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SUMMARY

Human CMV infections are a serious source of morbidity and mortality for immunocompromised 

patients and for the developing fetus. Because of this, the development of new strategies to 

prevent CMV acquisition and transmission is a top priority. Myeloid dendritic cells (DC) residing 

in the oral and nasal mucosae are among the first immune cells to encounter CMV during entry, 

and greatly contribute to virus dissemination, reactivation from latency, and horizontal spread. 

Albeit affected by the immunoevasive tactics of CMV, mucosal DC remain potent inducers of 

cellular and humoral immune responses against this virus. Their natural functions could thus be 

exploited to generate long-lasting protective immunity against CMV by vaccination via the oro-

nasal mucosae. Although related, epithelial Langerhans-type DC (LC) and dermal monocyte-

derived DC (MDDC) interact with CMV in dramatically different ways. While immature MDDC 

are fully permissive to infection, for instance, immature LC are completely resistant. 

Understanding these differences is essential to design innovative vaccines and new antiviral 

compounds to protect these cells from CMV infection in vivo.
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INTRODUCTION

Human CMV is a ubiquitous herpesvirus that causes asymptomatic primary infections in 

immunocompetent hosts, followed by the establishment of lifelong latency. Virus 

reactivation in healthy individuals is followed by virion shedding in body fluids such as 

urine and saliva, and by virus transmission to new hosts. The immune system, however, 

normally brings infection under control with no serious long-term consequences. Prolonged 

immunosuppression, by contrast, dramatically alters the delicate balance between CMV and 

the immune system, leading to the onset of severe disease [1, 2].

The oral cavity is likely to be a major site of CMV acquisition and spread to new hosts. 

Limited replication within oral mucosal cells at the time of initial infection promotes virus 

transfer to the circulation and, henceforth, to the bone marrow, where latency is established. 

Low-level virus amplification in the salivary glands after their seeding with reactivated 

CMV carried by myeloid cells is then thought to be the source of infectious virus in the 

saliva [1, 3, 4]. Although shedding from the oral cavity is highest during the first few 
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months after primary infection, intermittent release of virions continues for the entire life of 

the host, substantially contributing to horizontal CMV transmission [1]. Up to 7.5% of 

normal people carry viral DNA in their saliva [5], with dramatic increases in AIDS (12%–

31%) [5–7], periodontitis (44%–89%) [8] and transplant patients (25%–45%) [9]. The nasal 

cavity is also an important route of CMV acquisition and shedding. The presence of this 

virus was indeed detected in the nasal mucosae of healthy individuals [10], infants [11] and 

AIDS patients [12, 13].

Both the oral and nasal cavities are constantly patrolled by myeloid dendritic cells (DC), 

which effectively control the magnitude and type of the response raised against mucosal 

antigens by modulating the intensity and modality of T and B cell activation. Myeloid DC 

residing in peripheral tissues are conventionally considered "immature", based on their 

relatively low T-cell stimulatory ability and large antigen uptake capacity. Once activated by 

danger signals, immature DC undergo maturation by up-regulating cell surface expression of 

MHC class I and II molecules, and of co-stimulatory molecules and chemokine receptors, 

which guide their migration to the draining lymph nodes. Here, mature DC present 

pathogen-derived antigens to naïve T and B cells, stimulating their proliferation and 

differentiation into CD8+ or CD4+ T cells, and into antibody-producing plasma cells, 

respectively [14]. Mucosal tissues also contain small numbers of plasmacytoid DC (pDC) of 

lymphoid origin, whose primary task is to produce type I interferon in response to viral and 

bacterial infections [15].

The development of an anti-CMV vaccine to protect naïve individuals from primary 

infection and to prevent virus transmission is a top priority [16–18]. All live-attenuated 

vaccines tested so far were inoculated subcutaneously or intramuscularly [19, 20], and 

although specific responses were elicited, the level of protection conferred was not 

comparable to that achieved during natural infection [20, 21]. While over-attenuation of the 

CMV strain used in some of these trials was considered to be a reason for the partial failure 

of the vaccine [22], the route of inoculation may also have been suboptimal, as only 

circulating DC are recruited after subcutaneous or intramuscular injection of antigens [23]. 

Numerous non-CMV vaccine trials have shown that the direct targeting of mucosal DC is 

highly effective at inducing long-lasting responses [24–26]. Because T and B cells acquire 

mucosal homing properties only when stimulated by DC migrated out of mucosal tissues 

[26, 27], delivery of a CMV vaccine via the oral or nasal route might prove superior at 

preventing virus acquisition and transmission by stimulating the production of antibodies 

acting directly at these entry sites.

Live-attenuated CMV strains that closely mimic natural infection are arguably better than 

other vaccine stimuli at eliciting effective and long-lasting protective responses [20, 28, 29]. 

Targeting of such strains to mucosal DC, instead of to muscular tissues, may enhance their 

immunogenicity, particularly after deletion of the viral immunomodulatory genes from their 

genomes. A profound understanding of the viral and cellular determinants of CMV tropism 

for mucosal myeloid DC is however required to this end, as well as to design effective 

therapeutics to protect DC from infection in vivo, to properly manipulate DC responses 

before their use in DC vaccination protocols [30], and to produce potent CMV-specific T 

cells in vitro for use in adoptive immunotherapy regimens [31].
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DC POPULATIONS OF ORAL AND NASAL MUCOSAE

The human oral mucosa consists of the corneum, granular, spinosum and basal layers 

attached via the basement membrane to the underlying lamina propria (Table 1 and Figure 

1A), and is mainly composed of keratinocytes, in regions directly exposed to strong shear 

forces, and of epithelial cells in softer areas [32, 33]. The epithelial layers are 

predominantly, if not exclusively, colonized by immature Langerhans-type DC (iLC), which 

are, therefore, the first professional antigen-presenting cells to encounter pathogens entering 

via the oral cavity [33–39]. Easily distinguished from other types of DC by the co-

expression of CD1a and Langerin/CD207, and by the presence of the characteristic Birbeck 

granules, iLC are found in all areas of the mouth, but in particularly high density in the 

vestibulum, bucca, hard palatum and lingua [37, 40]. Albeit related to skin iLC, oral iLC 

possess distinctive features. Because mouth surfaces are usually moist and covered in 

mucus, the dendrites of oral iLC extend from the stratum corneum to the epithelial surface, 

where they scan the luminal space for the presence of potentially harmful microorganisms 

[41, 42]. Oral iLC also express the lipopolysaccharide (LPS) receptors CD14 and Toll-like 

receptor 2 and 4 (TLR2, TLR4) [36], the IgE and IgG receptors FcεRI, FcγRIII/CD16 and 

FcγRI/CD64, plus higher levels of MHC class I and II, and of the costimulatory molecules 

CD40, CD80, and CD86 [34]. In addition to iLC, the lamina propria of healthy oral mucosae 

also contains immature myeloid DC displaying the CD11c, DC-SIGN/CD209 and mannose 

receptor/CD206 markers, while pDC are virtually absent [35]. In the presence of 

inflammation, however, such as during chronic periodontitis, lichen planus and oral ulcers, 

large numbers of mature CD11c+ CD83+ DC and mature Langerhans cells (mLC) have been 

detected in the lamina propria and in the epithelium, respectively [34, 39, 43], indicating that 

under these conditions, maturation is not accompanied by DC migration out of the periphery 

and into the draining lymph nodes as usual [44, 45].

Simpler than the oral epithelium, the nasal mucosa consists of a single layer of ciliated and 

non-ciliated epithelial cells attached to the lamina propria via the basement membrane 

(Table 1 and Figure 1B). Interspersed within both compartments is a dense network of HLA-

DR+ cells, consisting predominantly of macrophages and, secondarily, of DC expressing the 

CD1c, CD11c, CD4, CD45RO, and FcεRI markers, and bearing a strong resemblance to 

circulating DC [46]. As in oral tissues, iLC exist exclusively in the epithelium, where they 

represent approximately 40% of resident DC [35]. Contrary to oral mucosae, nasal epithelia 

also contain pDC [35].

The DC content of human and rodent mucosae is substantially different, a feature that must 

be considered when using rodents to test vaccines intended for mucosal delivery in humans. 

In oral tissues, iLC dominate in humans but are replaced by CD11b+ myeloid DC and by 

pDC in mice [47], while in nasal tissues, immature DC are prevalent in rats [48], but are 

replaced by a majority of macrophages in humans [46]. Additionally, although the mucosae 

of both species contain nasopharyngeal-associated lymphoreticular tissues (NALT) at birth, 

only mice retain these for life, while in humans older than two, NALT is replaced by the 

Waldeyer’s ring [49].
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CMV TROPISM DETERMINANTS

The unique ability of CMV to infect an astonishingly wide variety of cell types depends 

upon a finely tuned interplay between viral and cellular functions, whose activities are 

particularly important at the beginning of infection. On the one hand, the host cell largely 

determines which routes are available to CMV for entry, with some cell types such as 

fibroblasts allowing penetration by both fusion at the plasma membrane and 

macropinocytosis (designated Type 1 in Figure 2), and others, like epithelial and endothelial 

cells, permitting entry exclusively by macropinocytosis (designated Type 2 in Figure 2). On 

the other hand, CMV virions are equipped with numerous tegument and envelope proteins 

that facilitate entry into both cell types, and that endow this virus with its extremely broad 

tissue tropism [50]. Virion entry into Type 1 cells requires the trimeric complex gH/gL/gO 

to support fusion of the envelope with the plasma membrane [51–53], while penetration into 

Type 2 cells can proceed only in the presence of a functional gH/gL/UL128–131A complex 

[54–56], which promotes fusion of the envelope with endosomal membranes in a 

mechanism reported to require [57, 58] or not [59, 60] endosomal acidification, depending 

on the virus strain. While both complexes are present on the envelope of clinical-like CMV 

strains [55, 61, 62], attenuated strains lack the gH/gL/UL128–131A complex due to 

mutations in the UL128–131A locus [54], and are consequently unable to access Type 2 

cells. Precisely why fusion at the cell surface does not occur, or if it does, why it is not 

followed by productive infection in Type 2 cells, as well as whether clinical-like strains use 

both routes to enter into Type 1 cells, or if one pathway is favored over the other remains 

unknown. Fusion of the envelope with cellular membranes is followed by the intracellular 

release of tegument proteins and naked capsids, which are transported along cellular 

microtubules [63] toward the nucleus, where viral genomes are deposited. A highly 

regulated series of viral gene transcription events then unfolds, with the immediate-early 

(IE), early and late genes being expressed in strict sequence. IE genes encode mostly trans-

activators, like the very well known transcription factors IE1 and IE2, which cooperate in 

regulating the expression levels of numerous viral and cellular genes. Production of these 

essential proteins marks the beginning of the productive phase of infection, which usually 

proceeds in a virtually unrestricted manner [1, 50].

CMV TROPISM FOR LANGERHANS-TYPE DC

CMV interactions with oro-nasal iLC have not been studied yet. LC differentiated in vitro 
from blood CD34+ progenitors (Figure 3) have however been used as proxy [64–67], since 

these cells express not only CD1a and Langerin/CD207, but also some of the markers of oral 

LC, including TLR2, TLR4, FcγRIII/CD16, FcγRI/CD64, CD40, CD80 and CD86 [64, 68, 

69].

Quite interestingly, while iLC are highly resistant to infection, mLC support replication and 

progeny production of both clinical-like and attenuated strains, albeit to reduced levels as 

compared to other cell types such as fibroblasts (Figure 3 and Table 2) [64, 65]. No 

difference was detected in the content of cell-associated viral genomes after exposure of iLC 

or mLC to pentamer+ or pentamer− strains, indicating that LC behave like Type 1 cells, and 

that presence of the gH/gL/UL128–131A complex is not essential for entry (Figure 3) [65]. 
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Pentamer+ strains, however, initiate infection in about twice as many mLC as pentamer− 

strains (Table 2), suggesting that the ability to access both entry pathways is advantageous 

[65].

The fact that iLC are resistant to infection is particularly intriguing considering the 

exceptionally broad tissue tropism of CMV. Despite the fact that viral entry is usually 

heavily targeted by host antiviral mechanisms, virion penetration, capsid trafficking toward 

the nucleus, and nuclear deposition of viral genomes are not impaired in iLC. By contrast, 

transcription of the UL122/123 genes, encoding the essential IE1/IE2 proteins, is severely 

blunted [65]. Expression of the UL122/123 genes is under the control of the major 

immediate-early promoter (MIEP), which contains several binding sites for activating 

transcription factors such as NF-kB [70], Sp1 [71] and CREB1 [72], and for repressing ones 

such as the modulator-binding factors 1, 2 and 3 [73, 74], the methylated DNA-binding 

protein [75], the modulator recognition factor [76], Gfi1 [77], YY1 [78], and ERF [79]. The 

lack of IE1/IE2 expression in infected iLC may thus be ascribed to the absence of specific 

transcriptional activators, and/or to the activity of transcriptional repressors. Epigenetically 

acting factors, such as histone acetyltransferases, deacetylases, and methyltransferases may 

also participate in reducing the accessibility of the MIEP to the transcriptional machinery. 

As susceptibility to infection is acquired with maturation, expression of some of these 

“permissiveness modulators” may be stimulated by signaling events ensuing iLC exposure 

to LPS and/or CD40L. Maturation of infected iLC can indeed trigger viral replication and 

progeny production (L. Hertel, unpublished data).

Mature LC susceptibility to infection was proposed, but not compellingly demonstrated, to 

be regulated by the activity of nuclear domain 10 (ND10) bodies [80], consisting of focal 

accumulations of the transcriptional repressors PML, hDaxx, Sp100 and ATRX within the 

interchromosomal space of the nucleus [81–83]. These proteins were shown to block 

expression of the UL122/123 genes at very early times post-nuclear deposition of CMV 

genomes, by enfolding the MIEP in transcriptionally inactive chromatin [84–86]. This initial 

block is subsequently removed by the nuclear delivery of the viral tegument protein pp71, 

which stimulates hDaxx degradation and ATRX displacement from the MIEP [85–88], 

allowing for expression of the IE1/IE2 proteins [89–94]. If incoming viral genomes are 

sequestered within the ND10 bodies of iLC, and if pp71 is subsequently prevented from 

reaching the nucleus, then infection onset may be stalled [95]. So far, however, viral 

genomes have not been shown to localize within the ND10 bodies of infected iLC, mLC or 

CD34+ cells, and imaging data reporting the presence of pp71 within the nucleus of 

permissive mLC have not been quantified [80], providing scant evidence in support of a role 

for ND10 bodies and/or pp71 in controlling CMV tropism for LC.

Quite interestingly, mLC not only support lytic infection, but also viral reactivation from 

latency [96, 97]. In latently-infected CD34+ cells, viral genomes are maintained as nuclear 

episomes in the absence of lytic gene expression [98–100], and the transcriptionally silent 

MIEP is associated with deacetylated H4 histones and with the transcriptional repressor 

heterochromatin protein 1 [96, 97, 101]. CD34+ cell differentiation and maturation into mLC 

stimulates the acetylation of H4 histones and the release of heterochromatin protein 1 from 

the MIEP, enabling expression of the IE1/IE2 proteins and, ultimately, the release of viral 
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progeny [96, 97, 101]. Intriguingly, maturation appears to be absolutely required for 

reactivation to occur, as no expression of the UL122/123 genes is detected in iLC 

differentiated from latently-infected CD34+ cells [96]. This implies that the acquisition of an 

intranuclear environment conducive to viral gene transcription, and characterized by the 

presence of select transcription factors, the absence of others, and the occurrence of specific 

epigenetic modifications of the viral genome, is intimately linked to the process of iLC 

maturation [102, 103].

CMV TROPISM FOR MONOCYTE-DERIVED DC

CMV interactions with non-LC DC isolated directly from the oro-nasal mucosae have also 

not been examined, but immature MDDC (iMDDC, Figure 3) [104] have been used as 

surrogates in numerous studies. Although these cells display some of the markers found on 

oro-nasal DC, including CD11c, CD1c, DC-SIGN/CD209 and CD206, and are considered 

by some to be analogous to dermal DC [105–107], the extent of iMDDC’s similarity to 

mucosal DC remains unclear.

In striking contrast to iLC, iMDDC are fully susceptible to CMV infection, but exclusively 

by clinical-like strains [108–114], although both pentamer+ and pentamer− virions can 

access these cells equally well (Figure 3 and Table 2) [112]. Direct fusion of the virion 

envelope with the plasma membrane was not detected in transmission electron micrographs 

of iMDDC exposed to the clinical-like strain VHL/E. Instead, virion internalization was 

shown to occur by macropinocytosis, involving cholesterol-enriched microdomains and 

requiring actin remodeling but not endosomal acidification [115]. This suggests that iMDDC 

behave like Type 2 cells. While the envelope composition is likely irrelevant for virion 

accumulation within macropinosomes, presence of the gH/gL/UL128–131A complex is 

essential for capsid translocation into the cytoplasm, and for infection onset [114]. Due to 

the milder and delayed acidification of iMDDC endosomes as compared to mMDDC, 

internalized VHL/E virions are not rapidly degraded. Instead, they retain their infectious 

properties, and can be transmitted to uninfected cells [115]. Although this was reported to 

occur with pentamer+ virions, transfer of pentamer− particles may be even more efficient, as 

these virions cannot reach the cytoplasm, and accumulate within cellular endosomes instead. 

Because of this, infected iMDDC were proposed to function as “Trojan horses”, spreading 

CMV to other cell types way before the production of viral progeny.

Lysis of infected iMDDC was reported to occur in all studies [108, 109, 113, 114] but one 

[112], and to be associated [108, 113, 114] or not [109] with the release of viral progeny, 

leading to the current consensus that CMV infection of iMDDC by clinical-like strains is 

productive, cytopathic, and lytic.

Entry of pentamer+ and pentamer− virions into mature MDDC (mMDDC) was also shown 

to take place with similar efficacies [112, 113], and to be followed [109, 112, 113] or not 

[110, 116] by the onset of productive infection (Figure 3 and Table 2). Interestingly, the 

highest proportions of infected mMDDC were obtained when a mix of pro-inflammatory 

cytokines was used as maturation stimulus [112, 113], while exposure to LPS alone or in 

combination with other cytokines yielded highly resistant cells [110, 116]. This suggests that 
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the intracellular environment generated in response to endogenous activation signals is 

substantially more conducive to viral replication than that produced in response to 

exogenous, pathogen-produced molecules, such as LPS.

In contrast to iMDDC, mMDDC viability is not affected by infection [109, 112, 113], 

whether viral progeny is produced [109] or not [113]. Due to the ambiguity in literature data, 

however, it remains unclear whether mMDDC are Type 1 or 2 cells, if presence of the 

gH/gL/UL128–131A complex is absolutely required for infection, and at what exact step, if 

any, is infection blocked.

The C-type lectin receptor DC specific ICAM-grabbing non-integrin (DC-SIGN), 

abundantly expressed on the surface of iMDDC, was shown to bind gB on the envelope of 

virions from clinical-like and attenuated strains, and to promote the efficient transfer of 

bound virions to uninfected cells [117]. Pre-incubation of iMDDC with anti-DC-SIGN 

antibodies before infection also reduced the number of infected cells by four-fold, 

suggesting that this molecule may be involved in CMV tropism for MDDC. Several 

questions however remain: does DC-SIGN act as an entry receptor, stimulating virion 

internalization, or does it simply enhance virion attachment, as suggested by the fact that 

soluble DC-SIGN can increase iMDDC infection rates but only at specific concentrations 

[118]? Why are iMDDC resistant to infection by attenuated strains despite the presence of 

gB on their envelopes? Does DC-SIGN perhaps synergize with the gH/gL/UL128–131A 

complex to promote internalization of pentamer+ but not pentamer− strains? Why are LPS-

matured mMDDC completely resistant to infection [110, 116], despite still expressing 

sizable levels of DC-SIGN [119, 120]? More work thus needs to be completed to fully 

elucidate the role of this molecule during CMV infection of MDDC.

Naturally-infected monocytes circulating in the blood of healthy seropositive individuals, as 

well as experimentally-infected CD14+ cells, carry viral genomes in the absence of lytic 

gene expression [97, 101, 121, 122]. Akin to LC, monocyte differentiation into iMDDC 

does not strongly induce viral gene expression, a status reversed by maturation [97, 122, 

123]. Immature MDDC generated from the monocytes of patients with active CMV 

infections also show no [109] or minimal [124] evidence of active infection, and their 

maturation was reported to enhance [109] or inhibit [124] viral reactivation. Interestingly, 

thus, iMDDC are more permissive to direct CMV infection than LPS-matured mMDDC 

(Table 2), but do not efficiently support viral reactivation, an event for which maturation 

seems to be strictly required.

CMV INTERACTIONS WITH LC AND MDDC: DC ARE NOT ALL EQUAL

Despite being related and sharing many features and functions, LC and MDDC interactions 

with CMV are remarkably different (Figure 3 and Table 3), an interesting finding in view of 

the specific anatomical location occupied by each of these DC in vivo. While iMDDC reside 

deep within skin and mucosae, iLC are uniquely located in the outermost layers of these 

tissues (Figure 1), and are particularly adept at resisting pathogen invasion, especially as it 

comes to viruses [125, 126].
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HIV-1 virions, for instance, are effectively captured by iLC via surface Langerin before 

being degraded within the Birbeck granules [127], specific to these cells [128]. By contrast, 

iMDDC bind HIV-1 virions via surface DC-SIGN. Instead of being routed for destruction, 

however, particles are subsequently maintained in infectious form on and within iMDDC 

[129, 130], before being transferred to T cells via the so-called “infectious synapse” [131–

134]. Whereas iMDDC promote HIV-1 dissemination and transmission to T cells, thus, iLC 

effectively prevent it. Fully infectious, enveloped CMV particles have also been observed 

within the endosomes of iMDDC at 48 hours post-infection, where they constitute a “cell-

protected viral pool” capable of transmitting infection to other cell types before viral 

replication onset. The intracellular accumulation of CMV virions is again fostered by their 

binding to cell surface DC-SIGN [115]. Whether such gatherings also occur in LC, and 

whether these DC internalize particles by macropinocytosis is currently unknown. The facts 

that LC do not express DC-SIGN [135, 136], behave like Type 1 cells, and do not contain 

large numbers of virions at very early (4 hours) or later (30 hours) times post-infection [65], 

strongly argue against these events also occurring in LC. Interestingly, although a portion of 

penetrated CMV virions may be degraded within LC’s Birbeck granules akin to HIV-1 

particles, CMV replication is mostly blocked at the step of viral gene transcription. 

Intranuclear antiviral factors are thus likely to be the ones involved in blocking CMV 

replication in iLC, more than cytoplasmic effectors.

Entry of pentamer+ strains into iMDDC is consistently followed by viral gene expression 

and genome replication [108–113]. This leads first to the severe blunting of iMDDC’s 

immune functions because of the activity of CMV-encoded immunoevasive proteins [137–

139], and later to cell death ensuing the release of viral progeny. Viral gene expression after 

CMV entry into iLC, by contrast, is minimal and insufficient to promote the onset of viral 

replication [64], leaving iLC viability and functionality fully intact. Blocking infection at the 

level of viral gene transcription may thus represent a particularly useful strategy for iLC to 

protect epithelial tissues from viral attack by actively removing virions from the 

extracellular environment without, however, succumbing to infection. Granting viral 

particles access to the cytoplasm while remaining viable may also provide enough time and 

opportunity for viral antigens to be selected and loaded onto MHC molecules for later 

presentation to T and B cells, thus fostering the generation of strong adaptive immune 

responses against CMV.

Although iLC and iMDDC show opposite degrees of susceptibility to direct CMV infection, 

both DC types do not support viral reactivation after differentiation from latently-infected 

progenitor cells. This implies that the intracellular conditions supporting the successful 

establishment of infection after exposure of iMDDC to viral particles are not sufficient to 

trigger viral gene expression from latent genomes. LPS-induced maturation or activation by 

inflammatory cytokines can however stimulate viral reactivation in both DC types [97, 122, 

123], suggesting that the mechanisms controlling this event may be similar in mLC and 

mMDDC.

Finally, onset of productive CMV infection has been associated with profound changes in 

the immune functions of both mLC and iMDDC, including reductions in surface levels of 

MHC class I and II, costimulatory and adhesion molecules [64, 109–113, 140, 141], 
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impaired migration in response to chemotactic stimuli [66, 116, 140], alterations in the 

profile of secreted cytokines and chemokines [110, 112, 116, 142–144] and, in the case of 

iMDDC, maturation impairments [110, 112, 143], changes that, combined, prevent these DC 

from effectively stimulating T cell activation and proliferation [64, 109–113, 145]. As this 

review focuses on viral tropism for DC, however, I refer the reader to the following recent 

literature [138, 139, 146].

CONCLUSIONS AND FUTURE DIRECTIONS

Despite sharing the same origin as myeloid cells, LC and MDDC respond to CMV in ways 

as diverse as those of more unrelated cell types such as fibroblasts and epithelial cells. If 

these differences observed in vitro are also found in vivo, epidermal LC and dermal DC are 

likely to play dramatically different roles in the development of CMV pathogenesis. 

Comparing the susceptibility and responses to CMV infection of in vitro-derived DC to 

those of DC directly isolated from oral and nasal mucosae is thus an important task for the 

future.

As mucosal DC functions can be strongly influenced by the activity of neighboring cells, 

and by the presence of pathogenic or commensal microorganisms, assessing DC responses 

to CMV infection within the context of surrounding tissues should also reveal essential 

information about viral pathogenesis and the generation of antiviral immune responses. Both 

simpler epithelial cell-DC or keratinocyte-DC co-culture systems, and more complex three-

dimensional models of oral mucosae reconstructed in vitro [147] may be used to this end, in 

addition to animal models. The oral mucosa of rabbits, dogs and rhesus macaques was 

reported to be more similar to the human one than that of rodents, at least in terms of 

thickness, cell composition, keratinization and permeability [148], and would thus be a good 

choice for this type of study. Nothing is currently known, however, about rabbit, canine and 

rhesus CMV tropism for DC, or about the permissiveness of rabbit, dog and rhesus DC to 

human CMV infection. Establishing these models would be instrumental to test the 

effectiveness of new anti-CMV vaccines specifically developed for delivery to mucosal DC.

The recent discovery of macropinocytosis and of the pentameric complex as key mediators 

of CMV entry into Type 2 cells highlighted the importance of understanding viral tropism 

for different cell types to improve current vaccination strategies, and to formulate new 

antiviral compounds blocking viral entry. Improving our knowledge of the pathways 

granting CMV access to LC and MDDC will help find new ways to protect these cells from 

infection in vivo, which, in turn, should expedite the acquisition of protective immunity in 

infected individuals. The identification of the viral determinants of tropism for DC may also 

support the production of improved vaccination inocula, such as dense bodies with 

envelopes tailored to preferentially access mucosal DC [149, 150], and live-attenuated 

viruses capable of entry but not of replication in DC. Immature LC’s remarkable resistance 

to infection is particularly promising to this end, making these cells potential sources of new 

antiviral molecules.

Finally, the role played by maturation in creating an intracellular environment conducive to 

both lytic replication and reactivation deserves more attention. Understanding which specific 
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maturation signals promote susceptibility to infection and which, by contrast, lead to 

resistance is a priority. This will help reduce CMV horizontal transmission rates by 

preventing not only the onset of viral replication after direct infection, but also viral 

reactivation from latent reservoirs.
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Figure 1. Myeloid dendritic cells in oral and nasal mucosae
(A) The oral mucosa is comprised of a stratified epithelium attached to the lamina propria 

(light green area) via the basement membrane (green thick line). The proliferating stem cells 

of the basal layer (pink-colored rectangles) give rise to the keratinocytes of the stratum 

spinosum (rose-colored polyhedrons), which abundantly express different types of keratin. 

These cells subsequently evolve into keratohyalin granule containing granular cells (purple-

dotted ovals) before losing their nuclei and becoming the corneocytes (purple lanceolated 

ovals) of the stratum corneum. LC (yellow rimmed, orange star) are the only DC type found 

in the epithelial layers of oral mucosae, and can be easily recognized by the presence of the 

cytoplasmic Birbeck granules (brown drumsticks), and by the expression of the surface 

markers listed in orange font. Contrary to skin LC, oral LC extend their dendrites to reach 

the surface of the epithelium, thus coming into direct contact with external microorganisms. 

LC are thus the first type of innate immune cells to encounter those pathogens that, like 

CMV, can use the oral cavity to enter into their hosts. Myeloid CD11c+ DC (dark green 

star), by contrast, are found deeper within the lamina propria, and are characterized by 

surface expression of the molecules listed in green font. (B) The nasal mucosa consists of a 

single layer of ciliated epithelial cells (rose-colored cylinders), basal cells (pink-colored 

polygons) and mucus (red dots)-secreting goblet cells (yellow colored cylinders) attached to 

the lamina propria via the basement membrane. Myeloid CD11c+ DC (light green star) 

expressing the surface markers listed in green font, and macrophages (light blue star) are 

found interspersed within the cells of the epithelial layer and the lamina propria, while LC 

reside exclusively in the epithelium. Drawings of epithelia are not to scale.
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Figure 2. CMV entry routes
CMV virions can enter host cells by fusion of the envelope with either the cell membrane or 

with cellular endosomes. Both pathways are accessible in fibroblasts, iLC and mLC 

(designated here as Type 1), while only entry by macropinocytosis is available in iMDDC, 

epithelial and endothelial cells (designated here as Type 2). Entry by fusion at the cell 

surface is mediated by the trimeric gH/gL/gO complex, while fusion with endosomes 

requires the presence of the pentameric gH/gL/UL128-131A complex. Clinical-like CMV 

strains such as TB40/E display both complexes on their envelopes (dark green toroids), 

while attenuated CMV strains such as AD169 only contain the trimeric complex (light green 

toroids). Virions from both pentamer + and pentamer− strains can enter Type 1 cells by 

fusion at the cell surface (A), and were observed within intracellular endosomes (B). 

Whether fusion of pentamer− envelopes with the endosomal membranes of Type 1 cells then 

occurs is currently unknown (C, light green question mark). Neither pentamer+ nor 

pentamer− virions can access Type 2 cells by fusion at the surface (D, red X mark), but the 

nature of the block has not been identified (red question mark). After macropinocytosis (E), 

only the envelope of pentamer+ virions can fuse with endosomal membranes (F), while 

pentamer− envelopes are unable to do so (yellow X mark) for as yet unknown reasons 

(yellow question mark). Upon membrane fusion, naked capsids (black hexagons) and 

tegument proteins (orange dots) are released into the host cell. Capsids are subsequently 
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transported along cellular microtubules (blue bars) towards the nucleus, where viral 

genomes are inserted through the nuclear pores. Genome deposition is then followed by 

expression of the viral immediate-early proteins (IE), whose presence is absolutely required 

for the progress of lytic infection. MTOC, microtubule organizing center.
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Figure 3. LC and MDDC generation in vitro and their permissiveness to CMV infection
Upon culture with the indicated cytokines, CD34+ progenitor cells can differentiate into 

CD14+ monocytes or iLC, while monocytes can give rise to iMDDC. CMV strains 

containing (P+) or not (P−) the gH/gL/UL128-131A pentameric complex on their envelopes 

(red and green toroids) penetrate into iLC and mLC equally well, and their capsids (pale 

green and pale red filled hexagons) reach the nucleus. Efficient transcription of the 

UL122/123 genes encoding the essential IE1 and IE2 proteins, however, occurs only in mLC 

(green nucleus) but not in iLC (red nucleus). Immature MDDC can be accessed by 
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pentamer+ and pentamer− virions, but the latter do not subsequently reach the nucleus (red X 

symbol). The degree of mMDDC susceptibility to infection by pentamer+ and pentamer− is 

still unclear (red question marks and green/red nucleus) and may depend on the nature of the 

maturation stimulus. GM-CSF, granulocyte macrophage-colony stimulating factor; TNFα, 

tumor necrosis factor α; SCF, stem cell factor; FLT3L, Flt3 ligand; TGFβ, transforming 

growth factor β1; FCS, fetal calf serum; CD40L, CD40 ligand; LPS, lipopolysaccharide; 

IL4, IL6 and IL1β, interleukin 4, 6 and 1β; PGE2, prostaglandin E2.
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Table 1

Main features of human oral and nasal mucosae

ORAL MUCOSA NASAL MUCOSA

Type of tissue Stratified squamous epithelium Pseudostratified columnar epithelium

Layers Corneum, granular, spinosum and basal layers 
attached to the lamina propria via the basement 
membrane

Epithelial layer attached to the lamina propria via the basement 
membrane

Non-DC cell types Epithelial cells, keratinocytes Epithelial cells, goblet cells (mucus)

Epithelial layer DC iLC iLC, macrophages, CD11c+ DC, pDC

Lamina propria DC Macrophages, CD11c+ DC Macrophages, CD11c+ DC, pDC

Lymphoid tissue Palatine and lingual tonsil Pharyngeal (adenoid) and tubal tonsil
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Table 3

Interactions of Langerhans-type and monocyte-derived dendritic cells with CMV: a comparison

iLC mLC iMDDC mMDDC

CMV entry Pentamer+

Pentamer−
Pentamer+

Pentamer−
Pentamer+

Pentamer−
Pentamer+

Pentamer−

Entry routes ? ?
Endocytosis
Pentamer+ ?

Pentamer required for
lytic cycle − − + −

Data conflict

DC-SIGN involved − −
+

Pentamer+ ?

Internalized particles
infectious ? ? + ?

IE1/IE2 expression − ++ +++ ++
Data conflict

Early and late gene
expression − + + +

Replication cycle
completed − + + +

Progeny released − + + +

Progeny cell-associated ? ? − +

DC viability maintained + − − +

Carriage of latent viral
genomes + + + +

Reactivation – IE1/IE2
transcription − + − +
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