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Abstract
This chapter summarizes advances in the following areas: (1) dendritic cell (DC)-mediated simian
immunodeficiency virus (SIV) transmission, (2) role of DCs in innate and adaptive immunity
against SIV, and (3) approaches to harness DC function to induce anti-SIV responses. The
nonhuman primate (NHP) model of human immunodeficiency virus (HIV) infection in rhesus
macaques and other Asian NHP species is highly relevant to advance the understanding of virus–
host interactions critical for transmission and disease pathogenesis. HIV infection is associated
with changes in frequency, phenotype, and function of the two principal subsets of DCs, myeloid
DCs and plasmacytoid DCs. DC biology during pathogenic SIV infection is strikingly similar to
that observed in HIV-infected patients. The NHP models provide an opportunity to dissect the
requirements for DC-driven SIV infection and to understand how SIV distorts the DC system to its
advantage. Furthermore, the SIV model of mucosal transmission enables the study of the earliest
events of infection at the portal of entry that cannot be studied in humans, and, importantly, the
involvement of DCs. Nonpathogenic infection in African NHP hosts allows investigations into the
role of DCs in disease control. Understanding how DCs are altered during SIV infection is critical
to the design of therapeutic and preventative strategies against HIV.

6.1 Introduction
Human immunodeficiency virus (HIV) originated from simian immunodeficiency viruses
(SIVs) that naturally infect African nonhuman primates (NHPs), such as the chimpanzee,
African green monkeys (AGMs), and sooty mangabeys (SMs) (Heeney et al. 2006). SIVs
closely parallel HIV in genomic organization, genetic sequence, and biological properties.
SIV infection in natural hosts is generally nonpathogenic despite the high rate of viral
replication. In contrast, experimental SIV infection of rhesus macaques (RMs) and other
Asian NHP species results in a CD4+ T cell loss and animals typically develop AIDS-like
immunodeficiency within 1–2 years (Desrosiers 1990).

As will be discussed herein, macaque DCs exhibit comparable phenotypes, functions, and in
vivo distribution to human DCs. Thus, the macaque model of HIV infection is especially
useful for examining the roles of DCs in the early events of transmission and pathogenesis.
Animals can be challenged with SIV intravenously or mucosally, allowing to (1) dissect the
earliest events of transmission and virus dissemination, (2) follow disease progression in
treated and untreated settings, and (3) evaluate the efficacy of experimental vaccines or
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microbicides for their ability to prevent infection and/or disease progression. Infectious
SIV–HIV hybrids (SHIVs) can be used to evaluate the activity of HIV-specific inhibitors.

6.2 Macaque DCs
Macaque DCs are found in lymph nodes (LNs), blood, and mucosal tissues (Pope et al.
1997; Hu et al. 1998, 1999; Ignatius et al. 1998, 2001; Coates et al. 2003; Lore 2004;
Teleshova et al. 2004a, b; Chung et al. 2005; Brown et al. 2007; Diop et al. 2008; Malleret et
al. 2008b; Brown and Barratt-Boyes 2009; Xu et al. 2010; Gujer et al. 2011). Myeloid DCs
(mDCs) are defined in blood as HLA-DR+CD11c+CD123− cells lacking expression of the
lineage markers (Lin) CD3, CD14, and CD20, whereas plasmacytoid DCs (pDCs) are
identified as Lin−HLA-DR+CD11c−CD123+ cells. Generation of larger numbers of
monocyte-derived DCs (moDCs) (O’Doherty et al. 1997) facilitated the execution of more
extensive studies on the macaque DC biology and DC–SIV interplay.

Macaque DCs also require stimulation to differentiate into mature, potent
immunostimulatory cells capable of inducing strong adaptive T cell responses (Mehlhop et
al. 2002; Frank et al. 2003; Teleshova et al. 2004b). Activation of macaque moDCs or
circulating DCs results in (1) up-regulation of CD25, CD40, CD80, CD83, CD86, CD208,
CD205, and HLA-DR; (2) reduced endocytic activity; (3) increased production of cytokines
and chemokines (e.g., IL-12, IFN-α, TNF-α); and (4) enhanced T cell stimulatory activity
(Mehlhop et al. 2002; Coates et al. 2003; Teleshova et al. 2004a, b). Distinct features of
mDCs vs. pDCs highlight their unique roles in coordinating these innate and adaptive events
(Table 6.1).

6.3 DC-Mediated SIV Transmission
6.3.1 DC–SIV Interactions

Just like HIV–human DC interplay, SIV capture by moDCs requires functional Env
glycoproteins (Frank et al. 2002), involving CD4, CCRs, and C-type lectin receptors (CLRs,
as well as yet unidentified CLRs) (Turville et al. 2001a, b) (Fig. 6.1). Both immature and
mature moDCs are effective in capturing SIV (Mehlhop et al. 2002) and capable of clathrin-
coated pit-mediated uptake of the virus (Frank et al. 2002). The cellular distribution of
internalized SIV (and HIV) is dramatically different in immature and mature moDCs (Frank
et al. 2002, 2003; Morcock et al. 2005). In immature cells, one to two virus particles are
retained in vesicles at the cell periphery. This contrasts the perinuclear localization of
multiple virions in large vesicular compartments in mature moDCs. Virus captured by
moDCs does not colocalize with endolysosomal markers, suggesting that the virus alters
classical endolysosomal processing machinery (Frank and Pope 2002; Turville et al. 2004).
Entrapped virus (in immature and mature DCs) is mostly degraded within 24 h, coinciding
with a decreased ability to transmit captured virus to T cells across DC–T cell synapses,
while immature moDCs exhibit a second phase of increased transmissibility as they
facilitate R5 HIV replication for transfer to T cells (Frank and Pope 2002; Turville et al.
2004) (Fig. 6.1). Virus transfer from DCs to T cells also involves multiple receptors
including CD4, CCR5, and CD209 (Wu et al. 2002; Turville 2001a).

Macaque pDCs express high level of CCR5 (Reeves and Fultz 2007), but the percentage of
macaque pDCs that express CXCR4 is highly variable (Reeves and Fultz 2007; Patterson et
al. 2001). Comparable to human studies (Donaghy et al. 2003), pDCs were shown to be
susceptible to in vivo infection with SIV, although lower levels of SIV gag DNA were
detected in mDCs (Brown et al. 2009).
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6.3.2 Importance of the DC–T Cell Milieu
Macaque DCs emigrating from organ cultures (skin, nasopharyngeal, and vaginal mucosa)
form conjugates with T cells that support SIV replication (Pope et al. 1997; Ignatius et al.
1998, 2001; Hu et al. 1999). Blood- and skin-derived DCs from uninfected macaques
similarly support high viral replication when mixed with T cells from blood, skin, spleen, or
LNs and transmit virus to syngeneic and allogeneic T cells (Ignatius et al. 1998, 2001). In
fact, separation of the subsets by cell sorting revealed that SIV replication predominantly
occurs in the DC–T cell conjugate fraction (Ignatius et al. 1998). Trypsin treatment of SIV-
loaded DCs did not affect their ability to transfer virus to T cells, supporting the idea that the
transmitted virus is internalized (Ignatius et al. 1998). SIV replication in these mixtures
proceeds in the absence of overt activation of the resting T cells and is augmented in the
presence of antigen-responding T cells (Ignatius et al. 1998, 2001; Messmer et al. 2000). Of
note, virus replication is equally robust when DCs or resting T cells introduce the virus to
the CD4+ T cell–DC environment (Messmer et al. 2000).

Although SIV replication is comparable when mature macaque moDCs are cocultured with
either naïve or memory T cells, immature DCs promote more robust replication in the
presence of memory T cells (like the DCs and T cells located at the body surfaces) (Frank
and Pope 2002). This supports early observations of vigorous replication of SIV in the DC–
memory T cell mixtures obtained from the skin and mucosal surfaces (Pope et al. 1997; Hu
et al. 1998; Ignatius et al. 1998, 2001). In agreement, extensive replication of SIV in CCR5+

memory T cells is reported within the gut in the DC–memory T cell locale (Veazey et al.
1998).

moDC–T cell contact triggers SIV movement to the DC–T cell synapse (Turville et al.
2004). Movement of tubular MHC II peptide-bearing compartments to contact points
between DCs and peptide-specific T cells was reported (Boes et al. 2002; Chow et al. 2002),
suggesting that virus may exploit this machinery to spread from DCs to CD4+ T cells, in
particular to virus-specific T cells (Douek et al. 2002; Lore et al. 2005).

6.3.3 DCs and Mucosal SIV Transmission
6.3.3.1 Vaginal SIV Transmission—The first in vivo evidence that DCs may represent
targets for SIV was obtained after looking for virus DNA in the mucosa following vaginal
challenge of RMs with SIV (Spira et al. 1996). Virus was found to enter the vaginal mucosa
within 60 min of exposure, infecting primarily intraepithelial DCs including Langerhans
cells (LCs) (Hu et al. 2000). SlV-infected cells are detected in draining LNs within 18 h of
intravaginal SIV exposure posing a challenge for the development of preventative strategies.
Mucosal site-specific virus-induced events following vaginal SIVmac251 challenge have
been reported (Li et al. 2009). The predominant foci of SIV-infected cells were identified in
the endocervix and coincided with “outside-in” signaling events that include CCL20
production by endocervical epithelial cells and recruitment of CCR6+ pDCs that produce
type I IFNs and chemokines attracting CCR5+ T cells (Li et al. 2009). Subsequent to pDC
and T cell recruitment into the endocervix, clusters of infected cells appear in the
transformation zone and in the vagina. Infection with SIV induces pro-inflammatory
responses in the ectocervical and vaginal mucosa. Importantly, blocking virus-induced
inflammation with vaginally administered glycerol monolaurate correlated with protection
against SIV infection in vivo (Li et al. 2009). Another cytokine, thymic stromal
lymphopoietin (TSLP), was suggested to play a role during mucosal SIV transmission based
on its increased expression concurrent with an increase in viral replication in the vaginal
mucosa within the first 2 weeks from vaginal SIV exposure (Fontenot et al. 2009). HIV
induces human genital epithelial cells to produce TSLP (via NFκB), which activates DCs to
promote HIV replication in the DC–T cell milieu (Fontenot et al. 2009).

Teleshova et al. Page 3

Adv Exp Med Biol. Author manuscript; available in PMC 2013 September 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DCs are sparse in the mucosa and the primary virus amplification occurs rather within
resting memory T cells, the predominant available target cells (90%) (Miller et al. 2005;
Zhang et al. 2004). These data support the theory that the delivery of virus by the few
infected/virus-carrying DCs may represent a “quality” rather than “quantity” type of
mechanism and that infected/carrying virus DCs may fuel infection locally and, after
migrating, in the lymphoid tissue leading to systemic spread (Turville et al. 2006). The
timing of DC-mediated transfer of SIV in the lymphoid tissue is supported by in vitro
findings in moDCs (Turville et al. 2004). The potential contributions of DCs in vaginal SIV
transmission are summarized in Fig. 6.2.

6.3.3.2 Rectal SIV Transmission—Knowledge of the role of DCs during rectal SIV
transmission is limited. Like the HIV-binding CD209+ cells found in human rectal tissues
(Gurney et al. 2005; Dieu et al. 1998), an abundance of CD209+ cells that efficiently bind
SIV was reported in macaque rectal mucosa (Jameson et al. 2002) (Ribeiro Dos Santos et al.
2011). A low frequency of mDCs and pDCs within Lin−HLADR+ cells in macaque rectal
tissues was also reported (Kwa et al. 2011). Rapid dissemination of SIV to draining LNs and
peripheral blood (at 4 h post infection) after rectal challenge and lack of SIV antigen+

CD209+ cells in the mucosa suggest possible dissemination of virus by CD209+ cells
(Ribeiro Dos Santos et al. 2011).

6.3.3.3 Oral/Tonsillar SIV Transmission—SIV can be transmitted via the oral route
(Baba et al. 1996). Explosive SIV replication in the oral mucosal associated lymphoid tissue
(MALT) following atraumatic application of virus on palatine and lingual tonsils suggests
that MALT is a potential site for HIV transmission during oral sex, parturition, and
breastfeeding (Stahl-Hennig et al. 1999). DCs are identified in the oral MALT in macaques
(Pope et al. 1997). Tonsillar DC–T cell mixtures support SIV replication like other DC–T
cell mixtures, with virus replication occurring predominantly in DC–T cell syncytia (Pope et
al. 1997). Thus, the very different mucosal environments all house DCs and memory T cells,
which likely play central roles in the onset and amplification of SIV infection.

6.3.4 DC Dynamics During Early/Acute and Chronic SIV
With DCs participating in the onset and spread of SIV infection, it is not surprising that DC
biology is affected in infected individuals (Fig. 6.3). A decrease in pDC and mDC numbers
in HIV-infected patients correlates with disease progression, suggesting that DC loss is
related to the ability to control disease (Smed-Sorensen and Lore 2011). However, a
substantial depletion of pDCs from blood during HIV-2 infection, which is significantly
attenuated relative to HIV-1 infection, was reported (Cavaleiro et al. 2009). DC numbers
and distribution are similarly affected during SIV infection (Barratt-Boyes and Wijewardana
2011; Reeves and Fultz 2007; Wijewardana et al. 2010; Malleret et al. 2008a), but the
dynamics of these changes can be affected by the challenge virus (e.g., SIVmac239 vs.
SHIV-89.6P) (Reeves and Fultz 2007).

Both mDCs and pDCs are lost from blood and lymphoid tissue in SIV-infected RMs with
end-stage disease (Brown et al. 2007). Significant loss of mDCs in blood at virus set point is
predictive of rapid progression to AIDS, whereas an increase in blood mDCs predicts long-
term absence of disease. In stable (disease-free) and progressor animals, blood mDC
numbers decreased within 2 weeks post infection; however, only progressor animals
experienced irreversible mDC decrease within a 12-week follow-up, and stable animals had
a significant increase during this period (Barratt-Boyes and Wijewardana 2011). mDC
recruitment to LNs coincides with increased expression of the LN homing and recruitment
molecules CCR7, CCL19, and CCL21. LN recruitment is offset by apoptosis in both acute
and chronic infection (Wijewardana et al. 2010; Barratt-Boyes and Wijewardana 2011).
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Negligible SIV DNA is detected in LN mDCs suggesting that infection is not the major
cause of the mDCs loss (Brown et al. 2009).

There is a dynamic pDC response in acute SIV infection with an initial increase in number
of pDCs in blood followed by a decrease relative to baseline. pDC mobilization into blood
and recruitment into the LNs coincide with peak viremia at 1–2 weeks post infection (Brown
et al. 2009). Nevertheless, the absolute number of pDCs in both compartments drops,
associated with widespread pDC activation, apoptosis, and infection. This parallels studies
in humans showing that pDC loss is a better predictor of disease progression than CD4
counts (Soumelis et al. 2001). SIV DNA is detected in more than 4% of pDCs in LNs during
acute infection, possibly resulting in pDC death (Brown et al. 2009). In acute SIV infection,
pDCs acquire a mature phenotype, upregulating CD80, α4β7 integrin, and CCR7 (Brown et
al. 2009; Kwa et al. 2011; Malleret et al. 2008a) and migrate into the colorectal mucosa and
LNs. The migration of pDCs to the colorectal mucosa is α4β7 dependent and coincides with
mucosal immune activation (Kwa et al. 2011). The induction of α4β7 during acute SIV
infection is unique to pDCs, as mDCs do not upregulate this marker.

6.3.5 DC Interactions with Mucosal Pathogens Leading to Increased SIV Infection
Sexually transmitted infections (STIs), such as HSV-2, increase the risk of HIV acquisition
(Freeman et al. 2006). Macaque studies found that HSV-2 pre-exposure increases the
frequency of vaginal SHIV-RT infection (Crostarosa et al. 2009). In vitro studies have
shown that macaque DCs are susceptible to HSV-2 infection, inducing apoptotic death of
DCs; decreasing the expression of HLA-DR, CD40, CD80, CD83, and CD86; increasing the
release of IL-6, TNF-α, CCL3, and CCL5 but not IL-12 or IFN-α; and reducing their ability
to stimulate SlV-specific T cell responses in vitro (Peretti et al. 2005). Interestingly, rectal
HSV-2 infection of macaques resulted in increased frequencies of α4β7-expressing T cells
in tissues and blood, paralleling the retinoic acid (RA)-dependent increase in α4β7
expression and HIV replication seen in HSV-2-infected DC–T cell mixtures in vitro
(Martinelli et al. 2011). These findings underscore the importance of developing NHP
models of STIs to study the role of DCs in SIV transmission and the prevention of SIV in
the context of a coinfection.

6.4 Innate and Adaptive Immunity
6.4.1 Dysregulation of DC Recognition

Macaque DCs are responsive to exogenous TLR3-, TLR7-, and TLR9-mediated stimulation
(Mehlhop et al. 2002; Barratt-Boyes et al. 2010; Teleshova et al. 2004b). Upon exposure to
retroviruses, both mDCs and pDCs can be activated by ligation of TLR7, which recognizes
single-stranded RNA (ssRNA), initiating the antiviral type I IFN response and the
expression of downstream IFN-stimulated genes (ISGs). Multiple studies during both acute
and chronic SIV infection have detected cytokines and chemokines associated with an
enhanced IFN response (Co et al. 2011; Sanghavi and Reinhart 2005; Hofmann-Lehmann et
al. 2002; Durudas et al. 2009; Abel et al. 2002, 2005; Milush et al. 2007), suggesting the
involvement of pDCs (the primary producers of IFN-α). Recent data implicate RM TLR7
polymorphisms in SIV set point viral load, pathogenesis, and survival (Siddiqui et al. 2011).
The importance of two cytosolic receptors for viral RNA, RIG-I and MDA5, has been
documented in human and in experimental SIV infection of macaques, demonstrating that
the IFN response is directed primarily by MDA5 (Co et al. 2011). However, the cellular
origin of the MDA5- and RIG-I-derived IFN in macaques has not been shown.

TLR3 recognizes double-stranded RNA (dsRNA) and is expressed by mDCs but not pDCs
(Ketloy et al. 2008). Since the complex secondary structures formed by the SIV genome
have been shown to mimic dsRNA, it is not surprising that dsRNA is detected during SIV
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infection (Co et al. 2011) or that increased expression of TLR3 mRNA has been observed in
the LNs throughout the course of SIV infection (Sanghavi and Reinhart 2005). Stimulation
of TLR3 leads to NFκB activation, which both promotes the transcription of antiviral
cytokines and also enhances viral transcription from the LTR. In fact, treatment of
susceptible cells with the synthetic dsRNA, poly(I:C), has been shown to block SIV
replication while poly(I:C) is simultaneously capable of stimulating the viral LTR (Sanghavi
and Reinhart 2005). The timing of poly(I:C) treatment of DCs (relative to HIV exposure)
has been shown to have variable impact on DC-driven HIV infection (Trapp et al. 2009; de
Jong et al. 2010) (Derby N. and Robbiani M., unpublished).

6.4.2 DC Host Restriction Factors
Many host restriction factors are expressed by DCs to protect against HIV and SIV,
including the APOBEC family, SAMHD1, and tetherin. APOBEC3G (A3G) and to a lesser
extent A3F protect DCs from immunodeficiency virus infection by deaminating minus-
strand viral reverse transcripts, thereby generating defective or noninfectious virus (Mangeat
et al. 2003). SIV Vif acts on A3G and A3F, targeting them for degradation (Yu et al. 2004).
A3B and A3C restrict SIV (not HIV) by deamination-dependent and -independent
mechanisms (Yu et al. 2004). The highest expression of A3G and A3F is found in animals
with long-term non-progressing infection (Muszil et al. 2011). A3G mRNA was found
predominantly in monocytes and DCs with only a small proportion in CD4+ T cells in the
mesenteric LNs of macaques treated intracolorectally with poly(I:C) and IL-15, and this
correlated with decreased viral load and improved prognosis following infection with
SIVmac251 (Sui et al. 2010). Recent work showed that A3 A depletion increases the
infectivity of SIV and, moreover, vpx-deficient SIV displays a severe infectivity defect in
DCs, which is partially rescued by A3 A knockdown (Berger et al. 2011). This represents an
interesting divergence of HIV and SIV evolution as only SIV expresses vpx.

Vpx is also important in the context of another barrier to HIV infection in myeloid cells,
SAMHD1, which prevents HIV-1 infection in DCs by interfering with synthesis of viral
cDNA (Hrecka et al. 2011; Laguette et al. 2011). It is involved in the regulation of the IFN
pathway (Rice et al. 2009). In SIVsm, SIVmac, and HIV-2, SAMHD1 activity is overcome
by Vpx, which targets SAMHD1 for proteasomal degradation (Sunseri et al. 2011; Laguette
et al. 2011). Notably, there is no viral protein in HIV-1 that overcomes the action of
SAMHD1, possibly suggesting a mechanism by which the virus failed to avert innate
immunity. However, if vpx were present in the genome, a stronger immune response might
be generated which could be detrimental to the virus. Thus, the lack of a viral antagonist
might be the mechanism to avoid effective immune surveillance (Manel et al. 2010; Lim and
Emerman 2011). The existence of SAMHD1 explains why HIV does not replicate efficiently
in DCs, but so far, it has only been studied in moDCs and macrophages. Lower viremia,
reduced viral replication, and slower disease progression have all been observed in
macaques infected with vpx-defective SIVsm or SIVmac (Gibbs et al. 1995; Hirsch et al.
1998). No studies have been published to date on SIV replication in macaque DCs and the
implications with respect to SAMHD1. It remains to be seen whether there is an association
between SIV in natural hosts and the ability of the virus to replicate in DCs and elicit
potentially effective antiviral immunity.

An important late restriction factor involved in the type I IFN response is tetherin (BST-2,
CD317). Tetherin prevents viral release, maturation, and spreading of infection by tethering
newly synthesized virions to the cell surface. Tetherin is constitutively expressed by B cells,
activated T cells, and pDCs and is inducible on other cell types by type I IFNs. Identified by
its activity against HIV-1 lacking vpu (Van Damme et al. 2008; Neil et al. 2008), tetherin is
degraded by Vpu through recruitment of the ubiquitin ligase complex. However, most SIVs
do not express vpu, and still SIV is capable of tetherin-mediated restriction. SIV Env and
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Nef can counter RM and SM (but not human) tetherin through non-ubiquitin-related
mechanisms by downregulating protein expression from the cell surface into endosomes and
possibly rerouting protein trafficking (Gupta et al. 2009; Jia et al. 2009; Zhang et al. 2009).
Importantly, tetherin is not only an effector of the IFN response, but also a negative
feedback regulator of pDC IFN production during inflammation. Tetherin binds to a
receptor, immunoglobulin-like transcript 7 (ILT7), on human pDCs, signaling inhibition of
IFN release (Cao et al. 2009). ILT7 is uniquely expressed by human pDCs, but a similar
regulatory system may exist in NHPs. Such negative feedback mechanisms may also impact
on IFN-related hyperimmune activation, another mechanism by which HIV and SIV
overcome innate immune responses and promote viral replication.

6.4.3 SIV Dysregulation of Effective Immune Responses
Impaired DC function is a fundamental component of SIV infection leading to immune
activation, which is considered the best independent correlate of disease pathogenesis in
experimental pathogenic SIV. Many factors possibly play into sustaining immune activation
during chronic infection including aberrant TLR signaling (Sanghavi and Reinhart 2005),
microbial translocation, preferential infection of central memory instead of effector memory
T cells, depleting the T cell pool (Brenchley et al. 2010), and T cell bystander activation
resulting from production of proinflammatory cytokines.

Acute SIV infection increases expression of costimulatory molecules by pDCs but not by
mDCs (Kwa et al. 2011). Recruited into the lymphoid tissue and intestinal mucosa, pDCs
produce IFN-α and contribute to immune activation (Kwa et al. 2011) as highlighted earlier.
Semi-mature mDCs with reduced expression of costimulatory molecules and/or CD83 are
detected in the lymphoid tissues of SIV-infected macaques (Soderlund et al. 2004; Zimmer
et al. 2002). Semi-mature mDCs potentially contribute to immune dysregulation since fully
mature DCs are more adept at stimulating both CD4+ and CD8+ T cell responses (Frank et
al. 2003). However, semi-mature mDCs are detected in vivo in animals with long-term
stable infection (Wijewardana et al. 2010).

Dysregulated CD8+ T cell responses are another feature of pathogenic SIV infection
characterized by the expression of PD-1, a marker of CD8+ T cell exhaustion. PD-1 is
upregulated on SIV-specific CD8+ T cells in vitro and in vivo (Velu et al. 2007), and
blocking PD-1 in chronically SIV-infected macaques increases the proportion and quality of
SIV-specific CD8+ T cells, which is noteworthy considering that poly-functional CD8+ T
cells are correlated with improved control of SIV (Hansen et al. 2009). During acute SIV
infection, a ligand for PD-1 (B7-H1) is increased on mDCs (Xu et al. 2010) and pDCs
(Barron et al. 2003; Wijewardana et al. 2010), and B7-H1 expression persists and correlates
with PD-1 expression on T cells and impaired virus-specific T helper and CTL functions
(Xu et al. 2010) (Fig. 6.3). Expression of both B7-H1 and PD-1 is stable in SIV controllers
(Xu et al. 2010).

Immunosuppressive regulatory T cells (Tregs, CD4+CD25hiFoxP3+ T cells) and IL-17-
producing Th17 cells are also prominently affected during SIV infection, and their
dysregulation is affected by infection-induced DC dysregulation and hyperimmune
activation. An increase in the proportion of CD8+ FoxP3-expressing Tregs has also been
observed in the colorectal mucosa during pathogenic SIV infection, and this is associated
with impaired antiviral responses and loss of viral control (Nigam et al. 2010). Th17 cells
are also depleted during SIV infection. Instead of this resulting in suppressed inflammation,
Th17 loss interferes with the control of gut pathogens (Raffatellu et al. 2008), particularly
important given the increased gut permeability and microbial translocation that results from
DC-mediated chronic immune activation. A related subset, the CD8+ Tc17 cells, are
depleted in SIV-infected macaques with end-stage disease (Nigam et al. 2011).
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6.4.4 Pathogenic vs. Nonpathogenic SIV Infection
6.4.4.1 Attenuated Virus Infection—In vivo, SIV lacking nef (SIVΔnef) results in
highly attenuated infection (Kestler et al. 1991) and also provides a “vaccine effect,”
protecting against wild-type SIV challenge (Daniel et al. 1992). Nef is important for SIV
replication in immature DC–T cell mixtures (Messmer et al. 2000, 2002). When immature
moDCs or T cells were loaded with SIV prior to coculture, expression of Nef was shown to
be critical for SIV replication in the DC–T cell mixtures while mature DCs overcame the
need for Nef in this setting (Messmer et al. 2000, 2002). Interestingly, if moDCs were
activated after capturing SIVΔnef, the impaired replication in the cocultures was not rescued
(Messmer et al. 2002). This indicates that maturing during migration to the LNs DCs that
bear SIVΔnef would induce strong immune responses in the absence of overwhelming
infection (Messmer et al. 2000). Notably, introduction of nef (via an adenovirus vector) or
strong T cell activation (via SEB) rescues SIVΔnef replication in the immature DC–T cell
milieu (Messmer et al. 2002). Nef was demonstrated to induce a specific activation program
in DCs characterized by cytokine and chemokine production (without changing DC
membrane phenotype) (Messmer et al. 2002), suggesting mechanisms underlying the nef-
dependent replication in the immature DC–T cell environment. The attenuated replication of
SIVΔnef was similarly apparent when virus-loaded immature DCs or T cells were injected
subcutaneously into macaques and surprisingly resulted in greater macrophage infection
compared to cell-free virus (predominantly T cell infections) (Ignatius et al. 2002),
underscoring how cell-associated virus is infectious and that it might influence the earliest
stages of cell-cell spread.

Exploring whether increased number of circulating (immature vs. mature) DCs would
impact SIVΔnef replication in vivo, we exploited the use of Flt3L treatment to mobilize
(Coates et al. 2003; Teleshova et al. 2004a; Reeves et al. 2009) and CD40L (Mehlhop et al.
2002; Coates et al. 2003; Teleshova et al. 2004a, b) to activate macaque DCs. Increased
number of circulating DCs (>tenfold more Lin−HLA-DR+ cells) did not alter the fate of
SIVmac239Δnef applied to the tonsils (Fig. 6.4; Peretti S. and Robbiani M., unpublished).
This likely reflects the predominance of larger number of immature or suboptimally
activated DCs that could not rescue the attenuated replication of the SIVmac239Δnef in vivo,
in contrast to the in vitro rescue with fully matured DCs.

6.4.4.2 SIV in Natural Hosts—SIV infections of natural hosts result in life-long
nonpathogenic infection. More than 40 SIVs naturally infect African NHPs with most
studies conducted in SMs, AGMs, and mandrills (Hirsch et al. 1989; Marx et al. 1991).
Multiple mechanisms underlying nonpathogenic SIV infections were proposed including
lack of chronic immune activation, reduced infection of central memory CD4+ T cells,
preserved or enhanced immune regeneration, absence of microbial translocation, and ability
to mediate T helper function by CD3+CD4−CD8− T cells (Bosinger et al. 2011). There is no
pDC depletion in the blood in nonpathogenic models of SIV infection (Mandl et al. 2008;
Campillo-Gimenez et al. 2010).

The possibility that innate responses to SIV infection in natural SIV hosts are less
pronounced was suggested based on the observation that SIV-infected pDCs from natural
hosts produce less IFN-α in response to TLR stimulation ex vivo than do SIV-infected pDCs
from experimental hosts (Mandl et al. 2008; Diop et al. 2008). Recent studies demonstrated
that the acute phase of both pathogenic and nonpathogenic infections is associated with a
robust innate immune response to the virus (Bosinger et al. 2011). However, a different
pattern of innate immune responses and immune activation in SIV infection in natural hosts
points to DCs and innate immunity as fundamental players in driving pathogenesis of
experimental SIV infection and probably HIV infection of humans as well (Pereira and
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Ansari 2009). While in natural hosts immune activation is observed during acute infection,
particularly production of IFN-α and expression of ISGs (Manches and Bhardwaj 2009;
Bosinger et al. 2009; Jacquelin et al. 2009), it does not become chronic leading to loss of
mucosal barrier integrity followed by microbial translocation as it does during experimental
infection (Brenchley et al. 2006). Instead, immune activation in the periphery and in the
mucosa resolves during the acute-to-chronic phase transition, preserving the mucosal barrier
and preventing microbial translocation (Manches and Bhardwaj 2009; Bosinger et al. 2009;
Jacquelin et al. 2009; Mir et al. 2011; Kaur et al. 2008). During acute infection of natural
hosts, an anti-inflammatory cytokine profile emerges characterized by an increased
frequency of Tregs and immunosuppressive molecules including TGF-β and IL-10
(Kornfeld et al. 2005) suggesting their involvement in the maintenance of a non-inflamed
state. The resolution of immune activation also correlates with induction of PD-1 on CD8+ T
cells (Estes et al. 2008), which may serve a protective immunoregulatory role though
implicated in pathogenesis in experimental infection. Preservation of the Th17 subset in
natural infection may also be important for protection against microbial translocation,
consistent with its loss during experimental infection being associated with loss of mucosal
integrity. While both SIVmac and SIVsm infections in RMs enhanced α4β7 expression on
blood pDCs and recruited pDCs to the intestinal mucosa, SIVsm infection of SMs did not
(Kwa et al. 2011). DC frequency, distribution, and functionality during pathogenic and
nonpathogenic SIV infection are summarized in Fig. 6.3.

6.5 Harnessing DC Function to Induce Anti-SIV Responses
6.5.1 DC-Targeted Preventative and Therapeutic Vaccines

Strong virus-specific CD4+ T helper responses and sustained CTL responses are crucial to
control infection and DC-targeted approaches are being explored to most effectively induce
these responses (Picker et al. 2012). Using Δnef/wild-type infected RMs as a source of
primed T cells, mature moDCs pulsed with aldrithiol-2 (AT-2)-inactivated SIV were shown
to activate SIV-specific CD4+ and CD8+ T cells in vitro (Mehlhop et al. 2002; Frank et al.
2003). Similarly, DCs transfected with SIV gag mRNA stimulate robust recall CD8+ T cell
responses, with greater CD4+ T cell responses when antigen is targeted to the lysosome
(Melhem et al. 2007). These data suggested that antigen-loaded moDCs have the potential to
activate primed T cells, supporting the strategy to explore their potential as a therapeutic
vaccine. Subcutaneous injection of autologous AT-2 SIV-loaded moDCs into infected RMs
resulted in the reduction of SIV RNA and DNA, which correlated with SIV-specific
humoral and cellular responses (Lu et al. 2003). Similar success was then observed in
chronically infected people immunized with AT-2 HIV-loaded DCs (Lu et al. 2004). Thus,
inactivated whole virus-pulsed DCs represent a promising strategy in therapeutic
vaccination to help control virus replication and disease progression.

There have also been several studies examining the potential of antigen-loaded DCs as
preventative vaccines. Intradermal injection of autologous antigen-loaded DCs elicited SIV-
specific T and B cell responses and, although animals were not protected from infection
upon oral challenge, the set point viremia in the vaccinated animals was at least 1 log lower
than that seen in non-vaccinated animals (Wagner et al. 2002). Similarly, animals
immunized with DCs loaded with an envelope peptide cocktail vaccine mounted antigen-
specific T cell responses and ultimately reduced plasma viremia following virus challenge
with SHIV89.6P (Nehete et al. 2005). In an attempt to better target antigens to appropriately
activated DCs in order to activate more potent responses, novel strategies involving two
types of DC receptors are being explored: receptors mediating antigen uptake (e.g., CD205)
and TLRs. Immunization of RMs with CD205-targeted HIV gag with poly(I:C) as an
adjuvant resulted in multifunctional Th1 responses and better induction and recall of CD8
immunity, as compared to non-targeted gag immunization (Flynn et al. 2011).
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Another approach has been to use recombinant vectors to infect DCs and load them with
antigens endogenously. moDCs infected with recombinant canarypox virus or adenovirus
(AdV) vectors can stimulate virus-specific T cell responses in vivo (Villamide-Herrera et al.
2004; Brown et al. 2003). AdV is suggested to be highly efficient in transducing DCs
(Brown et al. 2003). AdV-based vaccines administered directly to monkeys induced robust
T cell responses and protected against SHIV challenge (Shiver et al. 2002). However, the
STEP vaccine trial using three separate replication-defective Ad5 vectors encoding a
conserved HIV gag, pol, or nef gene (Merck 023/HVTN 502) was halted as the vaccine was
ineffective (Buchbinder et al. 2008). Studies addressing potential reasons for the failure of
this vaccine are being done (Benlahrech et al. 2009; Patterson 2011).

Strategies to increase the number of circulating DCs and make them more accessible for
vaccine antigens are also being tested. Flt3L treatment of macaques led to mobilization of
immature and functional DCs in blood and LNs (Teleshova et al. 2004a). Treatment of SIV-
and SHIV-infected macaques with Flt3L resulted in mDC activation and mobilization in the
absence of any changes to viral load or CD4+ T cells, suggesting that FLt3L could be added
to mDC-targeted vaccines without the risk of creating virus-permissive environment
(Reeves et al. 2009). Vaccines would then need to target these mobilized DCs properly
(perhaps through CD205 and/or other DC-specific markers) to ensure efficient presentation
to the immune system.

6.5.2 Mucosal Vaccination
Since DCs reside in the mucosal surfaces, it is tempting to explore whether they can be
harnessed to improve vaccine efficacy. One way to explore this was pursued by exploiting
the defective replication of SIVmac239Δnef in the tonsillar DC–T cell milieu. Atraumatic
application of attenuated SIVmac239Δnef vaccine to the tonsils in macaques protects against
tonsillar or rectal challenge with infectious SIVmac251 (Tenner-Racz et al. 2004; Stahl-
Hennig et al. 2007), but this was comparable to the protection afforded by intravenous
SIVΔnef infection.

Another strategy is to use inactivated viruses to target mucosal DCs, like that used in the
autologous moDC vaccinations (above). AT-2 SIV (that interacts authentically with target
cells and activates CD4+ and CD8+ T cells when presented by DCs) (Frank et al. 2003) was
used to target the DCs within the tonsillar tissues and tonsillar vaccination of SIV-infected
macaques on ART with AT-2 SIV adjuvanted with polyICLC (clinical grade poly(I:C), but
not CpG-C ISS-ODNs) resulted in suppressed viremia once ART was removed (Vagenas et
al. 2010). The results with respect to CpG-C ISS-ODNs were surprising since prior work
indicated that CpG-C ISS-ODN in combination with AT-2 SIV activated pDCs, stimulated
IFN-α production, and boosted SIV-specific T cell responses in vitro (Teleshova et al.
2004b). Interestingly, TLR9 expression was shown to decrease during acute SIV infection
despite the absence of TLR9 ligands from the virus (Sanghavi and Reinhart 2005)
suggesting that noninvasive mucosally applied therapeutic vaccines augmented with
polyICLC show promise for controlling HIV/SIV replication.

6.6 Conclusion and Future Directions
Considerable progress has been made to define the role of DCs in SIV transmission and
pathogenesis suggesting paradoxical functionality of DCs during infection, with the bulk of
the NHP DC–SIV biology mirroring that of the human DC–HIV interplay. It remains
unclear how beneficial and detrimental DC responses mounted during SIV are tipped toward
the propagation of infection rather than the induction of effective SIV-specific responses.
The hallmark of pathogenic SIV infection is aversion and dysregulation of DC-mediated
responses that start very early during SIV infection and lead to extensive innate immune
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responses. In contrast to nonpathogenic SIV infection, these responses are not resolved
during the transition from acute to chronic infection. This lack of immune resolution in the
pathogenesis of HIV is supported by data in the viremic non-progressors. Although DCs are
dys-regulated by SIV, proper stimulation may block infection of DCs and transmission to T
cells. To this end, there are opportunities to improve anti-SIV/HIV immunity by therapeutic
strategies based on providing DCs with appropriate antigen and adjuvants. The best choice
of stimulus to induce appropriate DC maturation for induction of immune responses remains
to be determined. There are opportunities for successful interventions to prevent
transmission in the initial stage of infection where there is the greatest viral vulnerability at
the portal of entry. In conclusion, significant progress has been made in recent years, but
many important questions on the role of DCs in SIV infection remain to be answered.
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Fig. 6.1.
moDC–SIV interactions and possible modes of virus transmission to permissive CD4+ T
cells. SIV internalized via CLRs (and other possible attachment receptors) is held in the
periphery of immature moDCs vs. a deeper perinuclear location in mature moDCs. Captured
virus rapidly moves to the contact points between the DC and CD4+ T cells and is
transferred to the T cells, which amplifies infection. Entrapped virus is degraded in
lysosomes within 24 h, ultimately reducing the infectious virus load in the DCs. R5 HIV
infection of immature DCs and subsequent spread of newly produced viruses to T cells have
also been demonstrated for human moDCs, but this has not been extensively studied with
macaque moDCs
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Fig. 6.2.
The role of DCs in mucosal SIV transmission. SIV can cross the multilayered squamous
epithelium of the ectocervix/vagina and the columnar epithelium of the endocervix and
rectum. Cell-free or cell-associated SIV (not shown) is trapped in mucus covering the
epithelium. At mucosal surfaces during SIV exposure, DCs are proposed to be among the
first target cells to encounter virus. These DCs include LCs in the epithelium and immature
mDCs in the submucosa. CLRs (CD207, CD209) or other attachment factors expressed on
immature DCs are capable of binding SIV and transferring virus in trans to CD4+ T cells
locally in the mucosa or in the LNs. SIV carrying DCs can mature as the result of infection
or cytokines/chemokines present in the mucosa during infection. Virus crosses the mucosal
barrier to establish small founder population that expands using outside-in signaling
identified in the endocervix and resulting in endocervical CCL20 production, subsequent
recruitment of CCR6+ pDCs, CCR5+ target cell expressing chemokines, and production of
IFN-α. SIV also induces the production of TSLP by vaginal epithelial cells that leads to DC
maturation and fueling of DC-mediated transmission. In the rectal mucosa CD209+ cells and
CD4+ T cells are among the first targets of SIV. HSV-2 is one of the main cofactors for HIV
infection. HSV-2 can infect mDCs and increase the susceptibility of mucosal CD4+ T cells
to SIV infection by RA-mediated induction of α4β7 on the T cells, as it was demonstrated in
vitro
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Fig. 6.3.
DC frequency, distribution, and functionality during pathogenic and nonpathogenic SIV
infection. Early and sustained changes in pDC and mDC numbers, phenotype, tissue
distribution, and function are attributable to pathogenic SIV infection. SIV infection is
associated with an activated/mature pDC phenotype and semi-mature mDC phenotype. SIV
infection induces the regulatory molecule B7-H1, CCR7, and α4β7 integrin expression by
blood DCs that leads to recruitment of cells to lymphoid tissues in a CCR7-dependent
manner and to intestinal mucosa in an α4β7-dependent manner. The changes in DC
phenotype and increased migration into lymphoid tissues and mucosa seen in pathogenic
SIV infections do not occur in natural SIV hosts. Robust immune activation is evident in
pathogenic and nonpathogenic SIV hosts. However, nonpathogenic hosts express factors
antagonizing IFN activity and suppressing ISGs (i.e., tryptophan-depleting enzyme
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indoleamine 2,3 dioxygenase (IDO), an adenosine deaminase that suppresses ISG
expression (ADAR)). Only nonpathogenic SIV hosts downmodulate their responses in the
chronic phase of disease
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Fig. 6.4.
Increased number of circulating immature or partially matured DCs does not change the
attenuated course of SIVmac239Δnef infection. Naive Indian RMs received Flt3L alone,
Flt3L and CD40L, or CD40L alone (five animals per treatment group). Flt3L was
administered for 7 days (100 μg/kg/day human Flt3L). To activate the cells, 0.6 mg/kg
human CD40L trimer was given daily for 3 days after the Flt3L treatment. Another group of
animals received only CD40L treatment. Animals were challenged with 2,000 TCID50 of
SIVmac239Δnef across the palatine/lingual tonsils at the peak of DC mobilization 4 days
post FLt3L treatment (Teleshova et al. 2004a) (or 1 day after CD40L). Control groups of
untreated animals (three animals each) were challenged with 2,000 TCID50 of
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SIVmac239Δnef or wild-type SlVmac239 across the tonsils. Individual plasma viral loads
(SIV RNA copies/ml of plasma) are shown for each animal in the different groups over time
and the mean SIV RNA copies/ml (±SEM) are shown for each group in the summary plot.
DC numbers in the blood were measured by four color flow cytometry. In the Flt3L-treated
group the percentage of Lin−HLA-DR+ cells increased from 3.0%±0.5 to 33.1%±4.1 while
in the Flt3LCD40L-treated group this number increased from 2.2% ±0.5 to 22.6%±6.2
(Mean±SEM). The percentage of Lin−HLA-DR+ cells in the CD40L-treated group did not
change after treatment. The total number of Lin−HLA-DR+ (DC), Lin−HLA-
DR+CD11c+CD123− (mDC), Lin−HLA-DR+CD11c−CD123+ (pDC), and Lin−HLA-
DR+CD11c−CD123− (double negative) subsets increased by 16.3-, 1.8-, 3.8-, and 29.5-fold,
respectively, for the Flt3L-treated group and by 12.3-, 2.8-, 3.1-, and 21.6-fold, respectively,
for the Flt3LCD40L-treated group (each number being the fold increase (Post- divided by
Pretreatment) of the average of the five animals within each group). The mobilized DCs
were functional as evidenced by IL-12 production in response to CD40L stimulation in
vitro, which was increased after Flt3L treatment as previously reported (Teleshova et al.
2004a). Of note, CD40L activation in vivo appeared only partially effective at best. In the
CD40L-treated animals CD80 and CD86 expression increased by only 1.49- and 2.15-fold
on mDCs and 1.34- and 1.98-fold on pDCs (respectively), while the levels of the FLt3L/
CD40L-treated animals were basically comparable to those of the Flt3L-treated animals
(other than CD86 on pDCs in the Flt3L-treated animals which increased by 1.6-fold). The
limited effect of CD40L in the FLt3L-treated animals is likely due to the dose of CD40L
being insufficient to activate the increased number of DCs following mobilization and/or the
fact that the activated DCs migrated to the CD40L injection site (from the blood)
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Table 6.1

Characteristics of NHP mDCs and pDCs

DC subsets Co-stimulatory molecules TLR expression Functions SIV-induced maturation

mDCs CD40mo TLR3 Endocytic No changes in CD80 and CD86 expression

CD80low TLR4 Produce IL-12

CD86mo TLR7 Stimulate T cells (most potently
when mature)

TLR8

pDCs CD40mo TLR7 Endocytic Increased CD80 and CD86 expression

CD80low TLR9 High producers of IFN-α

CD86low Produce TNF-α IFN-α release

Summarized from (Coates et al. 2003; Teleshova et al. 2004b; Ketloy et al. 2008; Brown et al. 2009; Gujer et al. 2011)
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