cells (Figure 11a). This was not surprising, because compared to the
draining LN, the spleen is a much larger organ. Thus, the contribution of newly activated
CD8+ T cells in response to the vector constitutes a much smaller fraction than basal level of
activation that could be present. Interestingly, significantly fewer cells in the activated
CD62Llo CD8+ T splenocytes from the GM-CSF group had taken up BrdU (Figure 11b).
This would indicate significantly less proliferation of CD8+ T cells in the GM-CSF
expressing group, except we did not see these differences translate to a decrease in the total
activated CD8+ T cell population in the spleen (Figure 11a). Thus we cannot rule out other
mechanisms such as cell death that may also contribute to the loss of this group of
replicating cells.

Similar analyses were done on CD4+ T cell population (Figure S3). There were no
significant differences in total activated CD4+ T cell populations in the draining LNs and
spleen (Figure S3a). BrdU incorporation in these cells indicated no differences in CD4+ T
cell proliferation between the GM-CSF expressing RABV and control (Figure S3b). This
GM-CSF expression does not seem to have an impact on the CD4+ T cell population. Taken
together, these data show that exogenous GM-CSF expressed by a RABV vaccine vector
negatively affects CD8+ T cell proliferation in the spleen.

Discussion
DCs are potent APCs with well-defined roles in antigen processing and presentation
(Steinman, 2007). Due to the proficiency with which they link they innate and adaptive arms
of the immune response, they have been incorporated in vaccine research and development
in order to improve immune responses (Steinman and Pope, 2002). In this study, we
constructed a novel RABV-vaccine construct co-expressing HIV-1 Gag and GM-CSF,
which we hypothesized, would increase the CD8+ T cell response due to recruitment of
APCs in vivo. Such an effect of GM-CSF on the CD8+ T cell response has previously been
shown with VSV (Ramsburg et al., 2005). Instead, we found that GM-CSF expression by
our RABV-based vaccine vector significantly reduced the CD8+ T cell responses, whereas
the humoral immune responses were unmodified.

This diminished CD8+ T cell response was in spite of the presence of significantly more
APCs (DCs, macrophages and B cells) in the BNSP-Gag-GM-CSF immunized mice. Similar
findings have been reported in a vaccine study using recombinant respiratory syncitial virus
(rRSV), also a single stranded negative sense RNA virus. They showed that co-expression of
GM-CSF led to a four-fold increase in pulmonary lymphoid and myeloid DCs, and
macrophages over the parent virus (Bukreyev et al., 2001). Despite this increase, the GM-
CSF expressing rRSV induced a lower primary CD8+ T cell response in mice. They
observed that CD8+ T cells from GM-CSF expressing rRSV induced 14.24% specific lysis
in comparison to 23.05% specific lysis by the parent vector, P<0.02. The authors explained
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that the reduction in the CD8+ T cells was a result of reduced antigenic dose. They
hypothesized that GM-CSF-dependent activation of APCs and an increase in inflammatory
cytokines such as IFN-γ reduced replication of the virus 50-fold (Bukreyev et al., 2001).
Unlike this rRSV study, the diminished CD8+ T cell response to BNSP-Gag-GM-CSF was
not a result of poor viral replication based on similar levels of replication between BNSP-
Gag-IFN(−) and BNSP-Gag-GM-CSF in vivo, analyzed three days post prime. Furthermore,
previous studies have shown that activation of CD8+ T cells by both replication competent
and single-cycle RABV vaccine vectors is not dose dependent over a range of doses, 104 –
106(100-fold) (Gomme et al., 2010). These data highlight an important characteristic of
RABV as a vaccine vector, especially when designing vaccines that could be used in areas
where conditions may not be optimal for maintaining the integrity of the vaccines.

A study using VSV expressing GM-CSF showed an increase in APCs that were mostly
macrophages (Ramsburg et al., 2005). Although they did not see an increase in the primary
CD8+ T cell response, GM-CSF appeared to enhance the long-term memory and recall
CD8+ T cell responses, which they hypothesized, was due to an increase in antigen
presentation in spite of viral attenuation. Similar to VSV, RABV expressing GM-CSF
recruited more macrophages, DCs and B cells than the controls. However unlike the VSV
study, the memory and recall CD8+ T cell responses were diminished. If we compare the
VSV study to ours, perhaps the main difference we observed was that in general, the RABV
vaccine vector recruited significantly more DCs than PBS controls, whereas this was not the
case for VSV where only macrophages were increased. Hence the diminished CD8+ T cell
responses could be DC mediated, as DCs also play a role in the induction of peripheral
tolerance (Steinman et al., 2003). However, this mechanism is least likely because we saw
significantly more DCs with an activated phenotype after GM-CSF expression compared to
the controls.

An important finding of this study was the disparate induction of primary CD8+ T cell
responses in draining ILNs and the spleen. The former showed a trend toward higher
numbers of antigen specific CD8+ T cells whereas there were consistently significantly
fewer numbers in the spleen. Based on the differences observed between ILNs and the
spleen, there was a possibility that GM-CSF expression altered the distribution of Gag-
specific CD8+ T cell responses. Analysis of memory responses implied that the effect of
GM-CSF was long term in both organs. Furthermore, recall responses after different routes
of challenge with VV-Gag showed persistent effects of GM-CSF in the spleen. In addition,
analysis of PLNs after both i.m. and subcutaneous VV-Gag challenges showed fewer
antigen specific CD8+ T cells, which might imply that the effect of GM-CSF is not restricted
to the spleen.

With regards to vaccine development, the effect of GM-CSF on long term memory is
important, and based on our experiments it seemed to have an overall effect of reducing the
memory antigen specific CD8+ T cells. Despite the significant reduction in CD8+ T
responses seen in the GM-CSF group, our study did not eliminate the possibility that GM-
CSF altered the distribution of the CD8+ T cells after prime. Future studies analyzing the
distribution of antigen specific CD8+ and CD4+ T cells in the primary phase of the response
in different organs including non draining LNS, the site of immunization (muscle) and the
liver will be included to rule out differential distribution.

Although GM-CSF has been shown to have adjuvant effects in mice (Lu et al., 2002; Wen et
al., 2010; Yoon et al., 2006; Zhang et al., 2011), monkey (Loudon et al., 2010) and human
studies (Jaffee et al., 2001; Luiten et al., 2005; Mastrangelo et al., 1999), there is evidence of
a counteracting role in immune suppression (Kass et al., 2000). The disparate effects of GM-
CSF partly depend on whether it is expressed locally at the site of immunization or
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systemically (Parmiani et al., 2007). Immunosuppressive effects are more evident with
systemic expression of high dose GM-CSF thought to induce the differentiation of MSDCs
(CD11b+ GR1+ cells) (Serafini et al., 2004). Our analysis of CD11b+ GR1+ cells in mice
immunized with the RABV vectors, showed no significant increase in MSDCs with GM-
CSF expression, suggesting that there might be an alternative mechanism. It has been shown
that regulatory T cells (Tregs) express the GM-CSF receptor CD116 which can activate
them directly leading to their expansion (Kared, 2008). Tregs are known to regulate
proliferation and apoptosis of CD8+ T cell responses (Bronte et al., 2000; Sakaguchi et al.,
2008). Our analysis of the spleen depicted lower proliferation of activated CD8+ T cells
when mice were immunized with the GM-CSF expressing RABV vector. The BrdU analysis
did not rule out cell death because proliferating cells undergoing cell death could also lead to
a reduction in this BrdU+ cells.

More recently, Wen et. al using RABV expressing GM-CSF, showed that mice immunized
with RABV expressing GM-CSF recruited and or activated DCs and B cells in their blood
and draining LNs (Wen et al., 2010). As a result, the GM-CSF expressing vector stimulated
a more robust humoral immune response than parent vector. Similar to our studies, they
tested their GM-CSF construct in BALB/c mice and saw an increase in DCs and B cells.
However, the immunogenicity studies in which they saw induction of higher levels of
neutralizing antibodies with GM-CSF were done in ICR mice, an outbred strain different
from the inbred BALB/c strain. The ICR mice were immunized with 1 × 106 FFU of
experimental and control viruses and their serum tested 21 days post prime for RABV
neutralizing antibodies. They found that GM-CSF expressing vector had 15.65 IU virus
compared to 8.01IU seen with the parent virus, P<0.5. Furthermore, the differences in VNAs
translated to better protection of mice when challenged with 1 × 107 FFU CVS-24 (Wen et
al., 2010). However, the group did not report the characteristics of the antibody so it is not
clear whether there were higher titers of antibodies or if there were differences in antibody
subtypes. We saw no differences in the humoral response when mice received 1 × 105 FFU
(i.m.) of BNSP-Gag-IFN(−) or BNSP-Gag-GM-CSF. In fact, they both stimulated a Th1
dominant immune response. Although Wen et. al. tested different viral titers, they did not
publish the results at the lower titers. The discrepancy in our findings might be attributed to
the viral dose. It is also possible that the impact of GM-CSF in adjuvanting immune
responses might be dependent on mouse strain.

Considering that GM-CSF is a widely studied adjuvant in human vaccine trials with the
possibility of inclusion in vaccine regimens, more research is warranted to better understand
the interaction of GM-CSF, antigens and the host’s immune response. Furthermore, going
forward this study may have implications on RABV as a vaccine vector. Because it indicates
that RABV may have a certain trait that interacts with GM-CSF in BALB/c mice so as to
reduce CD8+ T cells. This may present a target for improvement of RABV vaccine with and
without GM-CSF.

Materials and methods
Mice

6–8 week old female BALB/c mice were purchased from the National Institute of Health
(NIH). All animal protocols (414G, 414A) were in accordance with Institutional Animal
Care and Use Committee at Thomas Jefferson University (TJU).

Construction and recovery of infectious virus
GM-CSF was amplified from mouse spleen cDNA using PCR primer 5′-
CCCAAGATCTCGTACGCGAGGAGGATGTGGCTGCAGAA-3′ that contains a BsiWI
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restriction site and 5′ ACCCCAGCTAGCGAATTCTCAGAGCTGGCCTGGGCTTCC-3′,
that has contains an NheI restriction site. The PCR product was cut with BSiWI and NheI
and cloned into pSPBN, a plasmid encoding the recombinant RABV vaccine vector
(McGettigan et al., 2003b). The resulting vector was then digested with SmaI-AfII to obtain
a fragment that contained GM-CSF flanked by SmaI-AfII. This fragment was cloned into a
plasmid encoding recombinant RABV and HIV-1 Gag. This new cDNA, designated BNSP-
Gag-GM-CSF, was recovered on BSR (BHK-21 clone) cells transfected with 5μg cDNA
encoding BNSP-Gag-GM-CSF along with support plasmids encoding T7, RABV-N,
RABV-P, RABV-G and RABV-L (1.5, 2.5, 1.25,1 and 1.25μg respectively) per 6 well plate
(Faul et al., 2008) using Lipofectamine™ 2000 (Invitrogen) as per manufacturers protocol.
The cells were incubated with the transfection reagent overnight after which all the media
was aspirated off and replaced with fresh DMEM media containing 5% Fetal Bovine Serum
(FBS) and 1% Penicillin Streptomycin. Infectious virus from the supernatants was used to
infect BSR cells (in a T175cm2 flask) for two hours after which the cells were washed and
replenished with serum free Optipro media (Invitrogen). The serum free virus stocks
harvested on day 3 and day 8 post infection were combined and titered on BSR cells as
previously published (Wirblich and Schnell, 2011). BNSP, BNSP-Gag and BNSP-Gag-
IFN(−) were grown as previously described (Faul et al., 2008; McGettigan et al., 2001).

Multi-step growth curve
The multistep growth curve was done as previously described with some modifications
(Wirblich and Schnell, 2011). In brief, BSR cells were infected with BNSP, BNSP-Gag,
BNSP-Gag-IFN(−) or BNSP-Gag-GM-CSF at an MOI=0.01. After 2 hrs of incubation, the
cells were washed twice with phosphate-buffered saline (PBS) to remove any virus still
present in the media. The cells were then incubated in fresh DMEM media supplemented
with 5% FBS and 1% Penicillin Streptomycin (4ml/well of 6-well plate) at 34°C, 5 % CO2

and 300μl aliquots of the supernatants collected in 24hr intervals over 4 days. The viral titers
in the supernatants were determined on BSR cells as above.

Immunization and challenge protocols
Unless otherwise stated, BALB/c mice were primed intramuscularly (i.m.) with 1 × 105 foci
forming units (FFU) of control or experimental RABV in 100μl administered as two
injections – 50μl per hind limb. For boost and challenge experiments, the mice were rested
for at least 30 days. Challenge experiments were performed using 1 × 106 plaque forming
units (pfu) vaccinia virus expressing HIV-1 Gag (VV-Gag). This was given in a volume of
300μl intraperitoneally (i.p.).

Flow cytometry
Cells were stained for flow cytometry as previously published (Wanjalla et al., 2010). In
brief, DC cultures or splenocytes and lymphocytes were resuspended in staining buffer
containing 2% Bovine Serum Albumin in PBS (FACS buffer). To prevent non-specific
binding of antibodies to Fc receptors, cells were incubated with 1.1 μg anti-CD16/32 (BD
Biosciences) per 100μl FACS buffer for at least 15 minutes at room temperature or for one
hour on ice. When tetramer staining was to be performed, the cells were also incubated with
unconjugated streptavidin in FACS buffer for 45 – 60 minutes on ice, This would bind non-
specifically to T cells and reduce non-specific binding by the steptavidin-conjugated
tetramer antibody. The cells were then washed 2 times in FACS buffer and then incubated
with fluorochrome-linked antibodies against surface proteins RABV-N (Centocor, Inc),
PerCP-CD8α,, APC-CD11c, PerCP-GR1, FITC-CD11b, PerCP-F4/80, PerCP-B220, PE-
CD86, FITC-CD44, PE-AMQMLKETI tetramer (Becton Dickinson), APC-CD62L, APC-
IL-2, PE-IL-6, FITC-IL-10, PE-IFN-γ, APC-TNF-α (BD Biosciences), PacificBlue-CD19,
CD40 (eBioscience, Inc). This was done for 20 minutes at room temperature after which the
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cells were washed two times with FACS buffer and then fixed in BD cytofix, which contains
4% parafomaldehyde. The cells were further washed twice and resuspended in FACS buffer.
The analyses were done on BD FACS Calibur or BD LSRII machine at the Kimmel Cancer
Center core facility (TJU).

Immunofluorescence
BSR cells were infected with BNSP, BNSP-Gag-IFN(−) or BNSP-Gag-GM-CSF for 48h at
37°C 5% CO2. The fixation and staining protocol was done as previously published
(Gomme et al., 2010). In brief, cells were fixed in 4% PFA for 20 minutes at 4°C. Both
HIV-1 Gag and RABV-N are internal proteins that require permeabilization of the cells
which was done using 0.1% Trition X-100 in PBS. The cells were blocked with either
10mM glycine for anti-RABV- N monoclonal antibody (Centocor) or 5% milk for anti-
HIV-1 Gag (anti p24 71-31; NIH AIDS Research and Reference Reagent Program).
Antibody staining was done at 37°C for half hour. Anti-p24 stained cells were later
incubated with a Cy-2 tagged secondary donkey anti-human IgG (Jackson immunoresearch)
(Gomme et al., 2010).

IFN- γ ELISpot
Splenoytes or lymphocytes from immunized mice assayed in triplicate were prepared in 96-
well round-bottomed plates at different densities for primary (1–1.5 million cells per well)
and recall responses (12,500 – 25,000 cells per well). One additional well per sample was
included for the no peptide control. The 96-round bottomed wells were then spun-down on a
table-top centrifuge at 250g for 3 minutes. The cells were then resuspended 100μl in
splenocyte media containing costimulatory antibodies: 1 μg/ml CD49d (BD Biosciences)
and 1 μg/ml CD28 (BD Biosciences) and 10 g/ml AMQMLKETI- an MHCI-restricted
immunodominant HIV-1 Gag peptide used through out the study. The no-peptide control
wells were resuspended in 100μl splenocyte media. The cells were then transferred onto the
96-well multiscreen plates. These multiscreen filtration plates (Millipore) were prepared the
night before the experiment. For IFN-γ, the plates were pre-coated with rat anti-mouse IFN-
γ monoclonal antibody (BD Pharmingen) for at least 2hrs at room temperature or overnight.
These were then washed three times with 0.25% Tween, followed by three washed with
PBS. The plates were incubated with splenocyte media in a cell incubator 37°C, 5% CO2 for
at least two hours, after which the cells could be plated. After a 16–22 hr incubation, the
cells were washed out with 0.25% Tween in PBS followed by a water lysis step to get rid of
any remnant cells. The plate was then incubated with 10 μg/ml biotinylated rat anti-mouse
IFN-γ mAb (Pharmingen, CA, 554410) for 2hrs at room temperature or overnight at 4°C.
For the latter, the plate was sealed in parafilm to prevent evaporation of the antibodies. The
plate was further washed with 0.25% Tween in PBS followed by treatment with horseradish
peroxidase-conjugated streptavidin at a dilution of 1:5000 (Jackson ImmunoResearch). 2hrs
later, the plate was washed with 0.25% Tween in PBS, followed by PBS only prior to the
development of spots. Spots were developed after addition of peroxidase substrate and
analyzed using an ImmunoSpot C.T.L reader 5.0.

Bone marrow cell culture
Bone marrow cells were obtained from mice as previously published (Wanjalla et al., 2010).
Cells were cultured in splenocytes media with either 10 ng/ml recombinant GM-CSF
(Peprotech) or with UV-treated supernatants from BSR cells infected with either BNSP-
Gag-IFN(−) or BNSP-Gag-GM-CSF 72h post infection. The supernatants were used at two
different dilutions (1:4, 1:7) and the bone marrow cells were incubated for 7 days at 37°C,
5% CO2. Two washes were performed on days 2 and 4 of the incubation period with
replacement of the GM-CSF either using recombinant protein as a controls or with
supernatants for the test samples (Wanjalla et al., 2010). At day 7 the cells were harvested
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and analyzed for expression of surface molecules, APC-CD11c, PE-CD80, PE-CD86 (BD
Bioscience) by flow cytometry.

Rabies Virus G protein enzyme-linked immunosorbent assay (ELISA)
We measured the amount of GM-CSF secreted by BSR cells infected with our viral
constructs using a GM-CSF ELISA kit (eBioscience Inc.) as per the manufacturer’s
protocol. Supernatants collected from infected cells were UV-treated to inactivate any virus
and then stored at −20°C until analysis. Anti-RABV G ELISAs were done as previously
published (Gomme et al., 2010).

Antibody Avidity assay
This was carried out as previously published (Cenna et al., 2009). In brief, RABV-G
ELISAs were set up as previously published (Gomme et al., 2010). However, prior to the
addition of the HRP tagged secondary antibody, the plates were treated with 100μl of
increasing concentrations of sodium thiocyanate (NASCN, Sigma Aldrich) 0, 0.5, 1, 1.5, 2,
2.5 and 3mmol/L. Note that for the 0 mmol/L salt concentration, the wells were incubated
with distilled water because the salt solutions were diluted in water. The plates were
incubated for 15 minutes at room temperature and then washed immediately six times with
0.025% Tween in PBS. The rest of the protocol proceeded as the RABV-G ELISA described
above.

Rapid Fluorescent Focus Inhibition Test (RFFIT) assay
Analysis of the virus neutralizing titers was done using RFFIT assays as published (Cenna et
al., 2009). In brief, sera collected from immunized mice were heat inactivated for 30
minutes at 56°C to inactivate complement. The sera were plated in three-fold dilutions in a
96-well plate to which CVS-11 was added. Serial dilutions of the WHO anti-RABV
antibody standard were included as a control. After 1 hr incubation at 37°C, 5% CO2 the
contents of each well were transferred to a 96-well plated containing 90% confluent NA
cells. The plates were harvested 24hrs post infection and infectious virus was quantified by
staining with an antibody against RABV-N (Centocor, Inc). Calculations of the virus
neutralizing titers were done as published and normalized using the WHO standard an listed
a international units (I.U.).

Bromodeoxyuridine (Brdu) proliferation assay
BALB/c mice were primed on day 0 with 1 × 105 FFU/mouse BNSP-Gag-IFN(−) or BNSP-
Gag-GM-CSF. PBS mice were included as a control. 4 days post prime the mice received 2
mg Brdu i.p. on day three, after which they received 0.8 mg/ml BrdU in water on day four,
five and six. The spleens and draining LNs were obtained from the mice on day 7 post prime
processed and stained for surface and BrdU staining using the FITC BrdU flow kit as per the
manufacturer’s protocol (BD Pharmingen) for flow cytometry.

Statistics
Data collected were analyzed using the GraphPad Prism version 4.0 and 5.0, San Diego
California USA, www.graphpad.com. One-way ANOVA with Bonferroni post-test analysis
was used where more than two groups were compared. Significant differences in this case
were represented as * P<0.05, ** P<0.01, *** P<0.001 and **** P<0.0001. Students t-test
were used to compare two groups to each other and represented as two-tailed P value,
confidence interval of 95%.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Plasmid construction and characterization of viral constructs
The RABV vaccine vectors used throughout this study are illustrated: viruses (i)– (iii) will
be used as controls and BNSP-Gag-GM-CSF (iv) is the experimental vaccine being
analyzed here (a). BSR cells infected with BNSP, BNSP-Gag-IFN(−) and BNSP-Gag-GM-
CSF for 48h were fixed and stained for internal expression of RABV-N and HIV-1 Gag (b).
The growth kinetics of the different viruses were monitored on BSR cells after infection at
MOI of 0.01 (c). Replication of the viral vectors was also monitored by quantification of
RABV-N mRNA in the muscles of immunized mice (n=4 for each group) 3 days post
infection (d), GM-CSF expression and secretion was monitored by a quantitative ELISA of
supernatants 24, 48 and 72h post infection at an MOI = 10 (e).
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Figure 2. BNSP-Gag-GM-CSF expresses biologically functional GM-CSF
To test the biological activity of the secreted GM-CSF, primary bone marrow cells were
cultured in media supplemented with either 10ng/ml recombinant GM-CSF or UV-
inactivated supernatants from BNSP-Gag-IFN(−) and BNSP-Gag-GMCSF(+) infected BSR
cells diluted at 1:7 or 1: 4 in media. After 7-day culture, the cells were harvested and stained
with antibodies against CD11c (a–c), CD80 and CD86 (c). The data are representative of
two repeat experiments (for a total n=6).
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Figure 3. BNSP-Gag-GM-CSF expresses GM-CSF that has physiological effects on DCs in vivo
6–8 week old BALB/c mice were immunized with 1 × 105 FFU of either BNSP-Gag, BNSP-
Gag-IFN(−) or BNSP-Gag-GM-CSF. 3 days later the spleens, draining lymph nodes and
blood were harvested and stained with antibodies against surface markers of DCs – CD11c
and CD11b (a) and activation marker - CD86 and CD11c (b). Statistical analysis was
performed using one-WAY ANOVA and Students t-tests. Numerical statistical values were
obtained by t-test whereas P values indicated by * were obtained by ONE-WAY ANOVA
test. * P <0.05, ** P<0.01.
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Figure 4. Analysis of the magnitude of Gag-specific CD8+ T cells in the draining lymph nodes
6–8 week old BALB/c mice were primed with 1 × 105 ffu BNSP-Gag, BNSP-Gag-IFN(−)
or BNSP-Gag-GM-CSF. PBS mice were included as a negative control. The draining
inguinal lymph nodes were isolated from mice on days 3, 7, 10 and 16 (a). Flow cytometry
analysis of CD8+ T cell markers was gated as shown (b). The quantity of Gag-specific cells
was measured with a tetramer stain against H2d restricted AMQMKLETI epitope (c).
Activated Gag-specific CD8+ T cells were gated on CD62Llo cells (d). To further measure
the functionality of the cells, an IFN-γ ELISpot assay was done (e-f). Numerical statistical
values were obtained by t-test whereas P values indicated by * were obtained by ONE-WAY
ANOVA test.
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Figure 5. GM-CSF expression reduces the magnitude of the Gag-Specific CD8+ T cells in the
spleen
6–8 week old BALB/c mice were primed with 1 × 105 ffu BNSP-Gag, BNSP-Gag-IFN(−)
or BNSP-Gag-GM-CSF. PBS mice were included as a negative control. The spleens were
isolated from mice on days 3, 7, 10 and 16 (a). Flow cytometry analysis of CD8+ T cell
markers was gated as shown (b). The quantity of Gag-specific cells was measured with a
tetramer stain against H2d restricted AMQMKLETI epitope (c). Activated Gag-specific
CD8+ T cells were gated on CD62Llo cells (d). To further measure the functionality of the
cells, an IFN-γ ELISpot assay was done (e–f). Statistical analysis was performed using one-
way ANOVA * P <0.05, ** P<0.01.
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Figure 6. Reduction of CD8+ T cells by GM-CSF expression persists into the memory phase
BALB/c mice were immunized im. with 1 × 105 FFU BNSP-Gag, BNSP-Gag-IFN(−) or
BNSP-Gag-GM-CSF and rested for 30 days at which point the ILNs and spleen was
harvested. Gag-specific CD8+ T cells were quantified by flow cytometry in the draining
ILNs (a) and spleen (b). Secretion of IFN-γ by AMQMKLETI peptide pulsed cells was
measured in an ELISpot assay (c). Statistical analyses were performed using one-way
ANOVA, * P <0.05, ** P<0.01.
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Figure 7. Mice challenged i.p. with VV-Gag elicit a recall response proportional to the primary
and memory immune profiles in the spleen
Mice immunized with 1 × 105 FFU BNSP-Gag-IFN(−) and BNSP-Gag-GM-CSF were
rested for 30 days. Each group was challenged with 1 × 106 FFU VV-Gag and the immune
responses analyzed on day 3, 4 and 5 as shown (a). Gag-specific CD8+ T cells in the lymph
nodes (b) and spleen (c) were analyzed and presented as a percentage. The functional
expression of the CD8+ T cells was further monitored in an IFN-γ ELISpot assay following
AMQMKLETI peptide stimulation (d). Statistical analysis was performed using one-way
ANOVA, P <0.05, ** P<0.01. The data are representative of three repeat experiments.
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Figure 8. Different routes of VV-Gag challenge do not rescue the CD8+ T cell response
BALB/c mice that had been previously immunized with 1 × 105 FFU BNSP-Gag (green
dots), BNSP-Gag-IFN(−) (blue dots) and BNSP-Gag-GM-CSF (red dots) were challenged
either intramuscularly or subcutaneously with 1 × 106 FFU VV-Gag 40 days post prime.
PBS mice (black dots) were included as a negative control. 5 days post challenge, the
draining inguinal lymph nodes (ILN), popliteal lymph nodes (PLN) and spleens were
harvested and the number of Gag-specific CD8+ T cells measured using AMQMKLETI
tetramer staining from both the intramuscular (a) and subcutaneous (c) groups. The quality
of the CD8++ T cells was measured by intracellular cytokine staining for inflammatory
(IFN- γ, TNF- α, IL-2 and IL-6) and inhibitory (IL-10) cytokines after stimulation of cells
with AMQMKLETI peptide (b, d). Statistical analysis was performed using one-way
ANOVA, * P <0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
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Figure 9. AMQMKLETI specific CD8+ T cell induction after co-immunization with BNSP-Gag-
IFN(−) and BNSP-Gag-GM-CSF
BALB/c mice were immunized with 2 × 105 FFU BNSP-Gag-IFN(−), 2 × 105 FFU BNSP-
Gag-GM-CSF or 1 × 105 FFU BNSP-Gag-IFN(−) + 1 × 105 FFU BNSP-Gag-GM-CSF.
PBS mice were included as a control. The primary immune response was monitored 10 days
post prime by analysis of CD8+ CD8+AMQMKLETI-stimulated functional expression of
IFN-γ by Gag-specific CD8+ T (a) and IL2 (b) cellswas measured using an ELISpot assays.
Statistical analysis was performed using one-way ANOVA * P <0.05, ** P<0.01, ***
P<0.001.

Wanjalla et al. Page 25

Virology. Author manuscript; available in PMC 2013 May 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 10. Administration of anti-GM-CSF during immunization partially restores the CD8+ T
cell response
BALB/c mice were pre-treated with 75ug anti-GM-CSF (MP1-22e9) neutralizing antibody
followed by daily treatments for a total of 7 days. The primary immune response was
monitored in the mice 10 days post prime (a). Analysis of AMQMKLETI specific CD8+ T
cells was measured in the spleens of immunized mice on day 10 of the immune response (b).
Functional expression of IFN-γ was measured in an ELISpot assay (c). Secondary Gag-
specific CD8+ T cell responses were monitored after 5 days post i.p. challenge with VV-Gag
(d). Statistical analysis was performed using Students t-tests. Numerical statistical values (P)
are indicated on the graphs and * P <0.05.
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Figure 11. Brdu proliferation assay on activated CD8+ T cells
BALB/c mice were immunized with 1 × 105FFU BNSP-Gag-IFN(−) or BNSP-Gag-GM-
CSF. One PBS mouse was added as a control. Three days post prime, the mice were injected
i.p. with 2mg BrdU. For the following three days, the mice were given BrdU (0.8mg/ml) in
their water. The spleens and ILNs were isolated from the mice 7 days post prime. Activated
CD62Llo CD8+ T cells were measured by flow cytometry (a). BrdU positive cells among the
CD62Llo CD8+ T cells are shown (b). Statistical analysis was performed using one-way
ANOVA, * P <0.05, *** P<0.001.
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