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Abstract
TNF superfamily ligands play a critical role in the regulation of adaptive immune responses,
including the costimulation of dendritic cells, T cells, and B cells. This costimulation could
potentially be exploited for the development of prophylactic vaccines and immunotherapy.
Despite this, there have been only a limited number of reports on the use of this family of
molecules as gene-based adjuvants to enhance DNA and/or viral vector vaccines. In addition, the
molecule latent membrane protein 1 (LMP1), a viral mimic of the TNF superfamily receptor
CD40, provides an alternative approach for the design of novel molecular adjuvants. Here, we
discuss advances in the development of recombinant TNF superfamily ligands as adjuvants for
HIV vaccines and as cancer immunotherapy, including the use of LMP1 and LMP1-CD40
chimeric fusion proteins to mimic constitutive CD40 signaling.

Keywords
CD40L; TNF Superfamily; LMP1; 4-1BBL; OX40L; BAFF; APRIL

Introduction
Immunological danger signals play a critical role in the induction of an adaptive immune
response [1–3]. Dendritic cells (DCs) and other antigen-presenting cells (APCs) recognize
pathogen-associated molecular patterns (PAMPS) using a variety of host-derived pattern
recognition receptors (PRRs). In addition, both APCs and adaptive immune cells (T and B
cells) respond to receptor signaling generated by costimulatory ligands encoded by host cells
[4–6]. These costimulatory ligand-induced signals complement PRR signaling and provide a
mechanism for the host to communicate immunological danger to the adaptive immune
system.

A number of costimulatory molecules are members of the TNF superfamily (TNFSF). One
example is the receptor CD40 and its cognate ligand CD40 ligand (CD40L). CD40
expression by DCs is upregulated by PRR signaling, while CD40L expression by T cells is
upregulated by interaction with DC-presenting antigen on MHC and costimulation via B7.1
and B7.2 [7–9]. Similarly, the TNFSF receptors 4-1BB, OX40, GITR, and CD27 are
expressed on T cells and respond to costimulation by ligands expressed on APC,
lymphocytes, and innate immune cells [4, 10–13]. TNFSF receptors BAFF-R, TACI, and
BCMA are expressed on B cells and respond to the TNFSF ligands BAFF and APRIL. B
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cells also express CD40, and response to CD40L plays a critical role in B-cell activation and
proliferation [14–16].

A key question for vaccine development has been whether costimulation by TNFSF ligands
can be successfully engineered for use as vaccine adjuvants. Work on CD40 agonistic
antibodies has shown promise in pre-clinical and clinical trials [17–19]. In a parallel
approach, Immunex Inc. developed soluble single trimers of CD40L [20]. However, it has
become recognized that CD40L must be assembled to form two or more trimers (multi-
trimers) for optimal activity [21, 22]. Similarly, other TNFSF ligands have been shown to
require multi-trimerization for optimal activity, including GITRL and 4-1BBL [23, 24]. This
has led to the work using a variety of self-assembling protein scaffolds to generate multi-
trimers of TNFSF ligands.

In this review, we summarize recent data from our laboratory and other groups on the use of
protein engineering techniques to generate multi-trimer forms of TNFSF ligands. We
present a summary of published work on multi-trimeric TNFSF ligands as adjuvants for
DNA and viral vector vaccines against HIV and cancer. We also discuss recent work on the
use of LMP1, a viral mimic of signaling by the TNFSF receptor CD40, as a novel molecular
adjuvant approach.

Conjugating CD40L to multi-trimer scaffolds
It has become recognized in the field that CD40L and other TNFSF ligands generally must
be multimerized in order to fully activate responding cells [21, 22, 25]. Similar to findings
with CD40L, studies with the TNFSF ligand Fas ligand (FasL, CD95) found that single
trimers of FasL were unable to induce a biological response, while cross-linking the trimers
using an anti-Flag antibody gave biological activity comparable with membrane-bound FasL
[25]. Another TNFSF ligand, TRAIL, could also be enhanced by cross-linking, while the
TNFSF ligand TWEAK was not enhanced further by multimerization beyond the single
trimer. This led to the conception by Dr. Richard Kornbluth that active soluble TNFSF
ligands could be generated by fusing the extracellular head group of CD40L to the body of
naturally multimerizing proteins in the collectin family, such as surfactant protein D (SP-D)
and ACRP30 (adiponectin) [26]. SP-D is a water-soluble protein that is composed of four
trimeric collagenous arms linked to a central hub by disulfide bonds [27]. Initial studies
replaced the carbohydrate recognition domain of SP-D with the extracellular domain of
CD40L [21]. This molecule generates four CD40L trimers per molecule (dodecamer) and is
therefore multi-trimeric (i.e., many CD40L trimers) (Fig. 1). The dodecameric form of
CD40L was found to be more effective than soluble single trimers of CD40L, triggering
higher levels of B-cell proliferation and inducing CD86 upregulation [21]. This biological
activity appeared to be unrelated to the binding affinity, with both single-trimer and SP-D 4-
trimer versions of CD40L showing a similar KD for CD40 by BIAcore™ analysis [21].
These data suggest that activity is dependent on clustering of CD40 at the membrane
surface. In support of this, Grassme et al. [28] showed that CD40 clustering was necessary
and sufficient to generate CD40 signaling and could be induced simply by the clustering of
CD40L. Similarly, disruption of lipid rafts by pre-treatment of cells expressing CD40L
could prevent CD40 aggregation, suggesting that it is clustering of CD40 ligand that leads to
CD40 receptor signaling.

As an alternative approach to SP-D, the collectin family molecule ACRP30 has also been
evaluated for the multi-trimerization of CD40L [22]. Studies by Holler et al. [22] compared
CD40L with ACRP30 conjugation to the TNFSF ligand member Fas ligand (FasL).
Interestingly, FasL showed optimal activity as a 2-trimer ACRP30 fusion, while the

Gupta et al. Page 2

Immunol Res. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



biological activity of ACRP30-CD40L could be further augmented by cross-linking two or
more ACRP30-CD40L constructs.

Multi-trimer TNFSF ligands as DNA vaccine adjuvants
The enhanced activity of CD40L as a multi-trimer raised the question of whether this
technique could be used to generate novel molecular vaccine adjuvants. Initially, we decided
to test whether SP-D-CD40L or ACRP30-CD0L fusions would enhance a murine HIV DNA
vaccine model [29]. We also evaluated GITRL, another member of the TNF superfamily,
which is involved in the costimulation of T cells. Mammalian expression plasmids were
constructed that encoded full-length membrane-bound CD40L, single-trimer CD40L (using
a GCN4 leucine zipper motif), two-trimer CD40L (ACRP30-CD40L), and 4-trimer CD40L
(SP-D-CD40L). Mice were vaccinated with HIV-1 Gag antigen plasmid with or without a
CD40L adjuvant. Consistent with the work of Holler et al. [22], mice vaccinated with Gag
plus SP-DCD40L generated the highest Gag-specific cytotoxic T-lymphocyte activity,
interferon-gamma secretion as measured by ELISPOT assay, and the highest proportion of
Gag-specific tetramer-positive CD8+ T cells in the spleen [29]. Activity was proportional to
the valence of CD40L, with 4-trimer>2-trimer>1-trimer. Activity required the co-injection
of antigen and adjuvant, and injection at separate sites did not enhance the immune
response, confirming that SP-D-CD40L was directly impacting on antigen presentation and
costimulation within the draining lymph node. Overall, this data confirmed the improved
activity of CD40L in vivo when expressed as a soluble 4-trimer complex. Similar to SP-D-
CD40L, the 4-trimer construct SP-D-GITRL enhanced T-cell responses in mice vaccinated
with Gag and SP-D-GITRL expression plasmids. In addition, SP-DGITRL enhanced
antibody responses, increasing endpoint titers>10-fold compared to Gag antigen alone.

More recently, our laboratory has evaluated a series of additional TNFSF ligands involved
in the costimulation of innate and adaptive immune responses. SP-D fusions were
constructed containing the molecules 4-1BBL, OX40L, CD70, LIGHT, BAFF, and
RANKL, in addition to previously evaluated CD40L and GITRL. Molecules 4-1BBL,
OX40L, CD70, and LIGHT are involved in the costimulation of T cells [30]. BAFF is well
characterized for its role in B-cell costimulation [31–33], while RANKL is a costimulator of
DCs and also involved in osteoblast development [34, 35]. In mouse HIV vaccine
experiments, a number of these SP-D-TNFSF ligand fusion constructs showed activity as
measured by interferon-gamma ELISPOT and proliferation assay [36]. Of particular interest,
SP-D versions of 4-1BBL, OX40L, BAFF, and LIGHT enhanced T-cell avidity, measured
by the ability of CD8+ T cells to secrete interferon-gamma in response to APC pulsed with
low levels of antigen peptide (~1 ng/ml). SP-D fusions with OX40L, BAFF, and LIGHT
enhanced IL-2 secretion by CD4+ and CD8+ memory T cells in response to antigen
stimulation, and these adjuvants as well as SP-D-4-1BBL increased CD4+ and CD8+ T-cell
proliferation in response to antigen stimulation. Overall, these data showed that the SP-D
scaffold is a versatile technology providing a method to generate a diversity of gene-based
vaccine adjuvants derived from number of TNFSF ligand molecules.

Cancer immunotherapy with multi-trimer CD40L and TLR agonists
The role of CD40 in cell-mediated immunity also has implications for cancer
immunotherapy. CD40 stimulation is involved in the induction of IL-12p70 secretion and
can potently augment immune stimulation when used in combination with one or more TLR
agonists [37, 38]. Combining CD40 stimulation with TLR agonists has been used
successfully for cancer immunotherapy. For example, Ahonen et al. [37] were able to
significantly reduce tumor growth and increase survival in a mouse model through the use of
anti-CD40 agonistic antibodies in combination with the TLR7 agonist S-27609.
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Similarly, we have explored the use of SP-D-CD40L for cancer immunotherapy [39]. SP-D-
CD40L was provided as a DNA plasmid expression vector (pSP-D-CD40L) and tested in
combination with the TLR agonists CpG (TLR9) and poly(I:C) (TLR3). The peritumoral
injection of pSP-D-CD40L into AB1 mesothelioma tumors was not effective on its own, but
led to reduced tumor growth and increased survival when pSP-D-CD40L was combined
with both CpG and poly(I:C) [39]. This response appeared to be antigen specific. Mice
cured of AB1 tumor challenge by SP-D-CD40L treatment were able to resist AB1
rechallenge, but not challenge with a different tumor (A20 lymphoma). We also evaluated
SP-D-CD40L combined with interferon-gamma treatment, which is known to increase the
secretion of IL-12p70 when combined with a CD40 agonist. Surprisingly, this combination
was not effective, highlighting the in vivo efficacy of CD40 stimulation when combined
with TLR agonists such as CpG compared to interferon. One explanation is the limited
effectiveness of IL-12p70 secretion at the tumor site relative to the draining lymph node.

A critical question for cancer immunotherapy with SPD-CD40L is which immune cells are
involved in tumor regression in SP-D-CD40L + TLR agonist-treated animals. We observed
an increase in CD8+ T lymphocytes and in particular F4/80+ macrophages in tumors treated
with pSP-D-CD40L + CpG + poly(I:C), but not control tumors treated with PBS [39]. These
results suggest that following SP-D-CD40L and TLR treatment, CD8+ T lymphocytes and
macrophages are able to enter the tumor bed where one or more of these cell types
eradicated the tumor.

In a second study, we used a nanoparticle delivery system to evaluate peritumoral injection
of pSP-D-CD40L with or without the TLR agonists CpG and poly(I:C) in a B16-F10
melanoma tumor model [40]. Peritumoral injection of pSP-D-CD40L had only a modest
effect on the growth of B16-F10 tumors, but was superior to single-trimer CD40L,
consistent with previous reports that CD40L requires multi-trimerization for optimal activity
[21, 22]. A number of TLR agonists combined with pSP-D-CD40L, including Pam3CSK,
FSL1, MPL, Malp2, and imiquimod, were unable to further inhibit tumor growth. In
contrast, CpG and poly(I:C) reduced tumor growth when combined with pSP-D-CD40L, and
the combination of pSP-D-CD40L + CpG + poly(I:C) significantly delayed B16-F10 growth
kinetics [40]. Similar to our AB1 model, we observed an increase in CD8+ lymphocytes in
tumors treated with the combination of pSP-D-CD40L + CpG + poly(I:C). We next
evaluated the use of the nanoparticles polyethylenimine (PEI) and C32 (provided by Dr.
Robert Langer). Plasmid pSP-D-CD40L coated with PEI delayed tumor growth and
enhanced survival. Addition of CpG and poly(I:C) to the PEI-coated pSP-D-CD40L resulted
in 40 % survival of mice carrying palpable B16-F10 tumors, a remarkable activity against
this highly aggressive cancer. Similarly, C32-coated pSP-D-CD40L delayed tumor growth
and enhanced survival, but only when used in combination with CpG and poly(I:C). Overall,
these studies suggest that SP-D-CD40L can be used as a DNA construct for the treatment of
cancer, especially when combined with TLR agonists.

Multi-trimer TNFSF ligands as viral vector vaccine adjuvants
A major benefit of generating a secreted soluble form of TNFSF ligands is the ability to use
these adjuvants in a number of vaccine formulations. Potential uses include purified
recombinant SP-D-TNFSF ligands as an adjuvant for protein vaccines, expression plasmids
encoding SP-D-TNFSF ligands as DNA vaccine adjuvants, and encoding SP-D-TNFSF
ligands within viral vectors for use as viral vector vaccine adjuvants. TNFSF ligand
adjuvants can also be used in heterologous prime/boost vaccines, a strategy being evaluated
for the current generation of HIV vaccines [41–44]. SP-D-TNFSF ligands could potentially
be used in both the prime and boost phases, incorporating SP-D-TNFSF ligand adjuvants in
both prime and boost (DNA/viral vector, DNA/protein, viral vector/viral vector, etc.).

Gupta et al. Page 4

Immunol Res. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



To evaluate the efficacy of SP-D-TNFSF ligands as adjuvants for viral vectors, Liu et al.
[45] expressed SP-D-CD40L using a canarypox (ALVAC) viral vector and evaluated
ALVAC-SP-D-CD40L adjuvant in combination with ALVAC-Gag antigen. In this context,
full-length membrane-associated CD40L was superior to SP-D-CD40L as an adjuvant.
However, this may reflect the unique tissue expression characteristics of the canarypox
vector.

In more recent work, we evaluated SP-D-TNFSF ligand constructs expressed from
replication defective-adenoviral vector (Ad5). In this context, SP-D-4-1BBL and SP-D-
BAFF were particularly effective at enhancing the in vivo activity of an HIV-1 Gag vaccine,
protecting mice from challenge with a recombinant vaccinia virus expressing HIV-1 Gag
(unpublished data). Overall, these preliminary data suggested that SP-D-TNFSF ligands can
enhance viral vector vaccines, but only when expressed from particular viral vector
constructs such as adenovirus.

Activity of multi-trimer CD40L for rhesus macaque studies
Given the ability of CD40L, GITRL, and other TNFSF ligand multi-trimer constructs to
enhance vaccine efficacy in murine models, we have also evaluated whether multi-trimers of
TNFSF ligands such as CD40L and GITRL are biologically active as rhesus macaque
constructs. If active, these constructs could then be tested in rhesus macaque simian
immunodeficiency virus (SIV) vaccine models. Rhesus macaque lung and adipose tissue
were used to generate cDNA encoding SP-D, ACRP30, and GITRL [46]. These genes,
together with a previously described rhesus macaque CD40L (Genbank AF344859), were
used to construct rhesus macaque versions of pSP-D-CD40L, pACRP30-CD40L, and pSP-
D-GITRL. Protein expressed by these constructs was able to induce human B-cell
proliferation in vitro, though at less than half of the activity of human SP-D-CD40L [46].
We also observed that rmSP-D-CD40L induced rhesus macaque B-cell proliferation in vitro,
based on CFSE dilution of a CD20+ B-cell population from CFSE-labeled rhesus macaque
PBMC. Similarly, rmSP-D-GITRL protein was able to induce proliferation of human anti-
CD3-activated CD4+ T cells, confirming biological activity of this construct [46]. A unique
characteristic of GITRL is the ability to reduce Treg-mediated inhibition of CD4+ T cells.
To explore this, we cultured rmSP-D-GITRL protein with a mixture of human CD4 + CD25
+ Treg and CD4 + CD25- effector T cells. In the presence of Treg, rmSP-D-GITRL was able
rescue effector T-cell proliferation as measured by thymidine incorporation [46]. These data
support a model whereby SP-D-GITRL costimulates effector T cells and blocks the
inhibitory activity of Treg [47, 48]. These rhesus macaque SP-D constructs provided an
excellent animal model system to explore the use of multi-trimeric TNFSF ligands as
vaccine adjuvants. SP-D-CD40L and SP-D-GITRL are expected to enhance vaccine
responses and to abrogate the effects of Treg inhibition in rhesus macaques, a response
especially useful for immunotherapy approaches that require the inhibition of Treg function.

LMP1 as a viral mimic of CD40 signaling
The immunostimulatory membrane-bound activator protein, latent membrane protein 1
(LMP1), from Epstein–Barr virus (EBV) has a unique set of properties. LMP1 consists of a
6-segment transmembrane domain and a cytoplasmic signaling domain (Fig. 2) [49, 50].
EBV preferentially infects human B lymphocytes and persists in these cells by encoding a
number of mimics of cellular proteins, including LMP1. LMP1 mimics the protein
clustering and intracellular signaling induced by the interaction of CD40 ligand and the
CD40 receptor [49]. This induces a constitutive costimulatory signal leading to the
proliferation of infected B cells [51]. Researchers have previously expressed LMP1 in B
cells to compare CD40 and LMP1 signaling [52]. In addition, the cytoplasmic activation
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domain of LMP1 has been replaced by the activation domain of CD40 [49, 53]. This
chimeric protein, LMP1-CD40, has been shown to act as an immunostimulatory molecule in
B cells, in a manner similar to LMP1. Both CD40 receptor signaling and LMP1 expression
induce the activation, proliferation, and survival of B cells [54]. This phenotype is
accomplished by the interaction of the LMP1 and CD40 intracellular domains with an
overlapping series of signaling molecules [55]. Both LMP1 and CD40 interact with distinct
molecules, but have a number of factors in common, including tumor necrosis factor
receptor-associated factors (TRAFs) that activate signaling pathways for NFκB, c-Jun N-
terminal kinase (JNK), p38/MAPK, and extracellular signal-related kinase (ERK). Common
factors include TRAFs 1, 2, 3, and 5 [56, 57]. Distinct factors associated with LMP1 and
CD40 cytoplasmic signaling domains include TRAF6 for CD40 and tumor necrosis factor
receptor-associated death domain (TRADD) and receptor-interacting protein (RIP) for
LMP1 [58]. Overall, LMP1 provides a unique method to stimulate CD40-like signaling.
Both LMP1 and LMP1-CD40 are able to signal in a constitutive manner without the need
for a ligand [49], a characteristic that is of particular interest for their use as gene-based
vaccine adjuvants.

LMP1 and LMP1-CD40 function as molecular adjuvants
While LMP1 has been studied as an immunostimulatory molecule in B cells for more than a
decade, only recently it has been proposed that LMP1 could be used to enhance vaccines as
a molecular adjuvant. We evaluated LMP1 in the context of HIV-1 infection by
incorporating the LMP1 gene into the HIV-1 genome in front of the nef gene [59]. An IRES
sequence allowed the expression of both LMP1 and Nef by this recombinant virus. We also
introduced the LMP1-CD40 chimeric gene into HIV-1. To construct LMP1-CD40, the
LMP1 cytoplasmic domain was replaced by the cytoplasmic domain of human CD40 [49].
These recombinant HIV-1 viruses were able to infect human monocyte-derived
macrophages and dendritic cells (DCs), allowing us to explore the role of LMP1 and LMP1-
CD40 in antigen-presenting cell (APC) maturation and activation. As has been observed by
others [60], native HIV-1 virus or a HIV-GFP control virus (expressing GFP in place of
LMP1) failed to induce maturation and activation of DCs and macrophages. In contrast,
HIV-LMP1 and HIV-LMP1-CD40 were able to significantly enhance markers of activation
and maturation including CD80, CD40, and CD83 surface expression on both DCs and
macrophages [59]. This was accompanied by a significant increase in the secretion of pro-
inflammatory cytokines IL-6, IL-8, IL-1β, and TNF-α, suggesting that LMP1 and LMP1-
CD40 are potent immune stimulators of DCs and macrophages.

We next confirmed that immunostimulation by LMP1 and LMP1-CD40 was independent of
activation provided by HIV-1 itself. RNA encoding LMP1 or LMP1-CD40 was used to
transfect monocyte-derived DCs. Similar to our HIV constructs, this led to increase in
surface expression of CD40, CD83, and CD40, as well as increased secretion of IL-6, IL-8,
and TNF-α (data not published).

These data suggested that LMP1 might be able to function as a molecular adjuvant,
enhancing the adaptive immune response against HIV-1 antigens. To test this, we infected
human DCs with HIV-1 constructs expressing LMP1 or LMP1-CD40 and cocultured the
DCs with autologous T cells for 12 days to generate HIV-1 Gag antigen-specific T cells (as
measured by an interferon-γ ELISPOT assay). While culture of DCs infected with native
HIV-1 or HIV-GFP induced only a small population of HIV Gag-specific T cells (<300 per
million cells), HIV-LMP1 generated >1,000 cells secreting interferon-γ per million cells.
HIV-LMP1-CD40 also increased the number of Gag-specific T cells by ELISPOT assay, but
did not reach statistical significance [59]. These studies provided the first evidence that
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LMP1 functions as a potent molecular adjuvant in dendritic cells, either as a full-length
protein or as a chimera with CD40.

LMP1 enhances the activity of single-cycle lentiviral vaccines
To further explore the use of LMP1 and LMP1-CD40 as vaccine adjuvant, we constructed
SIV-based lentiviral vector vaccines encoding GFP, LMP1, or LMP1-CD40 [61]. The
vaccine vector was derived from strain SIVmac239, with deletions and mutations that
prevented viral replication beyond a single round. The nef gene (involved in MHC-I
downregulation) was deleted and replaced with GFP, LMP1, or the LMP1-CD40 chimera
[49]. Infection of human DCs and macrophages with SIV-LMP1 or SIV-LMP1-CD40 led to
dramatic morphological changes characteristic of cellular activation and maturation.
Consistent with these morphological changes, transduced DCs and macrophages
significantly upregulated CD40, CD83, and CD80 surface expression [61]. Within 12–48 h
post-infection, SIV-LMP1 infected DCs secreted high levels of IL-6, IL-8, and TNF-α, and
low but increased levels of IL-1β and the cytokine IL-12p70. We also observed increased
expression of the chemokines MIP-1α, MIP-1β, and RANTES in infected macrophages,
consistent with enhanced anti-viral activity.

To confirm that our vaccine vectors SIV-LMP1 and SIV-LMP1-CD40 could function as
molecular adjuvants, infected human DCs were cocultured with autologous T cells for 12
days. Both SIV-LMP1 and SIV-LMP1-CD40 significantly increased the number of SIV
Gag-specific T cells secreting interferon-γ, suggesting these genes are effective molecular
adjuvants in this viral vector vaccine model.

LMP1 future directions
LMP1 provides an intriguing alternative to the current series of molecular adjuvants
available for DNA and viral vector vaccines, including IL-12, IL-15, Flt3L, GM-CSF, and
our own work on TNFSF ligands [29, 36, 40]. Importantly, LMP1 does not require the
expression of a receptor on DCs or T cells, since it is constitutively active [59, 62]. This
allows LMP1 to activate DCs independently of receptors such as CD40. LMP1 can be
encoded together with antigen(s) of interest, either as part of an attenuated virus (i.e., single-
cycle SIV) or through the co-expression of antigen and LMP1 using an IRES system or
dual-promoter construct. Our laboratory is currently evaluating the co-expression of HIV-1
antigen Gag and LMP1 using an IRES system for DNA and adenoviral vector HIV vaccines.
Studies are also ongoing to determine whether LMP1 can adjuvant anti-tumor immune
responses when encoded as a DNA or viral vector vaccine or when used to transfect DCs for
dendritic cell immunotherapy.

Conclusion
TNF superfamily ligands are critical mediators of adaptive immune function and provide a
wide variety of immune modulators for use as vaccine adjuvants. Conjugation of these
ligands to a multi-trimer scaffold (SP-D, ACRP30) provides a novel method to exploit these
TNFSF ligands as vaccine adjuvants. In particular, SP-D fusion proteins have been used to
generate TNFSF ligand multi-trimers that can induce anti-HIV immune responses and
protect animals from melanoma and mesothelioma cancers. SP-D-TNFSF ligand fusions of
particular interest include CD40L, GITRL, 4-1BBL, OX40L, BAFF, and LIGHT. In
addition to TNFSF ligands, we have also explored the use of the viral protein LMP1 as a
gene-based vaccine adjuvant. Use of LMP1 as an adjuvant exploits the similarities between
LMP1 and CD40 immune signaling, allowing us to use LMP1 as a mimic of constitutive
CD40 immune activation. Both full-length LMP1 and a chimeric fusion of the LMP1
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transmembrane domain with the CD40 cytoplasmic domain enhanced DC activation and
generated adaptive immune responses in human in vitro studies. Overall, both of these
technologies (SP-D-TNFSF ligands and LMP1 chimeras) provide novel approaches for the
enhancement of vaccines against infectious diseases and cancer.
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Fig. 1.
Theoretical model of the SP-D-CD40L multi-trimer complex. This theoretical model was
developed using the SWISS-MODEL Workspace [63–66]. A model of the 12mer (4-trimer)
SP-D-CD40L complex is shown, corresponding to the major population of SP-D-CD40L
observed in previously published biochemical studies [21]
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Fig. 2.
Model of the LMP1 transmembrane structure. The LMP1 N-terminal transmembrane region
consists of six transmembrane domains. The cytoplasmic domain at the C-terminus is
involved in intracellular signaling and activation of B cells, dendritic cells, and macrophages
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